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Erratum: 

In chapter 4, figures 3 - 9 the pretreatment 
temperatures are given in degrees Celcius (°C) 
and not in Kelvin (K) as mentioned in the legends . 
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1 

INTRODUCTION 

Many chemical transformations are catalyzed by acids. Nowadays, still a lot of 
homogeneous acids like H2S04, AIC13, and BF3 are used as catalysts. These have 
disadvantages, however, like the production of salt waste streams which may cause 
environmental pollution, and reactor corrosion. Heterogeneous acid catalysts could be used 
in stead and may prevent these disadvantages, provided that activity and selectivity in the 
reaction are at least comparable to those obtained using homogeneous acids. Therefore, 
a lot of research is performed on solid acid catalysts. 

Many chemically mixed oxides show an enhanced acidity as compared to the single oxides 
ofwhich they are composed, and may be suitable solid acid catalysts. The best known and 
most used mixed oxide is, of course, amorphous and crystalline silica-alumina. This 
catalyst, which is used in many industrial applications, as for instance gasoil cracking 
processes, has been studied extensively to this end. Other mixed oxides like Si02-Zr02, 

Si02-Ti02, Si02-Mg0, Ti02-Zr02, and Zr0i-Al20 3 do not get that much attention in the 
literature (1). However, the complete field of mixed oxides is very interesting. Detailed 
knowledge of this field may give the chemist a tailor made tool with respect to desired 
activity and selectivity in specific reactions. 

The generation of acid sites upon chemically mixing two oxides is intriguing. Chemica} 
mixing will lead to bonding of different cations to the same oxygen atom which often 
leads to unexpected properties, i.c. extreme acidity. Some research groups try to 
rationalize the phenomenon. They postulate models, which attempt to describe the acidity 
generation on the basis of single oxide properties (2-5). Relevant properties of single 
oxides used in these models include cation charge and radius, cation and oxygen 
coordination number, cation electrostatic potential, and cation electronegativity. The 
models try to predict not only the generation of acidity but also the nature of the acid sites 
and their strength. In general two different types of acid sites can be distinguished: Lewis 
acid sites that act as electron pair acceptors, and Brnnsted acid sites which donate a 
proton. Models of e.g. Tanabe (3) and Kung (4) on mixed oxide acidity are predictive for 
roughly 90% of the known mixed oxides. The starting points of the various models differ 
much, however. 
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Chemically mixed Si02-Zr02 is an interesting mixed oxide which was first described by 
Dzis'ko et al. (6,7). They observed that for this mixed oxide the acid strength increases 
upon chemical mixing of the two oxides. Acid strengths were measured using adsorption 
of colour (Hammett) indicators on catalysts in iso-octane. H0 values of -8.2 were reported 
(6), which indicates extreme acidity. Also the reactivity in a test reaction, viz. the 
dehydration of ethyl alcohol and isopropyl alcohol was reported. A linear relationship 
between the amount of (strong) acid sites and the catalyst activity (pseudo first order rate 
constant) was found. Por a long time no other papers on the Si02-Zr02 mixed oxide 
appeared. Recently, however, one research note by Soled and McVicker appeared (8) on 
this subject. 

In summary, the application of mixed oxides as solid acid catalysts in industrial 
applications is very limited, in which (amorphous or crystalline) Si02-Al20 3 is the 
exception to the rule. Theoretically the number of oxide combinations is enormous and 
this can be a tool in the preparation of a taylor made catalyst for a given chemica! 
transformation. Fine tuning with respect to number and type of acid site, and acid strength 
seems possible. Si02-Zr02 is one interesting combination of oxides on which super acidity 
is reported. Here we report a detailed investigation on this mixed oxide. 
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1.1 PREPARATION OF (MIXED) OXIDES 

Preparation of (mixed) oxides is usually done via hydrolysis of suitable precursors. Por 
the preparation of e.g. Si02 the use of tetra ethyl ortho silicate (TEOS) and sodium silicate 
are often reported. The first step in the preparation is the hydrolysis of the starting 
material (given here for TEOS): 

This is followed by a condensation step yielding Si-0-Si bonds and eventually silica: 

n Si(OH)4 ~ 

Zr02 is often prepared from zirconium chloride, zirconyl nitrate, or zirconyl chloride, 
Zr0Cl2Hp, (9) via precipitation and washing with alkali followed by calcination: 

Zr0(0H)2 ~ 

Prepanttion of Si02 from H2SiF6 has been studied at DSM (10) and this provided a.o. the 
knowledge on the preparation of a catalyst carrier with high surface area and pore volume, 
and a good thermostability. In fact the parameters surface area and porosity could be 
adjusted within very broad ranges. Moreover, contrary to many commercially available 
materials the resulting silica is low in Na, which gives it an extreme thermostability. From 
H2SiF6 a silica precursor is prepared via ammonolysis: 

and this step is followed by the condensation given above. Since it is also possible to 
prepare the fluoride by dissolving a zirconium salt in HF, this opened the way to 
chemically mixed Si02-Zr02 catalysts from mixtures of H2SiF6 and H2ZrF6 • Moreover, 
it was believed that precipitation rates would be roughly the same starting from the 
fluorides. When using precursors like zirconylchloride and TEOS to prepare mixed oxides 
it is observed that the Zr salt hydrolyses at pH values as low as 1-2 already, whereas the 
Si precursor hydrolyses at higher pH values ( -4), causing a non-homogeneous catalyst: 
the core is rich in Zr02 whereas the surface is rich in Si02 (6,7) when using an increasing 
pH in the hydrolysis step. The use of a mixture of fluorides could lead to a more 
homogeneous catalyst. In this thesis results on the preparation of Si02-Zr02 mixed oxides 
from a mixture of the fluorides are given. 
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1.2 CHARACTERIZATION OF THE ACIDITY OF (MIXED) OXIDES 

A number of methods is available for the characterization of the acidity 
(number/concentration, type, and strength) of the surface of a (mixed) oxide (11). Below 
a summary and a critique is given. 

