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The preparation of SiO,—ZrO, mixed oxides and the single oxides
Si0, and ZrO, from H,SiF; and/or H,ZrF; is described. The cata-
lysts are characterized using Hammett colour indicators, tempera-
ture programmed desorption of ammonia, XRD, XPS, and infra-
red spectroscopy. New IR bands and absence of XRD crystallinity
show mixing of SiO, and ZrO, on an atomic scale in the amorphous
coprecipitate. However, as could be concluded from the difference
between surface concentrations of Zr and Si measured with XPS
and the mean bulk concentrations, the ZrO, precipitates somewhat
more quickly than SiO, . The acid strength of the SiO,-Zr0O, mixed
oxides corresponds to an H, value between —11.4 and —13.8
(super-acidity). There is a fair correlation between the surface
concentration of strong acid sites, determined from NH,; TPD,
and the performance in the acid catalyzed dehydration of cyclohex-
anol to cyclohexene. In addition to the concentration of acid sites,
their acid strength is an important factor determining the perfor-
mance of the Si0,-Zr0, catalysts in the dehydration of cyclohexa-
nol. The acid strength needed for the dehydration of cyclohexanol
corresponds to Hy, = +2.8. Chemically mixed SiO,-ZrO, oxides
contain strong acid sites as opposed to the single oxides SiO, and
Zr0,, which contain only weak acid sites. XPS shows an oxygen
depletion on the surface of the mixed oxides, which indicates that
the strong acid sites are of the Lewis type. -« 1994 Academic Press, Inc.

INTRODUCTION

The preparation and characterization of acidic and basic
heterogeneous catalysts has been the subject of many
studies. It has generally been recognized that both acidic
and basic properties of catalysts and catalyst carriers are
of great importance for their use in various processes.
Therefore it is interesting to search for relationships be-
tween the method of preparation of catalysts, their acid/
base strength distribution, and their catalytic activity (1).
Insight into acidic and/or basic properties of heteroge-
neous catalysts may be obtained via test reactions and
characterization techniques., A combination of these will
hopefully lead to relations between catalyst properties
and performance and eventually to an insight into the
nature of active sites.
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It has long been known that certain mixed oxides show
much stronger acidic properties than the single oxides
of which they are composed. Examples are SiO,~Al,0;,
5i0,-TiO,, Si0,-MgO, and SiO,-Zr0,. The mechanism
of the generation of strong acidity as a result of chemically
mixing oxides has been the subject of many studies.
Among the mixed oxides mentioned, the Si0,~Al,0, sys-
tem has been studied extensively. This is not so much
the case for Si0,-Zr0,, first studied by Dzis'ko et al. (2,
3) and more recently by others (4, 5-10). In view of the
rather incomplete knowledge of the SiO,-ZrO, system
we selected it for further investigation.

Preparation of mixed SiO,~ZrO, samples is, according
to the literature, often performed by hydrolysis of solu-
tions of tetraethylorthosilicate (TEOS) and zirconyl chlo-
ride or zirconyl nitrate in ethanol or in ethanol/water
mixtures. The hydrolysis conditions used are not always
described extensively. When a homogeneously mixed ox-
ide is desired, the use of the starting materials mentioned
might pose a problem, because of their difference in reac-
tivity. Addition of caustic soda to zirconyl salts results
in fast hydrolysis and condensation—-polymerization,
starting already at pH values aslow as -2 (11). The rate of
silica precipitation from TEOS is strongly pH dependent,
since both hydrolysis and condensation-polymerization
are catalyzed by acids and bases. Also, concentrations
of TEOS and water have a significant influence on the
kinetics of these reactions. For many conditions, in partic-
ular for intermediate pH values, the rate of silica precipita-
tion will be considerably lower than the rate of zirconia
precipitation from zirconyl salts.

In our work we use a totally different method. Follow-
ing the idea that fluorozirconate ions might be less reactive
than zirconyl ions, we investigated the precipitation of
zirconia from H,ZrF, solution, and compared this to the
precipitation of silica from H,SiF, solution (see Results
and Discussion). Indeed H,ZrF, appears less reactive than
zirconyl nitrate (as follows from the significantly higher
pH of 4.2 where precipitation starts). Moreover, reactivi-
ties of H,SiF, and H,ZrF, are not very different. Thus
the use of mixed H.SiF, and H,ZrF, solutions for the
preparation of mixed SiO,-ZrO, oxides seems very
suitable.

660



PREPARATION AND CHARACTERIZATION OF 8i0,-Zr0,

In this study we describe the preparation of Si0,~-ZrO,
mixed oxide catalysts with varying Si/Zr ratios from
H,SiF, and H,ZrF. The catalysts thus prepared are char-
acterized using adsorption of basic colour indicators, NH,
TPD, BET measurements, diffuse reflectance infrared
spectroscopy (DRIFTS), XRD, and XPS. Their catalytic
properties are studied in the dehydration of cyclohexanol,
a well known test reaction for acid catalysts (12-14). A
relationship between the acid amount determined by NH,
TPD and activity in the test reaction is established. An
insight into the nature of the acid sites can be obtained
using XPS. Finally, the applicability of the models of
Tanabe et al. (15) and Kung (16) on the generation of
acidity in mixed oxides to our SiO,~ZrO, catalyst is dis-
cussed.

EXPERIMENTAL

Preparation of Catalysts

Mixed and single oxides are prepared from aqueous
solutions of H,SiF, and/or H,ZrF,. A very pure, aqueous
H,SiF, solution, with a concentration of 3.0 wt% Si (re-
sulting in 64 g of dry SiO, per kg solution) is prepared
from a 40 wt% H,SiF, solution obtained from Kemira
Fertilizers (Pernis, The Netherlands, the former UKF
Pernis). This is achieved using concentrated H,SO, to
set free SiF, and HF gas at 393-423 K. The gases are
subsequently readsorbed in very pure water (demineral-
ized water is purified using a Millipore system, resulting in
a specific resistance > 18 Mohm - cm). Silica precipitated
from this pure H,SiF, solution contains typically < 1 ppm
Fe, <1 ppm Ca, and <1 ppm Na as measured by atomic
absorption spectroscopy, whereas silica precipitated from
the unpurified H,SiF solution normally contains about
300-600 ppm Ca, about 40 ppm Fe, and about 20 ppm Na.

