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Sulfated zirconia has been prepared according to three different procedures, viz., (i) conventional impregnation
with sulfuric acid and calcination (3 h at 773 K) of two zirconia’s (50 and 2¥g)n(ii) reaction of zirconium
tetrachloride with sulfuric acid giving bulk anhydrous zirconium sulfate, and (iii) deposifioecipitation of

highly dispersed zirconia on silica and subsequent reaction with eitf&hd Q, or SGQ and Q, or SQ.

The latter two procedures lead to essentially water-free catalysts. Thermogravimetry showed that the
impregnated and calcined zirconia’s loose sulfate above 830 K ff) and 910 K (217 rg). In a gas flow
containing water, the sulfated silica-supported zirconia loses sulfate already at 673 K because of the reaction
to more volatile sulfuric acid. The catalysts were employed in the gas-phase trans-alkylation of bé&hzene (
and diethylbenzene?) to ethylbenzened) at 473 and 673 K and in the solvent-free, liquid-phase hydro-
acyloxy-addition of acetic acid to camphen® (o campheneX) to isobornyl acetate6] at 338 K. The
water-free catalysts were not active; only after addition of water was catalytic activity exhibited. The catalytic
activity of the differently prepared sulfated zirconia’s is governed by the equilibrium: Z)§SI©4H,0 =
Zr(SQy)2:4H,0 + nHO = ZrO, + 2H,SOy.aq. Addition of water vapor to the bulk sulfate at 473 K led to

the reaction to the tetrahydrate, which was not active, whereas the highly dispersed silica-supported zirconium
sulfate reacted to form sulfuric acid. The supported catalyst rapidly released the water at 473 K, which resulted
in a rapid drop in catalytic activity. Transport of water through the porous system dominates the activity of
the impregnated zirconia’s. Accordingly, the slight activity of the zirconia of 3@ mapidly dropped at 473

K, whereas the zirconia of 2172y displayed a high and stable activity. At 673 K, the transport is much
more rapid. The activity of the highly porous zirconia was therefore at 673 K much lower than at 473 K.
Whereas the gas-phase reaction is governed by transport of water vapor, the liquid-phase reaction is dominated
by transport of the reactants to the active sites. Consequently, the sulfated zirconia éfg5éhowed a
considerably higher activity than that of 217/ Also the silica-supported catalyst exhibited a higher activity.

The consistent results demonstrate that sulfated zirconia needs water to display activity in the gas-phase and
liquid-phase reaction studied.

Introduction to control3~>18.19 3 procedure resulting in a material of a
heterogeneous and complex structtire??-24 As indicated by
the above equilibria, impregnation with a relatively large amount
of diluted sulfuric acid and drying leads to dissolved zirconium

Homogeneous, corrosive liquid acid catalysts, such as BF
complexes and 50, are still frequently employed in the

production of (fine) chemicals? Replacement of the acids by . : . .
a solid catalyst is desirable to achieve more effective catalyst sulfate, which crystallizes to Zr(S§2-4H,0 upon further drying.

. s L The hydrated sulfate may be locally deposited within the porous
handling and product purification and to diminish waste _. 4 - . . .

2 13 p .~ zirconia. With pore-volume impregnation reaction to ZrgpO
production:*In the last two decades, "sulfated metal oxides 4H,0 is less likely. The water remaining after drying will lead
have received considerable attention as potentially benign solidto t2he resence gf bisulfate OSQH) orgsulfuric z;lcig on the
acid catalysts that possess a very high activity and even 'rcon'gs rface
superacidity~3-5 Despite the promising properties, technical z '_ u e )
applications are still lacking, which is due to the activity being Starting with zirconium sulfate of a low surface area, the
difficult to control in view of, for example, the sensitivity to ~above equilibria will only involve reaction to Zr(Sf-4H0
hydrationé7 the thermal stabilit};® and an interference of ~and Zr(SQ).. The water leading to the reaction to sulfuric acid

reduction processé§:1’ will be rapidly removed at a low temperature, where loss of
In this research, we focused on sulfated zirconia, in which Sulfate will not significantly proceed. Figure A4 of the Sup-
the following equilibria are dominating: Zr(S® + 4H,0 = porting Information, which represents the phase diagram of

Zr(SOp+4H,0 + nH,0 = ZrO, + 2H,SOrag. The usual  Sulfuric acid, confirms the conclusion. Up to a temperature of
impregnation of zirconia with sulfuric acid, drying, and calcina- about 473 K, the gas phase only involves water. Only at higher

tion brings about that the activity of sulfated zirconia is difficult temperatures does the gas phase contain increasingly the
constituents of sulfuric acid, viz., 8, SQ, SO, and Q.

* To whom correspondence should be addressed: F81-302533128. Because water-free bulk zirconium sulfate loses sulfate only at
Fax: +31-302534533. E-mail: jennesk@chem.uu.nl. temperatures above 89084 rapid transport of water smoothly
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CHART 1. Gas-Phase Sulfation of ZrG, by H,S/O,, CHART 2: Gas-Phase Trans-Alkylation of Benzene (1)
SO,/0Oy, or SOz and Diethylbenzene (2), Giving Two Mol Equivalents of
Z0ye + 2H,Sg —=  Z1Sy + 2H,0 reaction 1a Ethylbenzene (3) (Reaction 4), and the Liquid-Phase

Hydro-Acyloxy-Addition Reaction of Acetic Acid (4) to
ZrSys)  + 40y === Zr(SO4)ys) reaction 16 Camphene (5), Giving Isobornyl Acetate (6) (Reaction 5)
ZrOys) + 28034 + Opy =—= Zr(SO4)y(s) reaction 2
ZrOs) + 2503 _— Zr(SO4)y(s) reaction 3 N

O + | —/ — 2 reaction 4
leads to Zr(S@).. With a highly porous zirconia, on the other 7
hand, which has been impregnated with diluted sulfuric acid, a 1 2 3
sufficiently rapid transport of water out of the porous system
may call for temperatures thus high, so that the vapor phase HsC._CHa
also contains significant amounts of the constituents of sulfuric Ho.  _CH cH CHs o. o
acid. N } N reaction 5
The possible loss of sulfate brings about that the catalytic ° CH,CHa °

activity of sulfated zirconia does not depend on the final 4 5 6

temperature during drying and calcination. The heating rate is ) o )

highly important as well as the total amount of sulfated zirconia through the pores of the zirconia will determine the loss of water

thermally treated. Release of water and the constituents of@nd sulfate of the impregnated zirconia. .

sulfuric acid from a large batch is much more difficult than ~ The properties and catalytic behavior of the three differently

that from a small sample. Application of a gas flow can also Prepared catalysts are compared in the gas-phase trans-alkylation

affect the final activity, and with large batches treated in a fixed réaction of benzenelf and diethylbenzene2) giving ethyl-

bed, an inhomogeneous catalyst may result. benzene §) as well as in the liquid-phase hydro-acyloxy-
First of all, we established the catalytic activity of water- 2addition reaction of acetic acidiX with camphened) giving

free zirconium sulfate. In view of the low surface-to-volume 1S0POrnyl acetates) as major product (Chart 2; reactions 4°

ratio of bulk zirconium sulfaté,we prepared also water-free, and 273539, ) .