The oldest method to determine the number and strength of acid sites is probably the butyl 
amine titration using colour (Hammett) indicators. Walling first suggested the use of 
colour indicators on solid acids (12) in analogy with a method developed earlier for dilute 
acids in solutions by Hammett and Deyrup (13). Lateron Benesi (15,16) developed an 
amine titration method to determine the number of acid sites. The indicators mentioned 
change colour when (Brnnsted) acid sites of a certain strength (Hammett acidity, H0) are 
present: 

B +HA 

or 

H0 pK,. + log ([B]/[HB+]) 

where aH+ is the proton activity, B is the neutral indicator base and HB+ its conjugate 
acid, and fs and fHs+ the respective activity coefficients. When using indicators with 
different pK,., an acid strength distribution can be obtained. An analogous method makes 
use of arylcarbinols (ROH), which interact slightly differently with a surface acid site: 

ROH +HA 

in which the cation R + gives the colour. The acidity is expressed in an HR scale, which 
can be translated to the H0 scale (H0 :::::: 0.5 HR + 0.5, for HR < 2). The Benesi titration 
with Hammett indicators is very labour intensive and is not used very much these days. 
Colour changes are aften hard to detect, especially on coloured catalysts, necessitating the 
use of absorption spectrometry. Moreover, colour changes may also be induced by other 
processes than proton addition. The titration is aften performed in n-alkanes. lt is very 
important to work in complete absence of water. Water will interact with (strong) acid 
sites leading to a lower acid strength of the sites. A drawback is the equilibration time 
needed in the titration. The base used in the titration, aften butylamine, must drive out the 
adsorbed colour indicator which takes a lot of time. Therefore, aften a reverse order is 
used (15). The catalyst is equilibrated with different amounts of butylamine, after which 
a series of indicator is added. Provided that the titrant adsorbs on the acid sites in order 
of their acid strength, the colour of the adsorbed indicators teaches us if sites of a certain 
strength are present at a certain point in this 'stepped' titration curve. A remark should 
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be made on the use of apolar solvents for the titration. This may lead to an irrelevant H0 

distribution when the catalyst is used in a completely different environment. A last critique 
is on the basis of this method, which is in fact a translation/extrapolation from diluted 
homogeneous acids. Here, H30+ is a universa! proton carrier, independent of the acid 
under study. This is certainly not the case for heterogeneous acids. The interaction solid 
acid - base may depend on many more factors than simply 'acidity'. Below this will be 
discussed in more detail. 

Other often used methods to determine acid sites concentration and strength are the 
adsorption of gaseous bases (Calorimetry) and the Temperature Programmed Desorption 
(TPD) of preadsorbed base molecules. The methods are relatively simple and 
instrumentation casts are low. Mostly ammonia or pyridine are used as probe molecules. 
In the first method, the heat of adsorption of basic probes is measured as a function of 
surface coverage. Provided that small amounts of base related to the total number of acid 
sites are admitted, and the system is equilibrated after each dose, this method gives a very 
accurate acid strength distribution (16). The method is very labour intensive, however. At 
high coverages physisorption of the base on inactive parts of the catalyst may occur. In 
the TPD method (17), after proper pretreatment of the catalyst (e.g. in situ calcination), 
the catalyst surface is saturated with the basic probe at a low temperature. After this 
adsorption, first the very weakly held (physisorbed) base molecules are removed via 
flushing with an inert gas at a certain (relatively low) temperature. Next the temperature 
of the cell containing the acid catalyst is raised, e.g. in steps or using a linear 
temperature-time program, in a flow of inert gas. The adsorbed base will desorb now, in 
an order determined by the strength of chemisorption. Measuring the amount of desorbed 
base as a function of the temperature will thus give information on the acid strength 
distribution. The temperature program (heating rate) chosen often influences the results 
(acid strength), if diffusion of the probe molecule is limiting (non-equilibrium conditions). 
Therefore, results obtained in TPD methods are never absolute, making comparison with 
published data of other groups very difficult. 

Vibrational spectroscopie methods like InfraRed Spectroscopy (IR) and laser Raman 
spectroscopy of adsorbed bases are popular and much used techniques nowadays (18-20). 
The instrumentation costs are much higher than for the TPD technique described above, 
however. The IR measurement may yield direct information on the (Brnnsted) acid sites 
present (frequency of 0-H stretch bands) and on the mode of bonding (Lewis versus 
Brnnsted or physisorption) of a basic probe admitted. Quantification is relatively simple 
(Beer's law}. The use of probes of different base strengths or temperature programmed 
treatments may yield information on the acid strength of sites on the catalyst surface. The 
basic probes used again are mostly ammonia and pyridine. With NH3 various spectra! 
features may yield information on the acidity of a catalyst. The disappearance or shift of 
0-H stretch bands upon ammonia adsorption is indicative for Broosted interaction or weak 
physisorption on surface hydroxyls respectively. From the position of the N-H stretch 
bands and H-N-H deformation band of adsorbed ammonia the nature of the acid sites can 
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be derived (see table 1 below). Using pyridine, the low frequency region (1650-1400 cm·1
) 

shows IR absorptions of adsorbed base. The absorption frequency yields information on 
the mode of adsorption (table 1). Since some bands coincide definite assignments can be 
made only via a combination of peaks. Nevertheless, the frequencies given in the table are 
generally accepted. A disadvantage of infrared techniques is the difficulty of the sample 
preparation: thin layers of the catalyst, often in the form of compressed, fragile discs have 
to be used. The use of diffuse reflectance techniques may circumvent this problem, but 
now quantification is more difficult. Laser Raman techniques do not require special sample 
preparation, but the sensitivity for Bmnsted acid sites is low. 

TABLE l: 

Frequencies of adsorbed ammonia and pyridine on various acid sites. 

Ammonia adsorption Pyridine adsorption 
Type of acid site 

N-H stretch band H-N-H defonnation band defonnation band 

weak hydroxyls - 3400-3320 cm·1 1590 cm·' 

Brnnsted acid -3230-3190 cm·1 -1440 cm·1 1545 cm·1 

Lewis acid -3340-3280 cm·1 -1610 cm·1 1465-1440 cm·1 

X-ray Photoelectron Spectroscopy (XPS) is a technique used to study the surface (top 2-10 
atom layers) of materials. Quantitative information on surface concentrations of cations 
and anions can be obtained, and the binding energies of characteristic electrons of 
elements present in the catalyst (surface) may give information on the chemical properties 
of the active centres ('charge'), or on the honds (covalency, ionicity) on the surface of the 
catalyst (21). Charging of samples during the XPS measurement can be a complication 
since it may influence the measurement. Moreover, the fact that the sensitivity of XPS is 
limited to the surface can be a disadvantage since the properties of the acid sites in the 
catalyst interior (pores) cannot be measured. XPS may also be useful to determine the 
chemical state of adsorbed molecules (bases) on solid acids yielding infrared-like 
information on the bonding mode. Basic molecules adsorbed in the catalyst pore system 
cannot be seen, however. 

Solid state Nuclear Magnetic Resonance (NMR) techniques may yield 'bulk' information 
on the probe. From 1H NMR measurements on e.g. zeolites (22-24), it was concluded that 
the chemica! shift is indicative for the Brnnsted acid strength of the catalyst. Table 2 
below summarizes the results obtained. The intensity of the signal is directly proportional 
to the concentration of the (acidic) centres from which they originate. The measurements 
should be performed in complete absence of moisture since adsorbed water has a very 
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strong resonance disturbing the spectrum. 29Si NMR measurements yield information on 
the environment of the Si cation in e.g. zeolites (23). The chemica! shift is related to the 
number of Al neighbour atoms. This method gives no direct information on acidity, 
however. Other NMR measurements include 15N NMR on pyridine adsorbed on zeolites, 
which makes it possible to study both Bmnsted and Lewis acid sites (22,25), and 13C 
NMR measurements to study in situ the double bond isomerization of 1-butene on a cation 
exchanged X and Y zeolite (26). These measurements often require special pro bes of 
which many are in a developmental stage. 