In preliminary experiments zirconium-containing solu-
tions were obtained by dissolving (hydrous) zirconia in
aqueous HF solution. Zirconium is most probably present
as H,ZrF, in such solutions (17). In the preparation of the
samples discussed in this paper, an alternative procedure
is followed consisting of mixing aqueous solutions of zir-
conyl nitrate and HF.

The following chemicals, all of pro analysis quality,
are used:

—Zirconyl nitrate [ZrO(NO;), - xH,O] [14985-18-3]
(Ventron).

—HF [7664-39-3] (Merck, 40 wt% aqueous solution).

—Ammonia [7664-41-7] (Baker, 25 wt% aqueous so-
lution).

Mixed oxides SiO,—ZrO, and the single oxides SiO, and
ZrO, are prepared by (co-)precipitation at a constant
pH of 9.0, at 300 K. To this end a thermostated,
double-walled glass reactor is used with a volume of
1 dm’ (height = 0.16 m, diameter = 0.09 m), provided
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with baffles and turbine stirrer. Before preparation, 500
ml of water is introduced into the reactor. Then two solu-
tions, with a volume of 250 ml each, one containing H,SiF,
and H,ZrF, and the other containing NH; made up from
a 25 wt% stock solution, are pumped simultaneously into
the reactor. The Si- and/or Zr-containing solution is made
up from the pure H,SiF, solution mentioned above, zir-
conyl nitrate, 40 wt% HF solution, and water in such
proportions to obtain the desired ratio of SiO, to ZrO,,
and a concentration of SiO,-ZrQ, solids in the final sus-
pension of about 20 g/dm’. Some samples were prepared
under more dilute conditions, but these samples were not
investigated as catalysts. The addition of the solutions
takes about half an hour. The pH is kept constant by
adjusting the flow rate of the basic solution. The reaction
mixture is vigorously stirred, at a rate of 260 rpm.

The solids are filtered and washed with water, using a
Buchner funnel. Preliminary experiments showed that,
after using 5 dm? of water, the pH of the filtrate has passed
a maximum of about 9.5 to 10 and attains a value of 9.0.
A larger quantity of washing water results only in a very
slow further decrease of the pH of the filtrate. For this
reason a standard amount of 5§ dm?® water is used. After
washing, the solids are dried at 373 K under vacuum for
16 h and calcined in air at the desired temperature (573
K or 773 K, heating rate 1 K/min) in a Carbolite GPF-2
calcination furnace. The catalysts are coded Si Zr,, in
which x and y give the amount (in weight percent) of SiO,
and ZrO,, respectively.

One mechanically mixed SiO,-ZrO, oxide (Si0,-ZrO,
50/50 coded SisyZr¥,, prepared by intense mixing of the
single oxides in a mortar at room temperature) is also
incorporated in the characterization study.

BET Surface Area and Pore Volume

The total (BET) surface area of a catalyst is determined
from physical adsorption of N, at T = 78 K, by applying
the BET equation on the part of the adsorption isotherm
with 0.05 = p/p, = 0.35, measured in a Micromeritics
Digisorb 2600 apparatus. From the complete adsorption
and desorption experiment a pore volume distribution and
total pore volume can be derived by applying the Kelvin
equation at p/p, = 0.99,

Acid Strength Determination with Basic Indicators

Acid strength measurements of the Si0,-ZrO, catalysts
are performed on samples which are calcined in air at 573
K for 50 h. A small portion of the catalyst (~0.1 g) is
transferred directly from the calcination furnace to a tube
and immediately contacted with water-free isooctane
(dried on mol sieve 4A). About 2 ml of the indicator
solution (containing ~0.2 mg of indicator) is added to the
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suspension. The colour of the indicator on the catalyst
surface appears within a few seconds, and is noted.

The following basic indicators are used (1, 18):

—a-naphthyl red (4-phenylazo-1-naphthylamine, Ald-
rich), pK, = +4.0.

—4-aminoazobenzene (4-phenylazoaniline [60-09-3],
Aldrich, 98 wt%), pK, = +2.8.

—Crystal Violet [548-62-9] (Aldrich), pK, = +0.8.

—dicinnamalacetone [622-21-9] (Aldrich, 98 wi%),
pK, = —3.0.

—anthraquinone [84-65-1] (Aldrich, 97 wt%), pK, =
-8.2.

—4-nitrotoluene [99-99-0] (Aldrich, 99 wt%), pK, =
—-11.4.

-2 4-dinitrotoluene [121-14-2] (Aldrich, 97 wt%),
pK, = —13.8.

Ammonia TPD Measurements

Ammonia TPD measurements are performed in a ther-
mobalance (Perkin—-Elmer TGS-2). The calcined catalyst
samples are recalcined in situ at 573 or 773 K in N, (flow:
5 liters/h) until constant weight. After cooling in the N,
flow, NH, is adsorbed on the catalyst for 15 min at a
temperature of 333 K in a 5 NI/h flow of 2.5% NH; in
N,. The sample is then purged with N, for 5 min after
which the temperature of the catalyst is raised at 10 K/
min up to the calcination temperature. The weight loss
of the catalyst sample due to the desorption of NH; from
the catalyst is measured as a function of temperature. A
TPD profile is obtained by plotting the first derivative of
the weight loss with respect to temperature.