finely divided silica-supported zirconium sulfate. The effectof ~ The gas phase reaction has been studied at 473 and 673 K.

addition of water vapor on the activity of the water-free catalysts At 473 K, volatilization of water will dominate, whereas at 673

was also investigated. To elucidate the influence of the K. both water and sulfuric acid will desorb. Because the

conditions during drying and calcination, we compared the 'éactants and the reaction products of the gas-phase reaction

activity of conventionally prepared sulfated zirconia’s with that 40 not adsorb strongly on the surface of the (sulfated) zirconia,

of the initially water-free catalysts. Because the rate of transport {ransport limitations are not likely. Transport within the liquid

of water out of the porous system may severely affect the loss Phase proceeds much slower than in the gas phase. The

of sulfate, we prepared two sulfated zirconia’s of a considerably 2ccessibility of the sulfated zirconia species therefore can be

different porous structure (50%y and 217 ri/g) according to expected to dominate the activity in the liquid phase. The

the conventional procedure, viz., impregnation with diluted Sulfated zirconia of 50 ftg and the silica-supported sulfated
sulfuric acid, drying, and calcination. zirconia catalyst are therefore likely to exhibit the most elevated

We recently reported about the preparation of anhydrous Ctivity with a liquid-phase reaction.
Zr(SQy)2.6 Deposition-precipitation was employed to apply
zirconia on a nonporous silica support (5/g).2° Three
different procedures (Chart 1) were investigated to react the General. ICP-AES (Thermo Jarrell Ash, Atomscan-16
supported zirconia to water-free zirconium sulfate, viz., treat- equipped with a photomultiplier detector) was used to analyze
ment with BS and subsequent with,Creaction with SQ and the elements Zr and Si. Prior to analysis, the sample was mixed
O,, and reaction with S@produced by in situ oxidation of SO with Li,B407 and melted in a carbon cup to give a glass bead,
with Oz on a Pt/SiQ catalyst. Thermodynamics (Ellingham  which was subsequently dissolved in concentrated EISQIfur
diagrams: see the Supporting Information Figure Al) indicates (S) was analyzed as $@sing a Carlo Erba NA-1500 (Fisons-
that AG is slightly positive for the reaction to ZgSreaction CE Instruments) NCS-analyzer equipped with a flash-combus-
la). An excess of b§ is thus required to get significant tion chamber, a Porapack QS 1.83>m4 mm column and a
sulfidation of ZrQ. Reaction 1b, oxidation to the corresponding TCD. For flash-combustion GC analyses, the samples were
sulfate, is thermodynamically much more favorable. Neverthe- mixed with V,Os in a small tin container, sealed, and subse-
less, sulfation by treatment with either 80, or SG/SG,)/O, quently combusted in an excess of @ash-combustion). With
(reactions 2 and 3) is preferred, because they can be performedh He flow, the evolved S9was passed through a reduced Cu
in one step without introducing watéft. column to reduce SPto SO, Before separation on the GC

The prepared catalysts were thoroughly characterized by column, the gases were dried over Mg(GQ
XRD, XPS, SEM-EDX, and elemental analysis. Thermogravim-  Powder XRD patterns were recorded with an Enraf/Nonius
etry can provide important information about the reaction to FR 590 X-ray powder diffractometer equipped with a Co anode
bulk of surface zirconium sulfate. Whereas volatilization of (Ko 1.78897 A) and an Inel CPS120 (A) curved position-
sulfuric acid calls for a temperature above about 500 K, the sensitive detector; a reflectrometsgmple-holder was used.
decomposition of zirconium sulfate has been indicated above After subtraction of the scattering background, the volume-
to proceed at much more elevated temperatures. When impreg-averaged diameter of crystallites was calculated from the fwhm
nation with sulfuric acid, drying, and calcination does not lead using the Scherrer formula (see the Supporting Information; eq
to zirconium sulfate, but due to the presence of water to A1).%°
essentially supported sulfuric acid, release of the constituents Specific surface areas of the catalysts were determined by
of sulfuric acid can be expected above about 500 K. Transport measuring N adsorptior-desorption isotherms at 77 K using

Experimental Section



Bulk and Silica-Supported ZrO J. Phys. Chem. B, Vol. 107, No. 48, 20083405

a Micrometrics ASAP 2400 apparatus (equilibration interval 15 injected via narrow tubes (i.d= 1.0 mm) ending below the
s) according to the BET approaghPrior to the measurements, level of the liquid using two Gilson Minipuls Il peristaltic
the samples (ca. 1 g) were evacuated at 393 K for 16 h. pumps. Whereas the 4.0 M HCI was injected at a rate of
XPS analysis was performed on a Vacuum Generators (Fisons0.25 mL/min, the injection of the 4.0 M NHsolution was
Instruments) MT-500 with a nonmonochromatic Al X-ray source automatically regulated to maintain a pH of 4.5. When a constant
(Ka 1486.6 keV) and a CLAM-2 hemispherical analyzer for pH of 4.5 was reached, the 4.0 M HCI was replaced by a 4.0 M
electron detection. The samples were supported on carbonHCI (250 mL) solution containing 3.92 g (12.2 mmol) of
adhesive tape. Spectra were corrected for charging using theZrOCL-8HO. After addition of these solutions, the pH was
Si(2p) peak and scaled on the Si(2s) peak. For the determinatiorfaised to 6.5 with the 4.0 M Niisolution. The workup and
of the binding energies, a background correction was applied. calcination procedures for the 10 wt % Z/SIO, dispersion
The thermal stability of the catalysts was assessed byWere the same as those for the preparation employing the
analyzing the relative loss of weight in a dry Row (50 mL/ hydrolysis of urea described above. The 10 wt % 81D,
min) as a function of temperature and time with a (PC- catalyst precursor was removed from the calcination reactor and
controlled) Perkin-Elmer TGS-2 TGA apparatus, autobalance Stored under dry air.
AR-2. Temperature program: 1 h at 323 K, heating rate 10 Gas-Phase Sulfation of 10 wt % ZrQ/SiO, Catalyst
K/min to 1123 K followed by 15 min at 1123 K. Samples of Precursors.Three different gas-phase sulfation procedures were
ca. 3.5 mg were used. used: treatments of 10 wt % Zp&iO, with (i) H,S followed
TEM analysis was performed with a Philips EM420 electron Py oxidation with Q (acronym: HS/Q), (ii) SO, and Q
microscope and a Philips CM200 transmission electron micro- (&cronym: S@Q), and (iii) S& and G, but with a P/SiQ
scope equipped with an EDAX detector for elemental analysis. catalyst to generate $an situ (acronym: S@SO,/Oy). Gas
Copper grids covered by a thin polymer film on which carbon Purities were He 99.995%,18 99.6%, S@99.9%, Q 99.999%,
was deposited were used as supports for the ground and@nd No 99.999%. The gas-phase sulfation reactions were
ultrasonically dispersed (in dmy-hexane) samples. performed in a quartz fixed-bed reactor (i.d. 10 mm) equipped
A Philips XL 30 FEG scanning electron microscope equipped with a K-type thermocouple. Helium (He) was used to maintain
with an EDAX detector for elemental analysis provided SEM & 92 flow of 50 mL/min. Glass beads< 1.0 mm) were placed
images of the catalysts and the local element composition. The©n tOP Of the silica-supported metal oxide particles (5880
samples were supported on carbon adhesive tape and covereﬁm sieve fraction) to achieve effective preheating of the gas

with a carbon layer by vapor deposition for electrical conduc- ow. Via a heat-raced tube (423. K), the gas-flow leaving the
tance. reactor was passed through a stirred suspension of Ca(@H)