TABLE 2: 

1H NMR chemica! shifts of Br0I1Sted acid sites on a zeolite catalyst. 

Type of Brnnsted acid site 1H NMR chemical shift 
(ppm) 

non acidic hydroxyls (silanols) on the exterior surface of zeolites 2 

hydroxyls attached to extra-framework aluminium 2.6 - 3.6 

acidic hydroxyls 3. 8 - 5 .4 

Model reactions are often used to probe the acidity of a catalyst. Chemica} transformations 
often require a certain acid strength and a certain type of interaction (electron sharing c.q. 
proton accepting) with the reactant to proceed. Data on the (intrinsic) kinetics of reactions 
and the composition of the product mixture thus may give information on the acid sites 
present on the catalyst or their strength. E.g. Damon et al. (27) report on a very elegant 
test reaction viz. the transformation of 4-methyl-2-pentanol to various products on silica
aluminas. It was found that 1,2 dehydration of the alcohol yielding 4-methylpentene-1 and 
-2 occurs on all sites, even the weaker ones. Interisomerization of the 4-methylpentenes-1 
and -2 (both cis and trans) requires slightly stronger acid sites than required for 
dehydration. Isomerization of the 4-methylpentenes-1 and-2 to the 2-methylpentenes-1 and 
-2 requires sites with moderate acid strength (Ho - -2). Skeletal isomerization, finally, 
requires strong acid sites (H0 - -4). Catalytic titrations are also reported. lncreasing 
amounts of a 'poison', like a strong, low volatile organic base or an alkali metal ion are 
adsorbed on a catalyst after which the activity in a test reaction is measured. The point 
at which no activity is measured gives the amount of acid sites present which are able to 
catalyze the reaction under study. 

There are a few prerequisites when using model reactions. To obtain a reliable picture of 
surface acidity the model reaction should be performed in the absence of diffusion 
limitations. Furthermore, if possible side or consecutive reactions should be avoided. Also 
the reactant should be free of impurities. lt may be difficult to obtain initia! activity data 
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because of rapid coking often observed in acid catalyzed reactions. Also other sites than 
Bmnsted or Lewis acid sites may be involved in the reaction (separate or cooperative). 

Often it is attempted to find correlations between different methods of characterization, 
e.g. between test reaction(s) and TPD methods. Information obtained may be 
complementary and yield a more complete picture of the acidity of the catalyst. Ultimate 
goal is a better understanding of the relationship between acidity (type, strength, 
distribution, concentration) and catalytic performance (activity, selectivity, stability). A 
problem encountered often is that results of model experiments and characterization of 
acid catalysts are hard to compare to published data. Small differences in e.g. reaction 
conditions or catalyst pretreatment may cause large differences in performance. 

A common failure of especially the more classical methods for the determination of the 
number of acid sites (butylamine titration, base TPD) is overtitration. Basic probe 
molecules rnay adsorb very strongly at surface sites which are inactive for the acid 
catalyzed reaction onder study. Of course, the extent of overtitration depends on 
experimental conditions, type of base, method used, and on the complexity of the catalytic 
surface. One experimental condition that strongly influences the result of the measurement 
is the temperature at which it is performed. Butylamine titrations generally yield 
unrealistically high acidity values because they are performed at room temperature while 
reactions are often performed at much higher temperatures. A genera! remark should be 
made regarding all methods for the determination of the acid site concentration on solids. 
To be able to predict and design the performance of a solid acid catalyst, information on 
the number of sites that are 'catalytically relevant' should be obtained and compared to 
the total number of acid sites. Catalytic relevant sites should of course be accessible for 
reactants, but besides this aspects like acid site structure and structure of its environment, 
changes in the structure upon adsorption of a base or as a function of temperature, and 
changes induced in the catalytic reaction (like coking) should be taken into account. The 
extent of the influence of these factors strongly depends on the reaction under study. 

The concept of acid strength presented here, the Hammett acidity H0, treats the solid 
surface as a proton donating medium. It is assumed that there is a universa! acid proton 
H+. Research performed, especially in the last decades, showed that the acidity of solids 
is a very complex phenomenon. Aspects like multi-site protonation, shape selectivity and 
changes of the acid site upon proton donation have their influence on the catalytic 
reaction. Other concepts have been proposed to describe the Bnmsted acidity of solids, 
like the proton affinity of 0-H groups, i.e. the energy needed to detach a proton. 
Although this concept has a clear physical meaning it can only be applied to rather simple 
cases. At the moment there exists no universa! scale for the acidity of solids and it is 
doubtful if it will ever be possible to describe the acidity of solid catalysts with one single 
parameter, like [H30+] in aqueous systems. 

In summary, the acidity of solid acids is determined by a great many factors. A 
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combination of techniques, like spectroscopy (IR, RAMAN, XPS, NMR) and base TPD 
can yield an insight in acid properties and help to explain and predict the performance of 
the solid acid in a catalytic reaction. Spectroscopie techniques may yield information on 
the acid sites before and after adsorption of a basic probe. Combination with TPD 
experiments gives a good insight in the surface acid properties (type, strength). This 
information can be used to establish relationships between catalyst performance in model 
or target reactions and acidity. 
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1.3 MODELS POR PREDICTING ACIDITY IN (MIXED) OXIDES 

In literature different approaches are presented to rationalize the acidity of single and 
mixed oxides. For single oxides the ionic bond model (28) is very useful to get a first 
insight in the acidity of surface defects. Tanaka and Ozaki (29) relate properties of single 
oxides to the electronegativity of the cation. Barr (21) determines the ionicity c.q. 
covalency of cation oxygen honds in single oxides from 0 ls binding energies measured 
with XPS. Por mixed oxides models of Thomas (2), Tanabe (3), Kung (4), Kataoka and 
Dumesic (35), and Kito et al. (5) are available. The models differ very much in their 
approach of the problem. The approach of Thomas and Kataoka is based on the ionic bond 
model, and Kung uses and electrostatic approach. The models of Tanabe and Kito seem 
very artificial and lack a scientific basis. In this paragraph the various models are 
described in detail. 