XRD Measurements

The dried single and mixed oxides are studied by X-ray
diffraction, employing a Philips PW 1730 diffractometer
equipped with a Cu anode and a nickel filter. The diffracto-
grams are recorded using the CuKa line (A = 1.5418 A)
at 3° < 26 < 60°.

XPS Measurements

X-ray photoelectron spectra of the oxides are recorded
on a Leybold MAX 200 apparatus using MgK« radiation
(13 kV, 20 mA) at a pressure of 10~° mbar. Quantitative
analysis (19) is carried out using calculated sensitivity
factors (correction for photo-ionization cross section (20),
spectrometer transmission and electron escape depth).

Infrared Measurements

The infrared spectra are recorded on a Bruker IFS 85
FTIR spectrophotometer equipped with a DTGS detector.
A special reaction chamber (Harrick, type HVC-DR?2) for
in situ treatment of the catalysts in combination with a
diffuse reflectance attachment (a so-called praying mantis,

BOSMAN ET AL.

Harrick, type DRA-2COQ) is used. The sample holder can
contain about 50 mg of sample and can be heated to tem-
peratures of 973 K (sample temperature is lower). The
cell is equipped with KBr windows transparent at wave-
numbers down to 310 cm~!. A spectrum is recorded by
taking 100 scans at a resolution of 4 cm™~!. Samples are
made by preparing a 1:100 dilution of the catalysts in
KBr.

Test Reaction

The experimental set-up for testing the acid catalysts
consists of a glass reactor (height = 0.34 m, diameter =
0.017 m) which is filled with 50 mg of catalyst (particle
size 0.5 to 1.0 mm) mixed with 1450 mg inert glass beads
(particle size 0.5 mm). The reactor can be heated to the
desired reaction pretreatment temperature with an electri-
cal furnace (Heraeus oven type RCK 3/30). Pure cyclo-
hexanol ([108-93-0], Janssen Chimica, 99 wt%) is fed to
the reactor using a micro-fiow pump (Gilson, type 302).
The cyclohexanol flow is mixed with N, before entering
the reactor tube. The feed used in this work consisted
of 0.0287 liter cyclohexanol/h and 7.2 NI N,/h giving
LHSV = 0.575S liter cyclohexanol/g catalyst/h (W/F =
0.18 g h mol~"). The product stream is cooled after the
reactor is collected and analyzed gas chromatographically
using a 25-m CP-Sil-5 CB on WCOT fused silica column,
N, as carrier gas and an FID detector.

RESULTS AND DISCUSSION

Precipitation of Catalysts

A H,ZrF, solution can be prepared by dissolving hy-
drous zirconia in an aqueous HF solution (17). We found
that, when ammonia is added to the acid solution and the
pH is recorded, small white ‘‘flocs’ are observed starting
at a pH value of 4.2. When the pH is raised further an
increasingly turbid, white suspension is obtained. The
precipitation is similar to that of SiO, from a H,SiF solu-
tion. From H,SiF, solutions of approximately the same
concentration, formation of white flocs occurs at a slightly
higher pH of about 5. This similarity suggests that mixed
H,SiF¢-H,ZrF solutions could be a good starting material
for the preparation of mixed SiO,-Zr0O, oxides.

In the experiments mentioned above we prepared
H,ZrF, from hydrous zirconia which is precipitated by
addition of ammonia to zirconyl nitrate. We found that
an acid obtained by direct mixing of solutions of zirconyl
nitrate and HF produces the same titration curve upon
addition of ammonia as the H,ZrF, solution mentioned
above. Also, the resulting product shows roughly the
same properties (BET). Thus, in preparing the mixed ox-
ides, we use a H,ZrF, solution prepared from zirconyl
nitrate and HF.
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The precipitate appears easily filtrable for concentra-
tions of solids in the final suspension of >8 g/liter; for
lower concentrations a very gelatinous product is ob-
tained which is difficult to separate and wash. Such precip-
itates also show, after drying and calcining, much higher
BET surface areas. Probably these observations can be
explained by considering the influence of the fluoride con-
centration, corresponding to the solids concentration, on
coagulation kinetics. The concentration of solids men-
tioned above corresponds to a fluoride concentration of
0.6 M. For silica particles (diameter of about 15 nm),
Allen and Matijevic (21) found a critical coagulation con-
centration (c.c.c.) of 0.8 M NaCl at pH = 8.7. The c.c.c.
is the electrolyte concentration for which coagulation is
just observable after a specified time, being 1 h for the
particular case cited here; above this concentration the
rate of coagulation increases strongly with electrolyte
concentration. We performed similar measurements using
NH,F, and found a c.c.c. of 0.6 M for the same pH and
time. No data are available on the coagulation kinetics of
mixed Si0O,-ZrO, oxides, but the trends will be similar.
Thus for NH,F concentrations >0.6 M the rate of coagula-
tion will be significantly higher than for concentrations
below this value, resulting in much larger particles and
better filtrability. After calcination at 573 or 773 K in air
all catalysts are obtained as white solids.

BET Surface Area and Pore Volume

Table 1 gives the BET specific surface areas and pore
volumes of the catalysts calcined at 573 and 773 K. The
SiyZr, sample has a very low BET surface area of 12-22
m?/g. In the literature BET surface areas of 14 to 120 m?/
g are reported for ZrO, (1, 4, 10, 22) depending on the
precipitation procedure. The BET surface areas of the
mixed oxides and pure Si0O, are roughly in the same range
of 118—154 m?¥/g for the catalysts calcined at 573 K but
they show lower values of 103—131 m?/g if calcined at 773
K. The SisZrs, sample is an exception to this rule and
shows a significantly lower surface area. We will demon-
strate below that chemical and catalytic properties of this
sample are deviating, too.