. - water. For a schematic representation of the reactor see the
Catalyst Preparation. Two homogeneous deposition-pre-

. : ) 0
cipitation methods were evaluated for the preparation of 10 wt Sypportmg Information (Figure A2). The treated 10 wt % grO

. SiO, catalysts were removed from the reactor and stored under
% ZrO,/SiO, catalyst precursors.

dry air prior to analysis and application.
Precipitation of ZrQ on Silica by Hydrolysis of UreaA yarp y bp

- : . (1) HoS/Oy: 0.7 g of the 508-850um sieve fraction of the
reaction vessel (2 L) equipped with a pH meter, thermometer, 10 Wt % ZrOy/SiO, precursors was heated under He to 623 K

baffles, and a mechanical stirrer (1000 rpm) was charged with at 5 K/min. Subsequently, 48 (2.5 vol %) was passed through

13.5 g (0.225 mol) of Si@[Aerosil OX50 (Degussa-Hs), - .
the reactor for 2 h, after which the reactor was purged with He
surface area 50 ffg], 4.0 M HCI (500 mL), and 3.92 g (12.2 for 30 min. Next, Q (20 vol %) was passed through for 2 h,

mmol) of ZrOCk-8H,0, dissolved in 4'O.M HCl (.250 mL). after which the catalyst was cooled to room temperature at 5
Subsequently, 185 g (3.08 mol) of urea dissolved in 4.0 M HCI . .
K/min under a He flow (50 mL/min).

(250 mL) was added, and the reaction mixture was heated to ] o .
363 K. At this temperature, hydroxyl ions are homogeneously _ (2) SQ/Oz: 0.7 g of the 10 wt % Zr@SiO, precursors (508
850 um sieve fraction) was heated under He to 673 K at 5

generated by the hydrolysis of urée® After 3 days, a constant _
pH of 6.0 was reached (measured separately at 293 K) and the</min. Next, SQ (5 vol %) and Q (5 vol %) were passed

suspension was filtered. Because the resulting dispersion of zro hrough the reactor for 5.5 h after which the temperature was
on the silica support can be affected by calcination (both water I0Wered to 573 K. Subsequently, the temperature was lowered
and salts may react with the precipitated material to give volatile 1© '00m temperature at 5 K/min under a He flow (50 mL/min).
compoundsjf?the wet residue was re-suspended three times in ~ (3) SG/SOJO,: With the exception of the addition of a layer
water (300 mL) for 1 day followed by filtration in order to ~ Of @ finely powdered 2 wt % Pt/Sibxidation catalyst at half-
remove remaining NECl impurities. The final residue was dried ~ height of the glass bead layer, the80) procedure was applied.

at 393 K for 1 day and subsequently sieved; the-5880 um The oxidation catalyst converts part of the S@o SQ; (50%
fraction was isolated. Calcination was performed under carefully based on BaSPprecipitation and U¥-Vis analysis) before
controlled conditions using a quartz fixed bed reactor (i.d. 10 'eaching the 10 wt % ZrgSiO,.

mm) equipped with a K-type thermocouple. The 5@50xm Calcined H,SOs,—Impregnated ZrO, Catalysts. Calcined
sieve fraction was calcined at 723 K for 10 h (heating/cooling H2SOQs—impregnated Zr@ catalysts (acronym: }$Q,/ZrO,)

rate: 5 K/min) in a dry air flow (50 mL/min). On top of the = Wwere prepared following a literature procedtitéwo different
sieve fraction, glass beads+ 1.0 mm) were placed to achieve ~ZrO; sources were used.

effective preheating of the air flow. The 10 wt % ZISiO, (1) Precipitated Zr@[acronym: ZrQ(prec.)] 20.23 g (62.8
catalyst precursor was isolated from the calcination reactor andmmol) of ZrOCb-8H,0 was dissolved in water (160 mL), and
stored under dry air. under vigorous stirring, 25 wt % NHvas added dropwise until

pH-Static Precipitation of Zr@on Silica.In a reaction vessel ~ pH = 8. Next, NH,Cl was removed by four times re-suspending
(2 L) equipped with a pH-meter, thermometer, baffles, and a the wet residue in water (300 mL) for 1 day followed by
stirrer (1000 rpm), 13.5 g (0.225 mol) of SiQAerosil OX50 filtration. The ZrQy(prec.) was dried at 433 K for 16 h.
(Degussa-His), 50 n¥/g] was suspended in 750 mL of water. (2) Commercial Zr@ Gimex B. V. [acronym: ZrG
Under stirring, both 4.0 M HCl and 4.0 M NHwere separately  (Gimex)], The Netherlands, surface area 68gnmonoclinic.
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Sulfation of both zirconia’s was performed by stirring 4.0 g
(32.46 mmol) of each zirconia sample with 0.5 M3O, (20
mL) for 3 h and drying at 433 K for 16 h (no filtration). Sieve
fractions (500-850um) were calcined in a flow of dry air (50
mL/min) at 773 K fo 3 h (heating/cooling rate: 10 K/min).
The catalysts were stored under dry air.

Catalysis. Gas-Phase trans-Alkylation of Benzerig &nd
Diethylbenzene?). The gas-phase trans-alkylation reaction was
performed in an automated micro-flow apparatus containing a
quartz fixed-bed reactor (i.d. 10 mm) at®1Pa [16 vol %
benzeneq p.a., dried on molsieve), 3.2 vol % diethylbenzene
(2, consisting of 25% ortho, 73% meta, and 2% para isomers,
dried on molsieve), Mbalance (50 mL/min), WHS¥ 1.5 7]
with 2.0 mL of the tube reactor filled with catalyst particles
(500—-850 um sieve fraction, typically 1.4 g). Two saturators
were connected to the inlet of the reactor for the supplyt of
and?2. The partial vapor pressure dfand2 was controlled by
adjusting the temperature of the saturatoondensers and the
N flow rate. After equilibration for 30 min at the applied
reaction temperatures (473 and 673 K, heating rate 10 K/min)
within a dry N, flow (50 mL/min), benzenel) and diethyl-
benzene %) were passed through the reactor. To prevent

condensation of reactants and products prior to GC analysis

[Hewlet Packard 5710 A, column: CP-sil 5CB capillary liquid-
phase siloxane polymer (100% methyl) 25x10.25 mm, 323

K, carrier gas: N, FID, sample-loop volume: 1.04L], tubes
were heat-traced (398 K). FID sensitivity factors and retention
times were determined using ethene (99.5%, dried over mol-
sieve) and standard solutionsh2, and ethylbenzen&(99%)

in methanol (p.a.). The conversion of the feed (compouhds
and 2) was determined using eq A2 (see the Supporting
Information). Notice that the conversion of the feed (compounds
1 and?) is about 6 times lower than the (partial) conversion of
diethylbenzene2) due to the molar ratio 5:1 of benzen#) (
and diethylbenzene?].