1. 3 .1 Single oxides 

The ionic bond model (28) may help to understand the acid and basic properties of oxidic 
surfaces. The lattice consist of cations and anions held together by electrostatic forces. 
Since surface atoms have a lower coordination number compared to the bulk atoms, Lewis 
acidity and basicity may develop. A condition for surface stability is charge neutrality for 
the total surface and the unit cell. The Pauling valency, v, defined as: 

v = Q/C 

in which Q is the formal ion charge and C its coordination number, is used to estimate 
the degree of coordinative undersaturation (i.e. Lewis acidity and basicity). E.g. for Zr02 

the Pauling valency of the Zr4+ cation equals +4/8 = +0.5, and for the 0 2• anion the 
Pauling valency is -2/4 = -0.5 (assuming a CaP2 structure for monoclinic Zr02). The 
charge excess, e±, of an ion in the surface is defined as the formal charge of the ion plus 
the sum of the Pauling valencies of the surrounding other ions in the first coordination 
shell: 

= 

According to Pauling, in stable minerals a charge excess larger than ± 116 does not occur 
in the bulk. On surfaces the charge excesses may be larger, however. Por Zr02 the 
minimum charge excess of a surface Zr cation is +4 + 7· (-0.5) = +0.5, which 
indicates Lewis acidity (the cation is able to accept electrons). The 0 2• ions have a 
minimum charge excess of -2 + 3· ( +0.5) = -0.5, which implies Lewis basicity. 

Dissociation of water on the Lewis acid-base pair leads to Bnmsted acidity and basicity. 
One hydroxyl coordinates end-on to the Zr cation and the proton coordinates to the Lewis 
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basic, bridging oxygen anion. From the charge excess of the oxygen atoms involved in 
both hydroxyl groups the resulting acidity and basicity of the hydroxyls formed can be 
derived. The oxygen anion in the hydroxyl coordinated to the Zr cation bas a charge 
excess of -2 + 1 +0.5 = -0.5. This implies incomplete coordination with the proton, and 
thus the hydroxyl will act as a Bmnsted base. Contrary to this the bridging oxygen anion 
on which the proton coordinates has a charge excess of-2+1 +3· ( +0.5) = +0.5. This 
means that the proton coordinated to it behaves as a Bmnsted acid. 

Acid-base properties of single oxides were discussed by Tanaka and Ozaki (29). They 
postulate that acidity and the catalytic activity of an oxide increases with the 
electronegativity, i.e. electron withdrawing power X;, of the metal ion. The 
electronegativity is related to the charge Z and the ionization potential I of the ion in the 
following way: 

= (oI/óZ) 

The successive ionization potentials are generally given by: 

I = a·Z + b·Z2 + c·Z3 + ... 

in which a,b,c are constants. Por nonmetallic elements a quadratic equation gives a fair 
approximation. Tanaka extends this assumption to metallic ions as well, and hence the 
electronegativity of the ion is given by: 

= a + 2b· Z = (1 + 2b·Z/x0)' Xo 

in which Xo (a) is the electronegativity of the neutral atom (Z = 0). Values for the neutral 
atom electronegativity are given a.o. by Pauling (30). Tanaka shows that b/x0 

approximately equals unity, and obtains a very simple equation relating the 
electronegativity of an ion to that of a neutra! atom: 

X; = (1 + 2Z)· Xo 

Misono (31) gives another formula for the electronegativity of an ion in a paper on a new 
scale for the strength of Lewis acids and bases: 

= 

where Ii is the i-th ionization potential. This equation is used furtheron to calculate ion 
electronegativities, since all relevant cation and oxide properties appeared to correlate 
better with the electronegativity according to Misono than with the electronegativity 
according to Tanaka. 
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The acidity of a metal ion in water can be derived from the ionization (hydrolysis) of the 
'aqua-ion': 

Hence dissolution of a metal ion in water gives an acidic solution if the equilibrium 
constant of the above reaction is larger than unity. Figure 1 shows the excellent linear 
relationship between the pKa-values of the ionization of a number of metal ions in water 
as given by Baes et al. (32) and their Misono electronegativity (31). Appendix 1 contains 
a collection of pKa values for different cations. Apparently high electronegativities lead 
to strong cation-oxygen honds and relatively weak oxygen-hydrogen honds, which means 
a strongly acidic species. 

For the (hydrated) surface of an insoluble oxide the point of zero charge (PZC), which 
is the pH of the equilibrium solution at which the surface is uncharged, is a good measure 
for its acidity. Parks (33) summarizes PZC's for metal oxides. In figure 2 the excellent 
correlation between the PZC and the electronegativity of the ion Xi (31) is shown. 
Appendix 1 gives data for various oxides. Tuis implies that the acidity of a hydrated 
surface of an oxide depends on the extent to which it is polarized by the metal ion(s). 
Analogous to the situation with the hydrolysis of metal ions in water described above, a 
high electronegativity of a cation implies a strong cation-oxygen bond, and a weak (ionic) 
oxygen-hydrogen bond. This means that the oxide has an acidic character. 

Barr (21) gives a review of ESCA (XPS) studies of inorganic systems. He tri es to estimate 
the covalency c.q. ionicity of oxides on the basis of their 0 ls binding energies (see 
appendix 1 for data) and the band widths of the valence band. Table 3 gives an overview 
of bis model. 

TABLE 3: 

Relationship between XPS parameters of oxides and their ionic character. 

Type of oxide 0 ls range Valence band width Ionicity 
[eV] (FWHM) [%] 

Semi covalent 530.5 533.0 7.5 - 10 50 - 75 

Nonna! ionic 530.0 ± 0.4 6.0 - 7.5 76 - 89 

Very ionic - 528.0 - 529.5 5.0 - 6.0 >90 - 98 
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Of course, covalency c.q. ionicity of oxides is correlated with acid-base properties. The 
electronegativity of a cation combined with the stoichiometry in an oxide will be one 
important parameter determining the ionicity of the cation-oxygen bond. Tuis knowledge 
will be used in the final chapter of this thesis to judge on various models predicting the 
acidity in mixed oxides. 

1.3.2 Mixed oxides 

Thomas (2) studied the chemistry of cracking catalyst. He was the first to postulate a 
model to predict the acidity of mixed oxides. His special interest was silica-alumina 
cracking catalysts. He tried to understand the acidity of these catalysts, in relation to that 
of single oxides. He tried to generalize his findings to other mixed oxides via the 
following two postulates: 
1. When a 'positive element', ha ving a given valence and coordination number, 

replaces a second 'positive element' having a higher valence and the same 
coordination number, a 'catalyst' can be formed if the valence deficiency is made 
up by hydrogen ions. 

2. Two 'positive elements', one having double the coordination number of the other 
when combined with a 'negative element', tend to form an acid that can act as a 
cracking catalyst. 

For a Si02-Al20 3 mixed oxide postulate 1 applies and the following situation occurs: 

,-------
0 : 

1 l 
Q-Si-+-0 

1 i 1 

0 : 0 
:--------t--

O-Si 

1 
0 
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Al is tetrahedrally coordinated in 
the Si02 matrix and has a valence 
of 3 +. Bach Al-0 bond has a 
Pauling valency vof0.75, whereas 
the Pauling valency of the Si-0 
bond equals 1. Bach oxygen 
connected to Al has a charge 
deficiency e· of 0.25. Since each 
Al is coordinated to 4 oxygens, 
there is a total charge deficiency of 
1 which has to be compensated by 
1 H+. Thus the acid 'unit' of the 
SiOrA120 3 catalyst can be 
represented by (HA1Si04), 

implying that the optimum Si to Al 
ratio is 1. This optimum is found 
indeed by Thomas (2) and others 
for model reactions. 