Acid Strength Measurements Using Basic Indicators

Table 2 lists colours of the basic indicators on the
Si0,-Zr0, catalyst surfaces. From the table it is clear
that not all the colour changes observed are in agreement
with the changes reported by Walling (23) or Tanabe et
al. (1). The observation of a colour on the surface of a
catalyst cannot be completely objective. Some indicators
give more intense colours, ¢.g., Methyl Red showing a
purple colour on the acid sites of Si0,-ZrO, mixed oxides
instead of the red colour indicated by Walling (23). The
orange colour of Methyl Red on SiO, probably indicates
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TABLE 1
Texture Data of the Synthesized SiO,—ZrO, Catalysts

BET-surface BET-surface Pore volume

Catalyst (573 K) (773 K) (573 K)
code (mY/g) (m?¥/g) (ml/g)
Si0Zr, 120 105 0.515
SigZr; 154 117

SizsZrys 119 131 0.438
SigZry 69 42 0.320
SiysZrys 118 103

SicZr 1o 22 12 0.093

Note. Pretreatment temperatures are given between brackets. Pore
volumes are given at p/p, = 0.99.

that a small amount of acid sites of H, << + 4.0 are present,
but aminoazobenzene (pK, = +2.8) shows its basic col-
our. Furthermore, 4-nitrotoluene shows a change of col-
our from white to pink when comparing the Si,y Zr, and
Sig;Zr 5 catalyst. It is presumed that the colour of 4-nitro-
toluene on the acid sites of Si0,-ZrO, mixed oxides is
pink instead of yellow as reported by Tanabe et al. (1).

When observing the colours of Methyl Red adsorbed
on different catalysts it is clear that acidity is generated
by chemically incorporating ZrO, in a SiO, matrix. Pure
SiO, has no acid sites with a strength of +2.8 or stronger,
but pure ZrO, contains some weak acid sites as indicated
by the dark red colour of adsorbed Methyl Red. Aminoaz-
obenzene colours orange on ZrO, indicating a small
amount of acid sites having H, = + 2.8, but Crystal Violet
(pK, = 0.8) is adsorbed in its basic form. Anthraquinone
shows its acid colour when adsorbed on all the mixed
oxides. This indicates acid sites with a strength <-—8.2,
Presumably the acid sites on our SiO,~ZrO, mixed oxides
even have a strength < —11.4 if the colour of 4-nitrotolu-
ene adsorbed on strong acid sites is pink.

The highest acid strength reported for pure ZrO, is
H, = +1.5 (1, 24), whereas for SiO, an acid strength
of ~+7.1 to +3.3 (I, 24) is given, depending on the
precipitation procedure. Our results on the pure oxides
are in line with these reported acid strengths. For
Si0,-ZrO, mixed oxides the highest acid strength re-
ported is —8.2 (2). We have found that the strength of
the acid sites of our mixed oxides may even be as high
as —11.4 < Hy < —13.8. This may be due 10 the different
precipitation procedures. As we will demonstrate, this
low H value most probably does not result from residual
fluorine in the catalysts but from the intrinsic properties
of our Si0,-ZrO, mixed oxides.

Ammonia TPD Experiments

In Figs. 1 and 2 the ammonia TPD profiles (first deriva-
tive of weight loss with respect to temperature) are given
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TABLE 2
Acid Strength Determination of the Various SiO,-ZrO, Catalysts Measured by Adsorption of Basic Indicators
Colour according
to Refs. (1, 23) Colour on catalyst

Indicator pK, Acid Basic SieZry SigZr; SiysZrys SigZrsy SiysZrqs SigZr g
Methyl Red +4.0 Red Yellow Orange Purple Purple Purple Purple D. red
Aminoazobenzene +2.8 Red Yellow Yellow Red Red Red Red Orange
Crystal Violet +0.8 Yellow Blue White Yellow Yellow L. yell White White
Dicinnamalacetone ~-3.0 Red Yellow Yellow Orange Red Orange Orange Yellow
Anthraquinone -8.2 Yellow Colourless White Yellow L. yell L. yell L. yell White
4-Nitrotoluene ~-11.4 Yellow Colourless White Pink Pink Pink Pink White
2,4-Dinitrotoluene -13.8 Yellow Colourless White White White White White White

for the series of catalysts calcined at 573 and at 773 K,
respectively. From Figs. 1 and 2 it can be seen that all
catalysts contain both weakly and more strongly bound
ammonia. The peak at T < ~450 K is due to physically
adsorbed and/or weakly chemisorbed ammonia, whereas
the peak at T > ~450 K is assigned to strongly chemi-
sorbed ammonia. For all mixed oxides the maximum of
this peak is found at ~520-550 K with the exception of
the SisyZrs, sample, which has a maximum at ~670 K as
can be seen in Fig. 2.

Table 3 gives the amount of strong acid sites (i.e., the
amount of NH; adsorbed on the catalysts at 450 K in the
TPD) on the various catalysts calcined at 573 K. Pure
Si0, contains hardly any strong acid sites. ZrO, contains
0.06 mmol/g of strong acid sites, which is in accordance
with measurements of Shibita et al. (24), who reported
0.06 mmol/g acid sites having an H, = +1.5 and 0.28
mmol/g for acid sites having an H, = +4.0. The strong
acid site density, however, is higher on our ZrO,. Shibita
et al. reported a density of strong acid sites of 0.5 per
nm? and our ZrO, contains 1.6 strong acid site per nm>.
The mixed SiO,-ZrO, catalysts prepared in our study

032
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FIG. 1. Ammonia TPD profile of SiO,~ZrO, mixed oxides calcined

at 573 K.

contain 3.1-5.0 strong acid sites per nm? or 0.44-0.99
mmol/g. Dzis’ko et al. (2, 3) reported that their SiO,~-ZrO,
catalysts contain at most 0.78 acid sites per nm?, a much
lower density than the catalysts prepared in our study.