Liquid-Phase Hydro-Acyloxy-Addition of Acetic Aci¢) (o
Camphene ). A mixture of glacial acetic acid4(p.a., 0.70
mol), camphenes, 95%, 0.70 mol) and acetic anhydride g,
9.05 mmol) was mechanically stirred (1500 rpm) overnight at
328 K under a Matmosphere. Subsequently, 2.5 g of catalyst
was quickly suspended in the reaction mixture. The composition
of the soluble fraction of the reaction mixture was analyzed by
capillary GC as a function of reaction time; samples were
prepared as follows: 1.00 mL of the reaction mixture was added
to water (25.00 mL) followed by an extraction withheptane
(25.00 mL). 1.00 mL of the-heptane fraction was diluted with
n-heptane to 25.00 mL in a volumetric flask. 1.Q of the
diluted solution was injected into the GC [Varian 3400,
column: DB-5 capillary liquid-phase siloxane polymer (5%
phenyl, 95% methyl), 30 mx 0.323 mm, temperature pro-
gram: 5 min at 333 K, 10 K/min to 553 K, 10 min, carrier gas:
N2, FID]. In the case of hydro-acyloxy-addition reactions
performed in the presence ob@, 320uL (17.78 mmol) HO

Dijs et al.

Results and Discussion

Highly Dispersed Silica-Supported ZrQ,; Preparation and
Characterization. Because our approach starts with the prepa-
ration of highly dispersed Zrfon a nonporous silica support
(ZrO,/Si0y), which will subsequently be subjected to gas-phase
sulfation reactions, two different aqueous precipitation methods
were compared, viz., urea hydrolysis and a pH-static procedure.
With both methods, hydroxyl ions are homogeneously generated
in a suspension of silica in a solution of a zirconium salt.
Deposition—precipitation requires that the silica particles will
function as nuclei for (hydrated) ZgOprecipitation*® An
important difference between the urea hydrolysis and the pH-
static procedure is the pH range in which precipitation of
zirconia species proceeds. With urea hydrolysis,4vf@cipita-
tion occurs at pH- 2—3, whereas under pH-static conditions,
precipitation necessarily proceeds at gH.542 The iso-electric
point of silica is at pH~ 2—3, which brings about that, at pH
levels above 3, silica is negatively charged. Adsorption of
zirconyl ions and subsequent nucleation of (hydrated) zirconia
species on negatively charged silica present at pH levels above
3 is more likely than at lower pH levefd.Hence, it can be
expected that the pH-static method will lead to a better
dispersion of ZrQ@ on the silica surface.

The bulk composition of the ZrglSiO, catalyst precursors
prepared according to either the urea hydrolysis or the pH-static
method was determined by elemental analyses (ICP-AES Zr
and Si). Independent of the applied precipitation procedure,
similar bulk compositions were found [Z¢ 6.9 wt. %, Si=
37 wt. %, residual wt. %= O], which are in reasonable
agreement with the calculated values fZ1i7.4 wt. %, Si= 42
wt. %, residual wt. %= O].

To establish whether a crystalline phase of Zhas formed
within the calcined Zr@SiO, catalyst precursors and to obtain
an estimate of the average crystallite size, X-ray diffraction
(XRD) was employed. The ZriIBiO, precursors prepared by
the urea hydrolysis or the pH-static procedure only showed a
background halo due to X-ray scattering of the amorphous silica
support (see the Supporting Information, Figure A3jlence,
the deposited Zr particles are amorphous. The calcined
ZrO,/SiO, precursors were subsequently studied by trans-
mission electron microscopy (TEM). Despite their similar bulk
compositions, TEM shows that the pH-static method leads to
supported Zr@ particles that are decisively smaller (better
dispersion on the silica spheres) than those prepared by urea
hydrolysis (Figure 1).

X-ray photoelectron spectroscopy (XPS) was used to assess
global differences in the surface composition of the calcined
ZrO,/SiO; catalyst precursors. The Zr(3gs)/Si(2sf’ peak-
area ratio is the highest for samples prepared by the pH-
static precipitation method: Zr(3d 32/Si(2Sh-star = 2.5 Vs
Zr(305/2,3)/Si(2S)rea = 0.7 (Figure 2a). Because the bulk
compositions of the precursors prepared by the pH-static
precipitation method and by urea hydrolysis are identical, the
XPS results also indicate that the pH-static precipitation method
leads to a higher dispersion of ZrOver the silica surface. Thus,

was added instead of acetic anhydride (vide supra). To establishtEm and XPS confirm the conclusion that the interaction
whether leaching occurs, the insoluble catalyst particles were petween the suspended silica support and the precipitating

removed from the reaction mixture by filtration with a double-
ended glass filter under a dry,ldtmosphere before equilibrium

zirconia species depends on the pH. The availability of more
nucleation sites during depositieprecipitation will lead to a

had established. The composition of the reaction mixture was metal oxide more highly dispersed on the surface of the silica
further measured as a function of time. Since no solid residue support. By adjusting the pH, the dispersion of the Zc@n be

was found after evaporation of the reaction mixture to dryness
in vacuo, the removal of the solid catalysts particles by filtration
was complete.

consequently controlled.
Because the gas-phase sulfation reactions are expected to be
more effective for smaller Zrgparticles, the Zr@SiO, catalyst
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Figure 1. TEM photographs of 10 wt % Zrg8iO, prepared by (a) 130 140 150 160 170 180 190 200 210

urea hydrolysis and (b) the pH-static method. Large light-gray Binding Energy (eV)

spheres: silica (Aerosil OX50) support material. Dark dots: metal oxide Figure 2. (a) XPS spectra of 10 wt % ZiSiO; prepared by the pH-
clusters. static method (highest Zr/Si ratio) and urea hydrolysis (lowest Zr/Si
ratio). (b) XPS spectra of 10 wt % Z®iO, (blank) and 10 wt %