For a Si0i-Zr02 mixed oxide postulate 2 applies and the following situation occurs: 

0 

0 1 0 
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Zr has an 8 coordination and each 
Zr-0 bond has a Pauling valency v 
of 0.5. Bach 0 has a charge 
deficiency e· of 0.5 and 4 protons 
are needed to balance the 
deficiency. The acid unit of a 
Si02-Zr02 catalyst is thus 
represented by (H4ZrSi20 8), 

implying that the optimum Si to Zr 
ratio is 2. Thomas wonders if there 
are really four protons per Zr and 
thinks that one or at most two will 
also give catalytic activity. He 
does not give his opinion on the 
imbalance which occurs then, or 
the proper formula of the acid 
unit. 

Tanabe et al. (3,34) investigated the acid properties of a large series of mixed oxides. The 
catalysts were prepared by coprecipitation and characterized by a.o. butylamine titration 
using acid-base colour indicators. In their first paper they reported on the maximum acid 
strength of 18 binary metal oxides mixtures having a molar ratio of 1. They found that the 
H0 value correlates reasonably well with the averaged electronegativity (31) of the metal 
ions, see figure 3 below. This correlation implies that extreme acid catalysts may be 
prepared by mixing two oxides with a very high electronegativity. Oxide mixtures of 
pentavalent (Sb5+ ,Nbs+) or hexavalent cations (W6+ ,Cr6+ ,Mo6+) may be interesting study 
objects. Kito et al. (5) prepared Sn02-Nb20 5, Sn02-Mo03, and Sn02-W03 catalysts, and 
determined H0-values of-5.6, -3.0, and -3.0 respectively. This does not point to extreme 
acidity, contrary to Tanabe's expectation. 

Tanabe (3) explains the generation of acidity in mixed oxides on the basis of the following 
two postulates: 
1. The coordination numbers of a positive element of a metal oxide, C1, and that of 

a second metal oxide, C2 , are maintained even when mixed. 
2. The coordination number of a negative element (oxygen) of a major component 

oxide is retained for all oxygens in a binary oxide. 
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(molar ratio 1). 

For a Si02-A120 3 mixed oxide the following situation occurs on the Si-rich side: 

1 1 

0 0 

1 1 
-0-Si-O-Al-0-

1 1 
0 0 

1 1 

The Al cation has a + 3 valence 
shared over 4 bonds whlle the 
oxygen has a valence of -2 shared 
over 2 bonds leading to a charge 
balance of 4· (+3/4 - 212) = -1. 
The negative charge will be 
compensated by a proton, thus 
Brensted acidity is to be expected. 

Fora Si02-Al20 3 mixed oxide the following situation occurs on the Al-rich side: 
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The Si cation has a +4 valence 
shared over 4 bonds whlle the 
oxygen has a valence of -2 shared 
over 2 bonds leading to a charge 
balance of 4· ( +414 - 2/2) = 0. 
No acidity at all is to be expected 
in this situation. 



Por a Si02-Zr02 mixed oxide the following situation occurs on the Si-rich side: 
The Zr cation has a +4 valence 
shared over 8 honds while the 
oxygen has a valence of -2 shared 
over 2 honds leading to a charge 
balance of 8· ( +4/8 - 2/2) = -4. 
The negative charge will be 
compensated by protons, thus 
Brnnsted acidity is to be expected. 

For a Si02-Zr02 mixed oxide the following situation occurs on the Zr-rich side: 

1 1 The Si cation has a +4 valence 
" - o- / -0- shared over 4 honds while the 

1°"-1 /0~ 1 1 
O-Zr-0-Si-0-

1? 1~~ 1 1 / -r ,-r 
oxygen has a valence of -2 shared 
over 4 honds leading to a charge 
balance of 4· ( +4/4 - 2/4) = +2. 
The positive charge is indicative 
for Lewis acidity. 

Tanabe compares his predictions to those of the model of Thomas (2). He reports a better 
match with data available on 18 mixed oxides, almost all of them prepared in their own 
laboratory (34). His model scores 90% correct compared to 48% for Thomas' model. A 
drawback of his model is that the postulates are contradictory. Moreover, they do not take 
into account that changes may be needed in the matrix to balance stoichiometry for many 
mixed oxides. This makes his model unuseful in scientific discussions on the theme of 
acidity generation in mixed oxides. 

Kung introduced a predictive model on the formation of acid sites in dilute oxide solid 
solutions (4). This model takes into account both the electrostatic potential at the 
substituting cation site and the changes in the matrix necessary to balance stoichiometry 
to explain the formation and acid strength of the sites. 

The dilute solid solution Kung assumes is formed by substitution of a small number of 
cations A of an oxide with stoichiometry AOy in the matrix oxide BO,. The effects are 
approximated for the case of a single ion A in a BO, matrix. Two situations are possible 
now: 

When y equals z substitution can be achieved with minimal effect on the matrix, 
and new acidity would be associated directly with the electrostatic potential at the 
substituting ion (A) site. 
When y is not equal to z, both the electrostatic potential at the substituting ion (A) 
site as well as changes needed in the matrix necessary to balance the overall 
stoichiometry of the solid solution determine new acidity. 
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The two effects mentioned are discussed now: 

28 

The difference in electrostatic potential, A V, experienced by a cation A in a matrix 
BO, compared to A in AOy is given by: 

.ó.V = ~ (q/rJao - ~ (q/ri)Ao 
i 

in which Cli is the charge of the ion, i, at a distance ri from the A site. If the A site 
is in an infinite 3-D solid, and qi is taken as the formal charge ( qt) the summations 
in the expression above are the lattice self-potentials, VF, at the substituting cation 
site. The lattice self-potential is very much like the well known Madelung potential. 
Values for these lattice self potentials are given in Kung's paper (4). The equation 
can be rewritten now as: 