XRD Measurements

Figure 3 shows the X-ray diffraction patterns of the
mixed oxides and of SiO,. All these samples are X-ray
amorphous. In contrast the ZrQ, sample is crystalline
(Fig. 4a). The XRD pattern matches that of the monoclinic
mineral baddeleyite (ZrO,). The mechanically mixed ox-
ide (SigZr¥) shows a superposition of reflections of the
crystalline ZrO, and a broad reflection of amorphous SiO,
(Fig. 4b).

The maximum of the reflection due to SiO, is at 26 ~
22°(d = 3.9 A). A second peak next to the Si0O, reflection
appears if the ZrO, content in the mixed oxide increases.
This indicates that a second amorphous, probably ZrO--
rich phase is present in the precipitate. At high ZrO,
contents there is no separate band of amorphous SiO,
visible. The absence of sharp lines in the ZrO,-rich mixed

0.20

P
N SirsZres

0.12

0.08

.04

Weight loss (100/W . dW/dT) (%/K)

0.00

500 600 800

Temperature (K)

FIG. 2. Ammonia TPD profile of Si0,-ZrO, mixed oxides calcined
at 773 K.
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TABLE 3

The Concentration of Strong Acid Sites on the SiO,~ZrO, Mixed
Oxides Calcined at 573 K (as Determined from the Amount of
NH, Desorbing at Temperatures >473 K in the TPD)

Amt. NH; desorbed Concentration of sites
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oxide (Si,sZry5) indicates that no crystalline (ZrO,) do-
mains larger than 30-40 A are present. The presence of
more than one broad amorphous band indicates that there
is no perfect (random) mixing and that Si/Zr ratios vary
locally throughout the oxide. A new weak band at 26 ~
50° (d ~ 1.8 A) shows up in mixed oxides with a ZrO,

Catalyst (mmol/g) (NH, molecules/am®)  ¢ontent larger than 50 wt%. The SigZrs, sample shows a
SiZr 0.078 0.39 small sharp peak at 26 = 31°, for which we do not yet
SinZr 0.79 3.06 have an explanation.
SizsZr 0.99 4.97
SisyZrsp 0.44 3.85 XPS Measurements
SiyZr- 0.63 318 . . .
S;[)SZrmf, 0.059 161 XPS is used to determine the surface concentrations of
Zr, Si, O, F, N, and C of the catalysts (calcined at 773
d (&)
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FIG. 4. X-ray diffraction patterns of ZrO, and one

K). The Si,sZr,; sample was also studied before calcina-
tion but after drying at 373 K. Figure 5 gives a typical
XPS spectrum (of SisZr,s calcined at 773 K) together with
assignments of lines. Table 4 gives quantitative results of
the measurements (relative accuracy +10%).

Comparing the binding energies to those measured by
Slinkin et al. (5) we find a satisfactory agreement. Setting
the C(1s) line to 284.6 ¢V we obtain the following binding
energies for the lines measured in the mixed oxides and
used for quantification: 183.3-183.5 eV for Zr(3d 5/2),
103.3-103.5 eV for Si(2p), and 532.4-532.9 eV for O(ls).
The F(1s) signal has a binding energy of approximately
686 eV.

The surface concentration of fluorine is very iow (1
at.%). From bulk elemental analysis we learned that the
bulk content of fluorine is 0.3 wt% (which equals 0.4-1.4

20 (degrees)

mechanically mixed oxide. (a) SigZry; (b) SispZr.

at.% F, depending on the Si/Zr ratio). Combining the two
results leads to the conclusion that the fluorine is evenly
distributed throughout the catalysts. The surface content
is roughly 0.3-0.4 F per nm? (depending on the Si/Zr
ratio). The strong acid site density for the mixed oxides is
3-5 per nm’ (Table 3). The experiments with the Hammett
indicators on single SiO, and ZrO, prepared from H,SiF
and H,ZrF,, respectively, show that the acid strengths
are comparable to literature values for materials prepared
from other sources. Apparently the residual fluorine
does not influence the acidity of the single oxides signifi-
cantly. Therefore we believe that the high values of
the acid strength measured on the mixed oxides prepared
from mixtures of the fluorides are not caused by re-
sidual fluorine but are an intrinsic property of the
catalysts.
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From the Zr/Si bulk and surface ratios it follows that
SiO, precipitates more slowly than ZrO,; the surface is
enriched in Si. From an XPS measurement of the uncal-
cined Si;sZr,; compared to the calcined catalyst it be-
comes clear that calcination does not alter the surface
concentrations of Si, Zr, and O to a large extent. The Zr/Si
ratio is the same for both samples within the experimental
error. Therefore the surface enrichment of Si is mainly
due to differences in precipitation rates. This effect is also
reported by Slinkin et al. (5), who also used XPS. They
found that the surface Zr concentration is some 40% below
the bulk concentration for catalysts containing up to 15
wt% ZrO, prepared from TEOS and ZrO(NO),. We
found that the surface Zr concentration is 50-60% of the
bulk concentration for catalysts containing up to 50 wt%
Zr0,. The Si,sZr; sample is very poor in Zr on its surface.

XPS spectrum of SiyZrss calcined at 773 K together with band assignments. Spectrum recorded with MgKa (1253.6 eV).

Here the surface Zr concentration is only 15% of the bulk
Zr concentration. Consequently, we must conclude that
our precipitation method does not lead to a completely
homogeneous distribution of Si and Zr, as we had hoped.