precursors prepared by the pH-static precipitation procedure ZrO./SiO; subjected to either thed8/0,, SO/O;, or SQ/SG/O; gas-
were used for the gas-phase treatments. phase approach. [The spectra havg been corrected for charglng, scaled
Characterization of Gas-Phase Sulfated Zr&/SiO,. XRD, on the Si(2s) peak and vertically displaced for presentation.]
IR, XPS, and TEM-EDAX were used to evaluate the effective- the SQ/SO,/O,-treated ZrQ/SiO, precursor (184.1 eV) in
ness of the three different gas-phase sulfation procedus& (H combination with the observed additional broadening of the
0, SG/O,, and SQ/SO/O,, see the Experimental Section). Zr(3ds;232) peak (0.3 eVAFWHM) indicates that both Zr©
After gas-phase sulfation, no changes were detected in the XRDand Zr(SQ), are present within the surface layer. This is
pattern of the Zr@SiO, catalysts. Unfortunately, diffuse- corroborated by the S(2p)/Zr(36s,) peak-area ratio, which
reflectance FT-IR is unsuitable to verify the formation of surface was found to be 0.25 (S£50,/O, treatment) instead of 0.50,
sulfides and sulfates due the interference of the intens®Si  which was found for bulk anhydrous Zr(32°
absorption bands. XPS analysis, however, provided more For the conventional, calcined ,BOs-impregnated Zr@
information. Using XPS atomic sensitivity factors [S(2p)0.54 catalysts (HSOy/ZrO,), a S(2p) binding energy of 169.3 eV
and Zr(3d2,3) = 2.11*° and the experimental S(2p)/Zr(@gk) has been reported, which deviates significantly from the S(2p)
peak-area ratio, surface atom ratios can be calculated. For bulkbinding energy of bulk anhydrous Zr(32 (170.3 eV)%1851
anhydrous Zr(S@). (prepared from ZrGland fuming HSOy/ Interestingly, the S(2p) binding energy in$0y/ZrO; is nearly
10% SQ),% an S(2p)/Zr(3¢,,31) peak-area ratio of 0.50 was identical to that of liquid HSO, (169.4 eV, see also the
previously found®” which leads to an S/Zr atom ratio of 2.0 in  Supporting Information Table Al). In addition, the Zr&ad)
line with the chemical composition. Figure 2b shows the XPS binding energy of the b80O)/ZrO, catalysts is mainly deter-

spectra of the ZreSiO, and the gas-treated Z5SiO, catalysts.
Gas-phase treatment using340; led to a S(2p) peak of low
intensity positioned at 170.0 eV. For the ZfSIO, catalysts

mined by the contribution of Zrg) especially after calcination
at high temperatures (923 K§24 For H,SQy/ZrO, catalysts
calcined at lower temperatures (773 K), a broadened Zu(3l

that were subjected to either gO, or SO/SO,/O,, gas-phase  peak is found, which was ascribed to the presence of primarily
sulfation S(2p) binding energies of 170.0 eV were found, which ZrO, within the surface layet**2 Note that the impregnated
are in good agreement with the S(2p) binding energy of zirconia’s used in the catalytic experiments were calcined at
anhydrous bulk Zr(Sg), [170.3 eV, see the Supporting 773 K. Deconvolution of the broadened Zr§ag;) peak
Information (Table A$4550)]. These results indicate that resulted in Zr(3¢) and Zr(3d,) binding energies still lower
(partial) conversion of the surface layer of Zridto Zr(SQy), than the Zr(3g») and Zr(3d,,) binding energies of Zr(Sg:

has indeed occurred. This is further substantiated by the 4H,O (184.5 and 186.5 eV, respectivelj?*Hence, calcination
concomitant shift of the Zr(3g 3,9 binding energy from 183.3  at 773 K of conventionally prepared8l0,-impregnated/Zr@

eV (blank) to 184.1 eV [S&}ZrO,/SiO, (Figure 2b)I¥” For bulk catalysts and subsequent exposure to ambient air apparently does
anhydrous Zr(Sg),, however, a Zr(3¢ 39 binding energy of notresult in the presence of either Zr(§®@4H,0 or Zr(SQ)>
185.6 eV was found. The lower Zr(ggs) binding energy for within the surface layer.
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(a) thermore, the sulfur-to-zirconium ratio is much higher for the
] supported catalyst, as has to be expected.
MMana (%) s, Thermal Stability of SO5/ZrO 2/SiO; and H,SOJ/ZrO ». An
95 1 SOJZI0NSIO, important distinction between the $@r0O./SiO, catalysts
(prepared via the gas-phase procedure) and the water-free bulk
90 - zirconium sulfate, on one hand, and the usual sulfated zirconia
] catalysts (HSQy/ZrO,; conventionally prepared by impregnation
85 1 with H,SOy), on the other hand, is the presence eSBy. The
XPS results point to sulfuric acid in the surface layer of the
00l sulfated zirconia’s. Sulfuric acid can be present due to an
300 500 700 900 1100 incomplete reaction with the surface of the impregnated zirconia
Temperature (K) or hydrolysis of zirconium sulfate by residual water or water
(b) from ambient air. Anhydrous bulk Zr(S® exhibits an onset
i I — temperature of decomposition in a dry flow of 890 K 8 while
MMyiiar (%) S the constituents of sulfuric acid are significantly present in the
95 gas-phase already above a temperature of 473 K (see the
] | Supporting Information; Figure £4-59). Figure A4 indicates
0l XN that, for compositions of a mol fraction of $Melow 0.5
- SO . (diluted H:SOy) at temperatures below 473 K, only water will
2 S0Zr0: Gimex) K ]
a5 ] be released into the gas fldW.Hence, heating from room
] temperature will cause water to evaporate and, consequently,
S ‘”*5‘3".2@2“"?” lead to an increase in concentration of thgsBy. Above 473
300 500 700 900 1100 K, however, also significant amounts of the constituents of

H,SOy will be present in the gas phase. Sulfuric acid present in
the catalysts, consequently, will be apparent from a loss in
weight at temperatures appreciably lower than 890 K. Thg SO
ZrO,/Si0, and the sulfated zirconia g80y/ZrO,) catalysts were

Temperature (K)

Figure 3. Thermogravimetric analysis of (a) Si@nd SQ/ZrO./SiO,
and (b) ZrQ(Gimex) and ZrQprec.) and corresponding (calcined)
H.SOs-impregnated catalysts. [Temperature program: 30 min at 323

K, 10 K/min to 1100 K and 10 min at 1100 K.] therefore subjected to thermogravimetric analysis. The thermal
) stability of the sulfated metal oxide catalysts will furthermore
TABLE 1: ICP-AES and Flash-Combustion GC Results for indicate the temperature range in which the catalysts can be

the 10 wt % ZrO ,/SiO, Catalyst Precursor Materials - : :
Subjected to the Gas-Phase S{50,/0, Treatment and for expected to remaln. _catalyt.l_cally active. . )
the Two Conventional H,SO,/ZrO , Catalyst Materials? The thermal stability of silica and (nonsulfated) zirconia was

measured by TGA (b (Figure 3). Whereas the silica support

atom (%) BET - I g
calc, (100% ICP-AES/lash- area and ZrQ(Gimex) only eliminated a minute amount of water,
sample element sulfated) combustion GC (m?/g) the water content of the Zi{prec.) is appreciably higher as is
SOYZIOJSION S 3.0 17 50 evident from the relatl_vely large decrease in weight. Figure 3
7r 15 13 also represents the weight loss of thes&80,/SiO, and sulfated
Si 27.6 23.7 zirconia (HSOY/ZrOy) catalysts, which was also measured in a
H,SQy/ZrOy(prec.) s 7.3 4.0 217 flow of nitrogen. The S@ZrO,/SiO, catalyst exhibited a small
zr 23.9 23.9 continuous decrease in weight (Figure 3a). Decomposition of
H,SOyZrOyGimex) S 7.3 1.8 50 the sulfate smoothly follows the loss of water, which proceeds
zr 23.9 24.2 at low temperatures. Elimination of water from the 5500,/

SiO, catalysts must originate from the silica support, because
the XPS results did not indicate the presence gB® (vide

With TEM-EDAX, it was established that the initial disper- SUPra). However, the thermal stability of Zr(3@in the

sion of ZrG, on the silica support (Figure 1) did not change Presence of W?ter vapor ils much lovference, fOTI the S¢
during the subsequent gas treatments. This result is in line with 2/C2/SIiOz catalyst materials, formation of a small amount of

the near constant XPS Zr(gl3)/Si(2s) peak intensity ratio H2SQ, or bisulfate groups{OSQH) by reaction with water

found (Figure 2b). The results furthermore show that the/ SO from the silica support cannot be excluded.