.ó.V = 

When A V is negative, the cation A in matrix BO, experiences a more negative 
potential than in AOy- It is electrostatically more stable, and can accept electrons 
more readily. Consequently it can act as a Lewis acid site. When A V is positive, 
cation A will accept electrons less readily in the matrix BOz compared to AOy. It 
will act as a Lewis base towards probe molecules. When the ratio q/qt is about the 
same in the two matrices the sign of A V is determined solely by the values of the 
lattice self potential for both oxides. In fact, the ionicity of both oxides determines 
the resulting acidity: When the host oxide is more covalent than the guest oxide, 
i.e. the host oxide has the lowest lattice self-potential, a Lewis acid site will form 
at the substituting ion. Note that Kung gives just the opposite in table III of his 
publication. In this table he summarizes his model, and states that Lewis sites are 
to be expected at the substituting cation site when the matrix oxide is more ionic. 
On the other hand he states that a lower lattice self potential of the matrix oxide 
leads to an electrostatically more stable guest cation, and thus Lewis acid sites. A 
lower lattice self potential, however, means a more electronegative cation and a 
more covalent oxide (see chapter 'CONCLUSIONS'). Formal charges are 
available, and they rnay be used in the formulas. These values published in 
literature are derived a.o. from XPS measurements or they stem from theoretical 
calculations. Note that these values may be affected by the assumptions made in 
interpreting measurements or in the calcutations. 
Changes in the matrix are necessary when the stoichiometry of the two oxides 
differs. When y < z, the substituting ion A has a lower format oxidation state than 
B. A simpte substitution would result in an excess of oxygen which is balanced by 
either (a) development of anion vacancies, or (b) adsorptions of protons on the 
surface, or (c) development of interstitial cation defects. (a) and (b) are essentially 
the same if the mixed oxide is prepared in water and the surface is hydroxylated. 
The effect of (c) is hard to predict, hut may not be relevant since the concentration 



of defects is limited in most (mixed) oxides. When y > z, substitution of a B cation 
by A results in an oxygen deficiency, which can be counterbalanced by adsorption 
of negatively charged anions like (a) oxygen, or (b) Off on the A cation. Also 
cation vacancies (c) may be present. In cases (a) and (b) obviously no acidity 
results, since the unsaturation is not present anymore. When (c) operates Lewis 
acidity may appear, since cation vacancies are electron deficient. 

Table 4 below summarizes Kung's model based on the assumption that the factor q/qF is 
roughly the same for the oxides under study. Por most oxides this factor is 0.5 (4). 

TABLE4: 

Formation of new acid sites when substituting oxide AOy in matrix BO, 
according to the model of Kung (4). 

Formation of new acid site 

At substituting ion In matrix 
Case 

Lewis acid Bnmsted acid Lewis acid 

y < z Yes Yes May be 

y=z Yes if BO, more No No 
covalent 

y > z No No May be 

Por Si02-Al20 3, substitution of Al in a Si02 matrix leads to an excess of oxygen (y < z), 
which will be balanced by protons, and thus Bmnsted acidity will develop. Substitution 
of Si in an Al20 3 matrix will lead to an oxygen deficiency (y > z), and no Bmnsted acidity 
is expected. Lewis acid sites may develop, due to the fact that Al20 3 is more ionic than 
Si02 • 

Por Si02-Zr02 mixed oxides the nature of newly formed acid sites depends solely on the 
values of the lattice self-potential. Since Zr02 has the lowest absolute value (more ionic 
than Si02), Lewis acid sites are formed at the Zr guest cation in the Si02 matrix. No 
acidity is generated when a Si cation is introduced in a Zr02 matrix. 

Kung compares the predictions made by his model to experimental data on 24 mixed oxide 
pairs, including the 18 pairs of Tanabe's group (34). In 22 out of the 24 mixed oxides the 
prediction by his model is correct. The mixed oxides cited in the paper of Shibita et al. 
(34) are all 1:1 (w/w) mixtures, however. Kung explicitly states that he assumes a dilute 
solid solution of one cation is a matrix of the second one, making the comparison of his 
model to these oxides tricky. 
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A further example of models for the prediction of acidity in mixed oxides the work of 
Kataoka and Dumesic (35) is mentioned. Although no mixed oxides but silica supported 
oxides are studied, their attempts in describing acidity formation seemed relevant for this 
work. They studied the acidity of silica supported vanadia, molybdena, and titania using 
IR spectra of pyridine adsorbed on the probes. Paulings valency rules (28,36) are used to 
predict Brnnsted acidity, much like Thomas' approach. An oxygen undersaturation and 
charge on hydrogen are calculated fora surface hydroxyl group from the cation valency 
and the coordination number. According to Kataoka and Dumesic, Brnnsted acidity is to 
be expected for oxygen undersaturations, e-, ranging from 0.1 to 0.4, corresponding to 
a formal charge on hydrogen ranging from +0.9 to +0.6. The lower limit for oxygen 
undersaturation of 0.1 comes from the consideration that an electrostatic bond strength 
smaller than 0.1 would not be large enough to retain the proton. The upper limit is 
derived from experimental observations in the work of Kataoka. An undersaturation of 
0.33 did cause the formation of Bmnsted acid sites while an undersaturation of 0.5 did 
not. 

For Al20 3 deposited on Si02 the Pauling valency v of the Al-0 bond is 3/4 = 0.75 
resulting in an oxygen undersaturation e· of 0.25 (the Pauling valency of the Si-0 bond 
is 1). The charge on hydrogen is 0.75 and Bmnsted acidity will develop. 

For Zr02 deposited on Si02 the Pauling valency vof the Zr-0 bond is 418 = 0.5 resulting 
in an oxygen undersaturation e- of 0.5. The formal charge on hydrogen is +0.5, and no 
Bmnsted acid sites are present. Zirconium may also have a 7-coordination in Zr02 , 

however. This would result in an oxygen undersaturation e· of 2-1-(417) = 0.43 and a 
charge on hydrogen of 0.57. This is very close to the interval given by Kataoka, and 
maybe weak Bmnsted acidity may develop in this case. 

FinaJly, a recent research note of Kito et al. has to be mentioned (5). They try to estimate 
the acid strength (H0) of mixed oxides by using an artificial neural network. The 
maximum H0 is explained by taking into account the following cation properties: valence 
(Z), coordination number (C), ionic radius (R), electronegativity fo), and the electrostatic 
potential (Z/R). Furthermore the partial charge of oxygen o0 is used. Experimental data 
on a series of mixed oxides consisting of Sn02 and a second oxide are used to 'train' the 
neural network. It appeared that the network is able to predict the acidity of mixed oxides, 
at least when both constituent oxides of the mixed oxides are included in the training set. 

1.3.3 Summary 

Many approaches to the theme of acidity of single oxides and acidity generation in mixed 
oxides are presented in literature. The models differ very much in their assumptions. The 
acidity of single oxides is given e.g. in their zero point charge, which is related to the 
cation electronegativity, X;· A lot of models are postulated to explain and predict the 
generation of acidity in mixed oxides. The models of Tanabe (3) and Kung (4) are used 
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often. Tanabe's approach (3) seems very artificial, and does not seem to have any physical 
meaning. Moreover, the two postulates ofhis model are contradictory and do not take into 
account changes in the matrix necessary to balance stoichiometry. Kung's model (4) uses 
a parameter which actually describes the state of the cation in an oxide matrix, viz. its self 
potential. Throughout this thesis, references to the various models, especially those of 
Tanabe and Kung, will be made. 
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1.4 SUBJECT OF THIS THESIS 

This thesis deals with the acidity in Si02-Zr02 mixed oxides compared to the single oxides 
Si02 and Zr02 • In the literature, a lot of attention has been and still is paid to Si02-Al20 3 

mixed oxides and only recently more papers on other mixed oxides are published. lt is 
very interesting to explore the field of mixed oxides, and to study other probes in more 
depth. The Si02-Zr02 mixed oxide system seems a very interesting one, as follows from 
a publication of Dzis'ko et al. (7). 