The bulk oxygen concentration in all mixed and single
oxides is 66.7 at.% (atomic ratio O/(Si + Zr) equals 2).
From the XPS measurements we learn that SiO, has a
surface oxygen concentration of 69 at.%, in agreement
with the bulk concentration. All mixed oxides, however,
show a depletion of oxygen at the surface. The average
ratio O/(Si + Zr) amounts to [.5, even for the dried,
uncalcined sample. This depletion of oxygen at the surface
may well be an indication for strong Lewis acidity of the
mixed oxides. The ZrO, sample also shows an oxygen
depletion at the surface. The O/Zr ratio measured is 1.4,
which also indicates Lewis acidity on ZrO,. From the

TABLE 4

Surface Concentrations of Zr, Si, O, F, N and C of the Various Si0O,~Zr(0, Catalysts Calcined at 773 K
and the Uncalcined Si;sZr,s Catalyst as Determined Using XPS (Relative Accuracy 10%)

Concentration (at.%}

Atomic ratio Zr/Si

Catalyst Zr Si 0 F C N Bulk Surface
SiyZry 0 29 (31) 66 (69) 0.9 4.6 — 0 0
SigrZr 1.3(1.5) 35 (40) 52 (59) 0.8 11 — 0.07 0.04
SixZrx u 3.1(3.6) 29 (34) 53 (62) 3.4 9.1 33 0.16 0.11
SisZras 3.1 3.4) 34 37) 55 (60) 0.6 7.3 — 0.16 0.10
SigZrsg 6.8 (8.1) 27 (32) 50 (60) 0.8 17 — 0.49 0.26
SiyZras 6.1 (6.9 28 (31 55(62) 0.8 9.8 —_— 1.46 0.22
SipZrim 23 (41) 0.8¢ 33 (59 1.5 42 — x —_

Note. The relative concentrations of Zr, Si en O leaving out F, N and C are given in brackets. u uncalcined sample.
“ Signal from contamination with a grease containing silicon. Si(2p) binding energy = 101.6 eV instead of ~103.4

eV for the other samples.
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literature it is indeed known that acid sites on ZrO, are
mainly of Lewis type (1).

All samples contain some carbon on the surface, which
is commonly observed in XPS spectra of samples which
are pretreated ex situ and transferred to the XPS machine
in air. The Si signal on pure ZrO, is an artefact probably
arising from slight contamination with a grease containing
silicon (binding energy Si(2p) = 101.6 eV as compared
to 103.4 eV for mixed oxides and SiO,).

Infrared Measurements

The characteristic cation—oxygen stretch and cat-
ion-oxygen—cation bending vibrations of (mixed) oxides
are known to be in the 700—1200 cm ™! region of the infra-
red spectrum. For instance Makarov et al. (3) used this
spectral region to determing the level of mixing of their
Si0,-Zr0, mixed oxides. In this spectral region SiO, has
absorption bands (Si-0O-Si) at 1170, 1100, and 810 cm ™',
whereas ZrQO, has only one absorption band (Zr-O-Zr)
at 735 cm~'. Mechanical mixtures will give spectra that
can be derived by linear combination of the spectra of
the components. This is confirmed in our study of the
SigpZr¥, sample (not shown). Spectra of SiO,-ZrO, sam-
ples obtained by coprecipitation (chemical mixing) differ
essentially from the spectra of pure or mechanically mixed
oxides in the absence of characteristic absorption bands
of the single oxides and in the appearance of new bands.

In Fig. 6 spectra in the 1400-400 cm ' region of the
mixed oxides are compared with SiO,. Figure 7 gives the
spectra of the single oxides SiO, and ZrO,. The spectrum
of pure SiO, resembles those reported in the literature (3,
9, 25, 26). Bands at ~1180 (shoulder), 1100 (strong), 810
(medium), and 470 (strong) cm~' are found. The ZrO,
spectrum shows absorptions at 780 (medium), 610
(strong), 500 (shouider), and 450 (medium) cm~!. Two
bands (at 610 and 500 cm™!) are roughly the same as
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FIG. 6. IR spectra of SiO, and the mixed oxides in the 1400-400

cm ! region at 300 K.
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FIG. 7. IR spectra of SiQ, and ZrO; in the 1400-400 cm~' region
at 300 K.

reported in the literature (9, 26). The 780 cm ™' band has
not been observed before. A band at 735 cm ™' is reported
for ZrQ, in this region (3, 9, 26).

Differences in the preparation procedure, however,
may influence the position of these lattice vibrations. In
the SiO,-rich mixed oxides (more than 50 wt.% SiO,) the
band at 810 cm ™! is visible, indicating the presence of
Si0, entities in the mixed oxide. For catalysts containing
50 and 75 wt.% ZrO, (33 and 60 mol% ZrQO,) this band
is very small or hardly visible. This observation is in
agreement with measurements of Makarov et al. (3). This
band is probably a Si-O-Si symmetric stretch (lattice
vibration) which disappears below a certain Si-O-Si
chain length. It is striking that no typical ZrO, bands can
be seen in any spectrum of the mixed oxides, which may
again be due to the fact that there are no long Zr-O-Zr
chains. The absorption band at 1100 cm ! for pure SiO,
shifts to increasingly lower frequencies as the amount of
Zr0, in the mixed oxide increases. For the Si,sZr;s sample
the maximum of this band is at 1070 cm~!. This band is
tentatively assigned to an asymmetric Si-O-Si stretch
perturbed by the presence of Zr in its environment (e.g.,
shorter Si—O-Si~ chain length). An alternative explana-
tion could be the occurrence of Si—-O-Zr stretching bands
close to the 1100 cm ™! band. In the region 900-1000 cm ™!
new absorption bands appear (at ~980 and ~910 cm ™),
of which the integrated absorbance relative to the band
at 1100-1070 cm™' increases as the ZrQ, content of the
mixed oxide increases. The 980 cm ~! band can be ascribed
toa Si-O- -Zr stretching (3, 9, 25, 27). Also, the 910 cm ™!
band has been observed before in SiO,~ZrO, samples (27).