SO,/0, treatment (Chart 1; reaction 3) appears to be the most _11€ conventional sulfated zirconia {BI0/ZrO;) catalysts
effective for the preparation of highly dispersed silica-supported ShOWed a much larger weight loss (Figure 3b). The TGA curves

zirconium sulfates. Therefore, this gas-phase sulfated catalystfor the zirconia's and the ¥$Qy/Zr0, catalysts are identical to

was further characterized and its catalytic properties were those preymusly published Figure 3 shows th‘fﬂ."’.‘ continuous
evaluated. decrease in weight sets on below 373 K. The initial weight loss

is attributed to the removal of water. It is interesting that the
Table 1 presents the results of the elemental analyses as welkyryes for precipitated zirconia and the sulfated precipitated

as the specific surface areas (BET method) of the/BQ;/ zirconia run parallel up to a temperature of about 530 K. Up to
SiO, catalyst and the two sulfated zirconia catalysts. The results 5309 K, desorption of water from the sulfated precipitated
show that the amount of sulfur (at. %) and the specific surface zirconia is consequently likely. At higher temperatures the
area are higher for the sulfated zirconia®@/ZrO,) prepared  weight loss of the sulfated zirconia §8Qy) is slightly higher.
from freshly precipitated zirconia than for that prepared from Above 530 K, the sulfated zirconia’s $804/ZrO>) can release

the Gimex zirconia and the SrO,/SiO; catalyst (Table 152 water from grafted HSOy or bisulfate groups{OSQH), but
However, the amount of sulfur per unit surface area is larger also the constituents of sulfuric acid will be volatilize#?.24

for the sulfated zirconia prepared from Gimex zirconia. Fur- The catalyst prepared from the Gimex zirconia showed a steep

a2 Residual atom (%): oxygen.
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TABLE 2: Elemental Analysis (S/Si Atom Ratio) by
ICP-AES and Flash-Combustion GC (Global Bulk
Composition), XPS (Global Surface Composition), and
SEM-EDAX (Local Bulk Composition) of SO3/ZrO ,/SiO,,
after Treatment with H O at 473 and 673 K for 10 h
Followed by Resuspension in B¢ (293 K, 1 h)

S/Si (atom ratio)

flash- SEM-EDAX
treatment of combustion multiple point analysis,
SOJ/ZrO,/SiO, GC & ICP-AES  XPS 20-point average
0.072 0.22 0.024
H.O(), 473 K 0.073 0.18 0.019
H2O(), 673K 0.059 0.06 0.008
H.Op, 293 K 0.029 0.05 0.006

weight loss setting on at about 800 K and that prepared from
the precipitated zirconia only above about 910 K. The weight
loss at about 890 K for the 430,/ZrO, catalysts (Figure 3b)
and the S@ZrO,/SiO, catalyst (Figure 3a) is also observed for
bulk anhydrous Zr(Sg), (within a dry N, flow).6 The steep
weight loss indicates that Zr(SJR has been formed in the
sulfated zirconia (EH8Q/ZrO,) catalysts. The zirconium sulfate
can be present at temperatures up to about 530 K underneath
layer of sulfuric acid. The sulfuric acid has desorbed at the

temperature of the steep weight loss. The sulfuric acid may have

remained after the impregnation, drying, and calcinations for 3
h at 773 K. However, the surface of the sulfated zirconia is

highly hygroscopic. Water taken up during transport and storage

may hydrolyze the zirconium sulfate of the surface layer to
sulfuric acid and zirconia; this has to be prevented.

The TGA curves of Figure 3 also reflect a pronounced
difference in the macroscopic structure (porosity) of the sulfated
zirconia (HSOY/ZrO,) catalysts. A comparison of the curves
of the two catalysts, viz., }$0)/ZrOx(prec.) and HSOy/ZrO,-
(Gimex), reveals that the elimination of water, the release of
the constituents of }$0,, and the decomposition of Zr(S1R
proceeded at higher temperatures with th&6L/ZrO,(prec.)
catalyst. The surface area of the3®y/ZrO,(prec.) catalyst (217
m?/g) is considerably larger than that of theS@Qy/ZrO,(Gimex)
catalyst (50 r¥g). Transport of gas molecules interacting
significantly with the walls of the pores will proceed much
slower out of the more highly porous structure of thgSEy/
ZrOy(prec.) catalyst.

Stability of SO3/ZrO ,/SiO, toward Water Vapor. Ad-
ditional support for the presence of grafted3@y or bisulfate
groups (OSQsH) in the conventional sulfated zirconia £H
SQY/Zr0,) catalysts comes from FT-IR analyses?%-23 The

J. Phys. Chem. B, Vol. 107, No. 48, 200B3409

elemental analyses (Flash-combustion GC and ICP-AES, XPS,
and SEM-EDAX) of the S@ZrO./SiO, catalyst before and after
prolonged exposure to steam. Comparison of the S/Si atom ratios
of the SQ/ZrO,/SIO, catalyst before and after the steam-
treatment consistently indicates that the catalyst previously
calcined in dry air at 723 K looses sulfate upon exposure to
water vapor at 673 K. The larger drop in sulfate content apparent
from the XPS and SEM-EDAX measurements suggests that the
external surface layer of the catalyst looses the sulfate more
rapidly than the walls of the pores within the catalyst grains.
The effect of the rate of transport was also evident in the
thermogravimetric experiments. The data of Table 2 suggest
that sulfated zirconia catalysts can be employed in gas flows
containing steam at temperatures up to about 47@itkouta
rapid loss in activity. Immersion of the catalyst in liquid water
of 293 K for 1 h resulted in a large loss of sulfate. In the
presence of liquid water, sulfated zirconia therefore is not a solid
acid catalyst but produces dissolved sulfuric acid.