In Chapter 2, the preparation of mixed Si02-Zr02 mixed oxides and the single oxides Si02 

and Zr02, using fluoacids viz. H2SiF6 and/or H2ZrF6 as starting materials, is described. 
The acidity of the catalysts prepared is extensively characterized with techniques 
frequently used such as Temperature Programmed Desorption of ammonia, and Hammett 
colour indicators. Also the results of standard analysis like X-ray diffraction, the BET 
specific surface area and pore volume are reported. Furthermore, the samples were tested 
as acid catalysts in the gas phase dehydration of cyclohexanol to cyclohexene. From the 
kinetics of this test reaction it is tried to fmd relationships between catalyst properties and 
its performance. 

In Chapters 3 and 4, InfraRed Spectroscopy on ammonia (Chapter 3) and pyridine 
(Chapter 4) treated probes is described, which gives an insight in the nature of the acid 
sites present (Bnmsted or Lewis). 

In Chapter 5, X-ray Photoelectron Spectroscopy is applied to characterize the catalyst 
acidity. Information thus obtained on binding energies of cations and anions yields 
valuable information on the acidity of the catalyst surface. 

The combined information obtained using the various methods of characterization will lead 
to a complete picture of the acidity of the Si02-Zr02 mixed oxide. 

Finally, the applicability of models for the prediction of acidity in chemically mixed 
oxides is discussed in the light of results obtained on the Si02-Zr02 mixed oxides. Beside 
the various models, a new approach will be given, which may help understanding the 
acidity of mixed oxides. 
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2 

PREPARATION AND 
CHARACTERIZATION OF THE 

ACID STRENGTH OF 
Si02-Zr02 MIXED OXIDES ' 

2.1 INTRODUCTION 

The preparation and characterization of acid and basic heterogeneous catalysts has been 
the subject of many studies. lt has generally been recognized that both acid and basic 
properties of catalysts and catalyst carriers are of great importance for their use in various 
processes. Therefore it is interesting to study acid and basic heterogeneous catalysts in 
order to find relationships between their method of preparation, their acid/base strength 
distribution and their catalytic activity (1). Insight into acid and/or basic properties of 
heterogeneous catalysts may be obtained via test reactions and various physical and 
chemica! characterization techniques. A combination of characterization and test reactions 
will hopefully lead to relations between catalyst properties and performance and eventually 
to an insight into the nature of active sites. 

lt has been known for long that several mixed oxides show much stronger acid properties 
than the single oxides of which they are composed. Examples are Si02-Al20 3 , Si02-Ti02, 

Si02-Mg0 and Si02-Zr02 • The mechanism of the generation of strong acidity upon 
chemically mixing of oxides is interesting and is the subject of many studies and theories 
(2,3). Among the mixed oxides mentioned, the Si02-Al20 3 system has been studied exten
sively. This is not so much the case for Si02-Zr02 • Recently several research groups 
presented work on this mixed oxide (4-10), which was first described by Dzis'ko et al. 
(11,12). In view of the rather incomplete knowledge of the Si02-Zr02 system we selected 
this for further investigation. 

Preparation of mixed Si02-Zr02 samples is, according to literature, often performed by 
hydrolysis of solutions of tetraethyl orthosilicate (TEOS) and zirconyl chloride or zirconyl 
nitrate in ethanol or in ethanol/water mixtures. The hydrolysis conditions used are not 

1 This chapter was published in the Joumal of Catalysis, 148, 660-672 (1994) 
with E.C. Kruissink, J. van der Spoel and F. van den Brink as coauthors. 
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always described extensively . When a homogeneously mixed oxide is desired, the use of 
the starting materials mentioned might pose a problem, because of their difference in 
reactivity. Addition of caustic to zirconyl salts results in fast hydrolysis and condensation
-polymerization, starting already at pH values as low as 1 - 2 (13). 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 particular for interrnediate pH values, the rate of silica precipitation will be 
considerably lower than the rate of zirconia precipitation from zirconyl salts. 

In our work we use a totally different method . Following the idea that fluozirconate ions 
might be less reactive than zirconyl ions, we investigated the precipitation of zirconia from 
H2ZrF6 solution, and compared this to the precipitation of silica from H2SiF6 solution (see 
section Results and Discussion) . lndeed H2ZrF6 appears less reactive than zirconyl nitrate 
(as follows from the significantly higher pH of 4.2 where precipitation starts) . Moreover, 
reactivities of H2SiF6 and H2ZrF6 are not very different. Thus the use of mixed H2SiF6 and 
H2ZrF6 solutions for the preparation of mixed Si02-Zr02 oxides seems very suitable. 

In this chapter the preparation of Si02-Zr02 mixed oxide catalysts with varying Si/Zr 
ratios from H2SiF6 and H2ZrF6 is described. The catalysts thus prepared are characterized 
using adsorption of basic colour indicators, NH) TPD, BET measurements, Diffuse 
Reflectance Infrared Spectroscopy (DRIFTS) , and XRD. Their catalytic properties are 

studied in the dehydration of cyclohexanol, a weil known test reaction for acid catalysts 
(14-16). A relationship between acid amount determined by NH3 TPD and activity in the 
test reaction is established. 
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2.2 EXPERIMENTAL 

2.2. 1 Preparation of catalysts 

Mixed and single oxides are prepared from aqueous solutions of H2SiF6 and/or H2ZrF6 . 

A very pure, aqueous H2SiF6 solution, with a concentration of 3.0 wt% Si (resuiting in 
64 grams of dry Si02 per kg solution) is prepared from a 40 wt% H2SiF6 solution obtained 
from Kemira Fertilizers (Pernis, The Netherlands, the former UKF Perrus). This is 
achieved using concentrated H2S04 to set free SiF4 and HF gas at 393-423 K. The gases 
are subsequently readsorbed in very pure water (demineralized water is purified using a 
Millipore system, resulting in aspecific resistance > 18 MOhm-cm.). Silica precipitated 
from this pure H2SiF6 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 H2SiF6 solution normally contains about 300-600 ppm Ca, about 40 ppm 
Fe and about 20 ppm Na. 

In preliminary experiments zirconium containing solutions were obtained by dissolving 
(hydrous) zirconia in aqueous HF solution. Zircoruum is most probably present as H2ZrF6 

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 zirconyl nitrate 
and HF. 