Test Reaction

The dehydration of cyclohexanol to cyclohexene over
acid catalysts has been the subject of a number of studies
(1, 12-14). Depending on catalyst properties and reaction
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conditions (higher temperature, higher contact times),
skeletal isomerization of the product cyclohexene may
also occur (12) yielding methylcyclopentene. The dehy-
dration of cyclohexanol is a suitable test reaction for char-
acterization of, e.g., zeolite acidity (13, 14). From prelimi-
nary experiments in our study it was concluded that the
test reaction is kinetically controlled. Apparent activation
energies are determined to be 75 kJ/mol for temperatures
between 523 and 623 K (zero order kinetics). This high
value is comparable to values reported by Karge et al.
(13, 14), who measured 67-74 kj/mol.

Figure 8, giving the conversion vs time plots for tests
on mixed oxides, shows that the Si0O,~ZrO, catalysts de-
activate. The deactivation is probably due to acid-cata-
lyzed coke formation, but also H,O produced may lower
the conversion (13, 14). At a reaction temperature of 573
K the main product is cyclohexene (selectivity > 98%,
some methyl cyciopentene is formed).

In Fig. 9 the average conversion of cyclohexanol and
in Fig. 10 the normalized conversion of cyclohexanol
(mol/m?/h), both between 3 and 5 h of reaction, are plotted
against the amount of ZrO, (wt.%) in the catalysts. From
the figures it is obvious that incorporation of both Zr in
a Si0, matrix and Si in a ZrO, matrix leads to a catalyst
having a higher activity in the acid-catalyzed dehydration
of cyclohexanol. The optimum in activity is around 50
wt.% ZrO,.

Figure 11 shows the relation between the normalized
average conversion of cyclohexanol between 3 and S h
of reaction and the strong acid site density on the catalyst.
As a measure of the strong acid site density the ammonia
content in the NH; TPD at T = 473 K is taken (catalyst
pretreated at 573 K). From the figure it can be seen that
there is a good correlation between the concentration of
strong acid sites and the catalytic performance (activity)
in the test reaction.
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FIG. 9. Average conversion (mol%/h) between 3 and § h reaction
as a function of the ZrO, content (wt.%).

From Fig. 11 it is clear that the SiZr, sample shows
a different behaviour than the other mixed oxides. From
the NH; TPD we learned that ammonia binds more
strongly to this sample, meaning that the acid strength is
higher. This higher acid strength probably causes the
higher activity per site (TOF) in the acid-catalyzed dehy-
dration. For this reason, when seeking a relationship be-
tween acid amount of the catalysts and their performance
in the test reaction, we decided to leave out this sample.

Our results are in fair agreement with the results of
Dzis’ko et al. (2), who found a maximum number of acid
sites on their Si0,-ZrO, catalysts of 0.0013 meq/g for
catalysts containing 15 to 57 mol% of ZrQ, (25 to 70 wt.%).
Furthermore, a correlation between the number of acid
sites and the activity in the dehydration of isopropyl alco-
hol is found. In our experiments the width of the region
of Zr contents of mixed oxides, which have maximum
activity in the dehydration of cyclohexanol, is much
smaller. It can be seen in Fig. 10 that, when the SisyZrs,
sample is left out, the maximum in activity is around 25
wt.% ZrQ,. Certainly no broad maximum in activity as

0012
Sooo9 H
£
o
Q
£
0.006 |
C
S
&
@
>
&
8oco3
y
0.000 L - 2 .
o} 20 40 60 80 100

ZrO, content {wt %)

FIG. 10. Normalized average conversion (mol/m¥h) between 3 and
5 h reaction as a function of the ZrO, content (wt.%).
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a function of composition of the catalyst can be seen in
our plots. More work is in progress to accurately deter-
mine the optimum concentration of ZrQ, with regard to
activity in the acid-catalyzed dehydration.

Soled and McVicker (4) used 2-methylpent-2-ene isom-
erization as a test reaction for a series of Si0,-Zr0Q, cata-
lysts and found that catalysts containing 20~28 mol% ZrO,
(34-89 wt.%) have the maximum activity in the isomeriza-
tion. Here, too, a broad range in catalyst composition
shows a maximum activity in the test reaction.

It is known that pure Si0, is inactive in the dehydration
of alcohols (2), which is confirmed by our study. a-Naph-
thyl Red shows an orange colour when adsorbed on pure
Si0,, probably indicating that a very small amount of
sites having H, < 4.0 are present. Aminoazobenzene,
however, is adsorbed in its basic form. From NH, TPD
measurements it is also clear that pure SiO, contains only
surface hydroxyl groups with a very low acid strength
since adsorbed NH, desorbs at low temperatures. Pure
ZrO, exhibits some activity in the dehydration of cyclo-
hexanol, and Methyl Red clearly shows its acid colour
{dark red) when adsorbed on pure ZrO,. Aminoazoben-
zene shows an orange colour when adsorbed on pure
ZrQ,, indicating the presence of some acid sites with
H, = +2.8. Crystal Violet is adsorbed in its basic form.
It is assumed, therefore, that the acid sites of our mixed
oxides should have an acid strength corresponding to at
least H, = +2.8 to be active in the dehydration of cyclo-
hexanol.

General Discussion

From the literature it is known that the presence of
small amounts of Zr0O, in a SiO, matrix results in an
increased number of strong acid sites (2, 3). In accordance
with this we find that our mixed SiO,~ZrO, catalysts
have a lower H, than the single oxides, which follows
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both from our experiments with basic indicator molecules
and from our NH; TPD measurements. In addition, the
increased activity in the acid-catalyzed dehydration of
cyclohexanol of the mixed oxides vs the single oxides
is indicative of the generation of strong acidity in the
Si0,-Zr0, catalysts. From XRD and IR experiments it
becomes clear that new Si—-O~Zr bonds are formed in the
mixed Si0,~Zr0O, oxides, which may give them different
properties compared to the single oxides. It is known that
especially surface acid properties may be influenced. XPS
showed an oxygen depletion on mixed SiO,-Zr0O, oxides,
even on uncalcined samples, indicating Lewis acidity.
The mixed oxides studied have Zr/Si bulk ratios ranging
from 0.07 to 1.46. The surface Zr/Si ratios, however,
range from 0.04 to 0.26, which means that all samples
should be considered SiO,-rich mixed oxides with respect
to (surface) acid properties.