Catalytic Activity of Conventional H ;SO4/ZrO , vs SO/
ZrO 4/SiO; in the Gas-Phase trans-Alkylation of Benzene (1)
and Diethylbenzene (2).To assess the applicability of our
ifferent sulfated zirconia catalysts in gas-phase reactions, the
trans-alkylation reaction of benzen® @nd diethylbenzene(
Chart 2; reaction 4Y~30 was studied at FOPa in a fixed-bed
reactor with a 16 vol % benzeng)(and 3.2 vol % diethylben-
zene @) feed. The conversion of the feed [benzeng &nd
diethylbenzeneZ, see the Supporting Information, eq A2)] was
determined as a function of time. First, the catalytic performance
of the sulfated metal oxide catalysts in the gas-phase trans-
alkylation reaction ofl and 2 was benchmarked at 473 and
673 K with an amorphous aluminosilicate (ASA) (Si/Al 12,
BET specific area= 320 n¥/g) (Figure 4a). At 673 K, the
conversion is about eight times higher than the low conversion
at 473 K. The higher conversion at 673 K is not only due to
the effect of the higher temperature on the trans-alkylation
reaction but also to the (more temperature-dependent) formation
of ethene (see the Supporting Information; Figure A5). The
ethylbenzened) selectivity is 100% at 473 K but only 50% at
673 K. The initial rapid deactivation of the catalyst at 673 K
may be due to oligomerization of ethene on the acid sites and
subsequent reaction to carbonaceous deposits.

Figure 4, parts b and c, represents the conversidnawfd2
at 473 and 673 K in the presence of the conventionally prepared
sulfated zirconia (KSOy/ZrOy) catalysts. The b5O/ZrO,-
(Gimex) exhibited a negligible activity at 673 K and initially a

sulfated zirconia catalysts possess a heterogeneous surfacgignificant activity at 473 K (Figure 4c). However, the activity

structure, which changes concomitant with temperature, pres-

sure, and/or the presence of water vapor. Above 473 K,
dehydration is accompanied by elimination ofS0, (see the

dropped, and after 300 min, the activity was negligible. The
activity of the HSOJ/ZrOy(prec.) catalyst was at 473 K
considerable and stable (Figure 4b). In contrast to the behavior

Supporting Information, Figure A4). This implies that hydration Of the reference ASA catalyst, the activity at 673 K of the
can lead to an irreversible loss of sulfate at temperatures above12SQ/ZrOz(prec.) catalyst was much lower. When after the

473 K under flow conditions. Such irreversible behavior was
observed for anhydrous bulk Zr(326°%62 With sulfated

reaction at 673 K the p80O)/ZrOy(prec.) catalyst was cooled
to 473 K, the activity appeared to be completely lost; the

zirconia catalysts being employed at temperatures above 473conversion was not significant.

K, consequently, elimination of corrosive constituents of sulfuric

Figure 4d shows the activity of the $@rO,/SiO, catalyst

acid can be expected above 473 K, especially if water vapor is at 473 K. It can be seen that the initial activity disappears within
present. Because the active component of the catalysts will then80 min. To demonstrate that the initial activity is due to the

be lost, the activity of the catalysts will drop. Also contact of
sulfated zirconia’s with a flow of liquid water will lead to a
loss of sulfate by hydrolysis and dissolution of the resulting
sulfuric acid.

To establish the loss of sulfate experimentally, the/3a,/

uptake of water during transport from ambient air, the catalyst
was exposed fo2 h to aflow of 50 mL/min of nitrogen
containing 2 vol % of water vapor at 473 K. From Figure 4d,
it can be seen that the activity of the catalyst exposed to water
vapor is higher and more stable. The activity now disappears

SiO, catalyst was exposed to a gas flow containing water vapor within about 350 min. The activity of the anhydrous bulk
for 10 h at 473 and 673 K. Table 2 represents the results of Zr(SQy), is represented in Figure 4e, which indicates that the
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Figure 4. Conversion in the trans-alkylation of benzerg &nd diethylbenzene2) with (a) ASA, (b) HSQOy/ZrO,(prec.), and (c) EBO/ZrO,-

(Gimex); 0 473 K and<$ 673 K. Conversion in the trans-alkylation of benzefmgdnd diethylbenzene?) at 473 K with (d) S@ZrO./SiO, and
(e) bulk anhydrous Zr(S£y; O not hydrated and hydrated (2 h, 2% kD, 50 mL/min). [Conversion of the feed (compouridand?2) gives values
that are about 6 times lower than the (partial) conversion of diethylben2¢ie¢ause the molar ratio benzerdg diethylbenzene?) is 5:1.]

anhydrous sulfate has no any catalytic activity in the gas-phasebecause the sulfuric acid has been removed from the sites that

trans-alkylation reaction of benzer® &nd diethylbenzene.
Accordingly, Lewis acid sites catalyzing the trans-alkylation are
not available in water-free bulk zirconium sulfate. In contrast
to the SQ/ZrO,/SiO, catalyst, prehydration of anhydrous bulk
Zr(SOy), with ansubstoichiometric quantity of water vapor did
not lead to a significant conversion. That no catalytic activity
is induced with the water-free bulk sulfate is due to the formation
of a rather stable tetrahydrate [Zr(§©4H,0], which sup-
presses the hydrolysis reaction of anhydrous bulk ZggO
The fact that water vapor is required to activate the silica-
supported water-free zirconium sulfate catalyst is in line with
H.SOy to be the catalytically active species within$0,/ZrO,
catalysts. After calcinations f& h at 773 K, the BSO)/ZrO,-
(Gimex) catalyst has lost the water and sulfuric acid almost
completely leaving behind a surface layer containing zirconium

are most readily accessible from the gas phase.

The above results indicate that water is required fe®®}
within H,SOy/ZrO, and SQ/ZrO.,/SiO, catalysts to be catalyti-
cally active. HSO, is not released below 473 K in a gas flow
and will remain on the surface of the catalyst (see the Supporting
Information Figure A4 and Table 2). Nevertheless, th&6&/
ZrO,(Gimex) catalyst lost the activity within 300 min at 473 K
and the S@ZrO,/SiO, catalyst within 80 min. Consequently,
water can only be released in the gas flow, which proves that
water is required to activate sulfuric acid present on the surface
of the catalysts. Presumably, water is required to shift the
equilibrium of the hydrolysis of zirconium sulfate to the
zirconium oxide and sulfuric acid side. When water is removed,
the equilibrium shifts to the inactive zirconium sulfate side.

In liquid-phase reactions, contact with liquid water may lead

sulfate. During transport and loading into the reactor, the catalystto dissolution of sulfuric acid, which becomes subsequently

takes up water, which will react with the surface of the
zirconium sulfate to zirconium bisulfate and sulfuric acid. At
473 K, it takes about 300 min for the water to evaporate, which

active as a homogeneous catalyst. The difference in catalytic
activity between the bBOJ/ZrO,(prec.) and the E50/ZrO,-
(Gimex) catalyst in the gas-phase trans-alkylation was attributed

leaves an inactive zirconium sulfate surface. The release of waterto a difference in the rate of transport through the porous

and the constituents of sulfuric acid from the relatively open
structure of the EBOY/ZrO,(Gimex) catalyst proceeds so rapidly
at 673 K that no measurable activity is exhibited. Calcination
for 3 h at 773 K is notsufficient to remove the sulfuric acid
and some water completely out of the highly porous structure
of the HLSOW/ZrO,(prec.) catalyst. Accordingly, the catalyst
exhibits a substantial activity at 473 K (Figure 4b). Keeping
the HLSOW/ZrO,(prec.) catalyst in a gas flow at 673 K rapidly
removes the water and the constituents of sulfuric acid from

structure of the catalysts. Because transport within liquids is
much slower than that within the gas phase, a different rate of
transport will also affect the apparent activity in the liquid phase.
The above prompted us to study theS®y/ZrO, and SQ/ZrO.,/

SiO, catalysts in a liquid-phase reaction.