It is interesting now to compare the outcome of our
characterization study with qualitative models postulated
in the literature on the generation and nature of acid sites
in mixed oxides. In particular, two models attract atten-
tion, namely those postulated by Tanabe er al. (1, 15) and
by Kung (16). Both models presume dilute solid solutions
of one cation in a matrix of the main oxide. The model
of Tanabe ¢t al. however, uses local effects of the dopant
cation on the host matrix to predict the generation of
acidity. Following the hypothesis of Tanabe et al. on the
generation of acidity of binary metal oxides, incorporating
Si0, in a ZrO, matrix would lead to the formation of Lewis
acid sites (charge difference = +2), while incorporating
ZrO, in a Si0, matrix would lead to the formation of
Bregnsted acid sites (charge difference = —4). Contrary
to Tanabe’s model, Kung (16) also considers long-range
effects. Both the electrostatic potential at the substituting
cation site and changes in the matrix necessary to balance
stoichiometry are considered. Kung’s hypothesis on acid-
ity generation predicts Lewis acidity when incorporating
Zr0, in a Si0, matrix. Since the metal-oxygen stoichiom-
etry is the same in both oxides, cationic substitution can
take place with minimal effects on the host matrix. The
substituted cation (Zr*") is predicted to be electrostati-
cally more stable in SiO, than in bulk ZrO,, and is there-
fore more able to accept electrons (Lewis acidity). We
believe that our mixed oxides contain Lewis acid sites
because of the observed oxygen depletion on the surface
(XPS). Kung’s model predicts Lewis acid sites and may
therefore be more appropriate to our system.

To compare the activity of SiO»,~ZrO, with that of zeo-
lites, data published by Karge et al. (13, 14) can be consid-
ered. This is difficult, however, because of the strongly
differing conditions: activities of the zeolites are measured
at 393 K, and for cyclohexanol partial pressures (in he-
lium) up to about 5%. The most active zeolites, viz. BeY,
CaY, and the acid form of dealuminated mordenite,
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showed activities between 2.5 and 3.4 mmol cyclohexa-
nol/g catalyst/h. From the results of Karge et al. it can
be calculated that the activity could be as high as 3 mol
cyclohexanol/g catalyst/h at 573 K using an activation
energy of 75 kJ/mol (measured by Karge et al. in the
temperature range 373-453 K (13, 14), and in our study
in the temperature range 523-623 K). Moreover, Karge
et al. mentioned a titer of 2.88 meq/g for BeY determined
in a butylamine titration (H, = 3.3). With this titer a
turnover frequency (TOF) of 0.29 s~! can be calculated
(again extrapolated to 573 K). Among our SiO,-ZrO, cata-
lysts, the highest activity at 573 K is about 1 mol/g cata-
tyst/h (for Si;sZr,s), and using NH; TPD results a TOF of
0.28 s~ ! can be calculated. Thus, keeping in mind the
uncertainty in the extrapolation, it follows that the activity
of the SiQ,-ZrO, catalysts is of the same order of magni-
tude as those of the zeolites Karge et al.

CONCLUSIONS

Si0,-Zr0O, mixed oxides can be prepared by basic hy-
drolysis of appropriate mixtures of H,SiF, and H,ZrF,.
Infrared measurements of the mixed oxides show
Si—O-Zr bands in the mixed oxides at 980 and 910 cm ™',
Typical bands for ZrO, are absent and the positions and/
or intensities of typical Si0, bands are clearly influenced
by the ZrO, content. All mixed oxides are X-ray amor-
phous, whereas the pure ZrO, is crystalline. No peaks
due to crystalline ZrO, can be detected in the chemically
mixed material; a mechanically mixed oxide gives an XRD
pattern in which both the crystalline ZrO, pattern and the
amorphous SiO, pattern can be recognized.

Adsorption of Hammett indicators shows that the acid
strength of surface hydroxyls on SiO, prepared from
H,SiF, is comparable to the strengths reported on SiO,
prepared from other sources, the same holding for ZrO,
prepared from H,ZrF,. The mixed SiO,-ZrO, catalysts
thus have very high acid strengths (intrinsic property),
the H, values of which are between —11.4 and —13.8
(super-acidity).

XPS measurements show that SiO, precipitates more
slowly than Zr0O,; the surface Zr concentration is 30-40%
lower than the bulk concentration. Despite the use of
fluorides as starting materials the surface fluorine concen-
tration is as low as | at.% (0.3-0.4 F per nm?) and its
influence on the acid strength of, e.g., Brgnsted acid sites
(total concentration of strong acid sites = 3-5 per nm?)
on the surface is negligible. A surface oxygen depletion
is observed on the mixed oxides and ZrO,, indicating
Lewis acidity. The model of Kung (16) thus describes the
formation of acidity in our SiO,—-ZrO, mixed oxides better
than the model of Tanabe er al. (1, 15).

NH; TPD experiments show that at a temperature > 473
K ammonia is still chemisorbed indicating the presence of
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strong acid sites. A good relationship has been obtained
between the strong acid site concentration of the mixed
oxides and their activity in the acid-catalyzed dehydration
of cyclohexanol to cyclohexene. Also, the strength of the
acid sites is of great importance as could be seen from the
performance of the Sis,Zrs, sample. This catalyst adsorbs
ammonia more strongly than the other mixed oxides and
its activity in the dehydration of cyclohexanol is also
higher than all other samples. This sample does not fit
into the relationship mentioned above probably because
of the differing acidity. From indicator experiments we
learned that the acidity needed for the dehydration of
cyclohexanol corresponds to H, = +2.8.
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