Stability of SO3/ZrO ,/SiO, and H,SO/ZrO, toward
Liquid Water. Table 2 also mentions the effect of the contact
with liquid water on the sulfate content of the SxO,/SiO,
catalyst. After stirring the SEZrO,/SiO, catalyst in water for

the easily accessible sites within the catalyst structure. The 1 h, followed by filtration and drying (393 K), elemental analysis

remaining activity is consequently low. Subsequent measure-

ment of the activity at 473 K results in a negligible activity,

(flash-combustion GC and ICP-AES, XPS, and SEM-EDAX)
revealed that the S/Si atom ratio decreases by a factor of 2.45
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Figure 5. Formation of isobornyl acetat®)(for the hydro-acyloxy- Time (min)
addition of 0.70 mol glacial acetic acid)(to 0.70 mol camphenes)
at 338 K (stirred tank-reactor, Nitmosphere)a no catalystd 8.75 (b)
mmol of BR/HOAc, and<> 1.65 mL of 5.3 M HSO,. Removal of solid
1 particles by filtration .
Yield (6) (%) SOYZr0,/Si0;, H,0
(Table 2). In addition, the filtrates from aqueous suspensions 30 / &
of the SQ/ZrO,/Si0, and SO,/ ZrO, were all found to have

a pH of about 2. Therefore, it can be concluded that in the

presence of liquid water leaching 080, from these catalysts 20 1
occurs. If BSOq is either present on the catalyst or is generated i
via hydrolysis, it will thus dissolve into the reaction mixture

provided sulfuric acid is soluble in the liquid and act as a 101

homogeneous acid catalyst. T SOYZIOISI0,. 1o O

Catalytic Activity of H ;SO4/ZrO , and SOy/Zr0 /SiO; in S
Liquid-Phase Reactions.To assess the catalytic performance 0 2000 4000 6000 8000 10000
of H,SOy/ZrO, and SQ/ZrO,/Si0O, in the liquid-phase, the Time (min)

liquid-phase hydrofacylox)_"add'“,on,reacnon of.acetlc add ( Figure 6. Formation of isobornyl acetat®) by the hydro-acyloxy-
to campheneq) giving the industrial important pine-fragrance  addition of 0.70 mol glacial acetic acid)(to 0.70 mol camphenésy
isobornyl acetate; Chart 2; reaction 573734 was chosen,  at 338 K (stirred tank-reactor, Natmosphere); (al 2.5 g of HSOY/
in which water is neither formed nor present. The presence of ZrOx(Gimex) without HO, < 2.5 g of HSQW/ZrO(prec.) without HO;
a strong acid as catalyst, such assBfOAc or H,SQy, is (b) © 2.5 g of SQ/ZrO,/SiO; without H,0, 0 2.5 g of SQ/ZrO,/SIO;
required to establish the equilibrium corresponding to the 2nd 320uL (17.78 mmol) HO.

reaction. Under the employed conditions, 70%€6€otan be
formed (Figure 5, see the Experimental Section).

Anhydrous Zr(S@), was found to be catalytically inactive
in the hydro-acyloxy-addition reactiérin analogy with the gas-
phase trans-alkylation reaction of benzehggnd diethylben-
zene R, Figure 4e), this shows that anhydrous Zr¢s@s not
catalytically active as a Lewis acid. With the sulfated zirconia
(H2SOy/ZrOy) catalysts, however, isobornyl aceta®) (vas
immediately formed (Figure 6a). Removal of the solid catalyst
particles from the reaction mixture by filtration (see the
Experimental Section) did not stop the formationépflbeit a

6b). The presence of water was also necessary to obtain
isobornyl acetateg] with anhydrous Zr(S¢),.6 Hence no Lewis
acid type catalytic activity is observed with the $2rO,/SiO,
catalysts. It is important to note that in the gas-phase reaction
a sub-stoichiometric quantity of water was introduced, whereas
a much larger amount of water was added in the liquid-phase
reaction. After removal of the S£ZrO,/SiO, particles from the
reaction mixture (with extra water present) by filtration, the
formation of 6 did not stop. Nonetheless, the reaction rate
decreased (Figure 6b). In analogy with the sulfated zirconia
. h : 2SQY/ZrO,) catalysts, HSO, slowly dissolves from the surface
decrease in reaction rate was observed. Hence, it appears tha((it;| the SQ/Zr0,/SIO, catalysts into the reaction mixture and

H2SQu slowly dissolves from the zirconia into the reaction subsequently homogeneously catalyzes the reaction. Because
mixture and acts as a homogeneous catalyst. Although the sulfur 9 y 9 y y :

content of the HSQW/ZrO,(prec.) catalyst is higher than that of the HSQ/Zr0; and SQIZrO,/SIC; catalysts are susceptible

: : to hydrolysis and leaching of catalytically active, but corrosive

the LSO/ ZrO,(Gimex) catalyst (Table 1), the rate of formation . .
of 6 is lower with the HSOW/ZrO,(prec.) catalyst. The lower EZS.O“’ I c?n be qt:Jesnonedéngther these catalysts are that
activity of the HSQy/ZrO,(prec.) catalyst indicates that leaching enign as frequently proposed.
of H,SOy and/or the accessibility of the catalytically active
groups is less for the highly porous$0,/ZrO,(prec.) catalyst
than for the less porous,BQy/ZrO,(Gimex) catalyst. The lower This research has substantiated that the activity of sulfated
porosity of the ZrQ(Gimex) brings about that calcination leads  zirconia is governed by the equilibria: Zr(9@+ 4H,0 =
to a loss of HSQy, which is much more rapid than that of the  Zr(SQ),:4H,0 + nH,0 = ZrO, + 2H,SOy-aq.
much more porous precipitated Z#Prec.). Within the liquid For the thermal pretreatment of sulfated zirconia, it is
phase, the transport through the highly porou$S@/ZrO,- important that the constituents of sulfuric acid exhibit a
(prec.) catalyst is, however, much slower. Consequently, the considerable vapor pressure at significantly lower temperatures
more accessible #$0O, within the ZrGy(Gimex) is more active  than the temperatures at which zirconium sulfate decomposes.
and dissolves faster. The rate of transport of water out of a catalyst batch being

With the SQ/ZrO,/SiO, catalysts, addition of water to the thermally pretreated is therefore decisive for the final activity
reaction mixture was a prerequisite to observe activity (Figure of the catalyst. Rapid release of water leads to water-free

Conclusions
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zirconium sulfate, which is only active as a solid acid catalyst ~ Supporting Information Available: Schematic representa-
after exposure to an amount of water vapor sufficient to exceed tion of the reactor used for the gas-phase treatments of the silica-
the amount required for the reaction to the tetrahydrate. Becausesupported metal oxides and additional figures, tables, and
water vapor strongly adsorbs on the surface of zirconia and equations (8 pages). This material is available free of charge
sulfated zirconia, the transport of water out of porous zirconia’s via the Internet at http://pubs.acs.org.
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