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

- Zirconyl nitrate [ZrO(N03)2' xH20] [14985-18-3] (Ventron) 
- HF [7664-39-3] (Merck, 40 wt% aqueous solution) 
- Ammonia [7664-41-7] (Baker, 25 wt% aqueous solution) 

Mixed oxides Si02-Zr02 and the single oxides Si02 and Zr02 are prepared by 
(co-)precipitation at a constant pH of 9.0, at a temperature of 300 K. To this end a 

thermostated, double walled glass reactor is used with a volume of 1 dm3 (height = 0.16 
m, diameter = 0.09 m), provided with baffles and turbine stirrer. Before preparation, 500 
mi of water is introduced in the reactor. Then two solutions, with a volume of 250 mi 
each, one containing H2SiF6 and H2ZrF6 and the other containing NH3 made up from a 25 
wt% stock solution, are pumped simultaneously into the reactor. The Si and/or Zr con
taining solution is made up from the pure H2SiF6 solution mentioned above, zirconyl 
nitrate, 40 wt% HF solution and water in such proportions to obtain the desired ratio of 
Si02 to Zr02 , and a concentration of Si02-Zr02 solids in the final suspension of about 20 
g/dm 3

. Some samples we re 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 furmel. Preliminary 
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experiments showed that, after using 5 dm3 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 ftJrther decrease of the pH of the filtrate . For this reason 
a standard amount of 5 dm3 water is used. Af ter washing, the solids are dried at 373 K 
under vacuum for 16 hours and calcined in air at the desired temperature (573 K or 
773 K, heating rate I K/minute) in a Carbolite GPF-2 calcination furnace . The catalysts 

are coded SixZry, in which x and y give the amount (in weight percent) of Si02 and Zr02, 
respectively. 

One mechanically mixed Si02-Zr02 oxide (Si02-Zr02 50/50 coded SisoZrso', prepared by 
intense mixing of the single oxides in a mortar at room temperature) is also incorporated 
the characterization study . 

2 .2.2 BET surface area and pore volume 

The total (BET) surface area of a catalyst is determined from physical adsorption of N2 
at T = 78 K, by applying the BET equation on the part of the adsorption isotherm with 
0.05 ~ p/po ~ 0.35, measured in a Micromeritics Digisorb 2600 apparatus. From the 

complete ad- and desorption experiment a pore volume distribution and total pore volume 

can be derived by applying the Kelvin equation at pipa = 0.99. 

2.2.3 Acid strengtb determination with basic indicators 

Acid strength measurements of the Si02-Zr02 catalysts are performed on samples which 

are calcined in air at 573 K for 50 hours. A small portion of the catalyst ( - 0.1 gram) is 
transferred directly from the calcination furnace to a tube and immediately contacted with 

water free isooctane (dried on mol sieve 4Ä). About 2 mi of the indicator solution (contai

ning - 0 .2 mg of indicator) is added to the 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-Naphtyl Red (4-Phenylazo-I-naphtylamine, Aldrich), pKa = +4 .0 

4-Aminoazobenzene (4-Phenylazoaniline [60-09-3], Aldrich, 98 wt %), pKa = + 2.8 
Crystal Violet [548-62-9J (Aldrich), pKa = +0.8 

Dicinnamalacetone [622-21-9J (Aldrich, 98 wt%), pKa = -3 .0 

Anthraquinone [84-65-IJ (Aldrich, 97 wt%), pK, = -8 .2 

4-Nitrotoluene [99-99-0] (Aldrich, 99 wt%), pKa = -11.4 
2,4-Dinitrotoluene [121-14-2] (Aldrich, 97 wt%), pKa = -13 .8 

2.2.4 Ammonia TPD measurements 

Ammonia TPD measurements are performed in a thermobalance type Perkin Elmer 
TGS-2. The calcined catalyst samples are recalcined in situ at 573 K or 773 K in N2 
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(flow: 5 l/h) until constant weight. After cooling in the N2 flow, NH) is adsOl'bed on the 
catalyst for 15 minutes at a temperarure of 333 K in a 5 Nl/h flow of 2.5 % NH) in N2 . 

The sample is then purged with N2 for 5 minutes af ter which the temperarure of the 
catalyst is raised with 10K/minute up to the calcination temperarure. The weight loss of 
the catalyst sample due to the desorption of NH) from the catalyst is measured as a 
function of temperarure. A TPD profile is obtained by plotting the first derivative of the 
weight loss with respect to temperarure. 

2.2.5 XRD measurements 

The dried single and mixed oxides are srudied by X-ray diffraction, employing a Philips 
PW 1730 diffractometer equipped with a Cu anode and a nickel filter. The diffractograms 
are recorded using the Cu Ka line (wave length = 1.5418 Á) at 3° < 2e < 60°. 

2.2 .6 Infrared measurements 

The infrared spectra are recorded on a Bruker IFS 85 FTIR spectrofotometer equipped 
with a DTGS detector. A special reaction chamber (Harrick, type HVC-DR2) for in situ 
treatrnent of the catalysts in combination with a diffuse reflectance attachrnent (a so ca lied 
Praying Mantis, type Harrick DRA-2CO) is used . The sample holder can contain about 
50 mg of sample and can be heated up to temperarures of 973 K (sample temperarure is 

lower). The cell is equipped with KEr windows transparent at wavelengths down to 
310 cm· l

. A spectrum is recorded by taking 100 scans at a resolution of 4 cm-I. Samples 
are made by preparing aI: 100 dilution of the catalysts in KEr. 

2 .2 .7 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 (particIe size 0.5 to 
1.0 rnm) mixed with 1450 mg inert glass beads (particIe size 0.5 rnm). The reactor can 

be heated to the desired reaction c.q . pretreatment temperarure with an electrical furnace 
(Heraeus oven type RCK 3/30) . Pure cyclohexanol ([108-93-0], Janssen Chimica, 99 
wt %) is fed to the reactor using a micro flow pump (Gilson, type 302). The cyclohexanol 
flow is mixed with N2 before entering the reactor rube. The feed used in this work 
consisted of 0.0287 I cyclohexanol/h and 7 .2 NI N2/h giving LHSV = 0.575 I 
cyclohexanol/g catalyst/h (W /F = 0.18 g'h -mO!,I). The product stream is cooled af ter 
the reactor, collected and analyzed gaschromatographically using a 25 m CP-Sil-5 CB on 
WCOT fused silica column, N2 as carrier gas and an FID detector. 
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2.3 RESULTS AND DISCUSSION 

2. 3 .1 Precipitation of catalysts 

A H2ZrF6 solution can be prepared by dissolving hydrous 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 Si02 from a H2SiF6 solution. From H2SiF6 solutions of approximately 
the same concentration, formation of white flocs occurs at a slightly higher pH of about 
5. This similarity suggests that mixed H2SiFçH2ZrF6 solutions could be a good starting 
material for the preparation of mixed Si02-Zr02 oxides. 

In the experiments mentioned above we prepared H2ZrF6 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 H2ZrF6 solution mentioned above. Also, the resulting 
product shows roughly the same properties (BET). Thus, in preparing the mixed oxides, 
we use a H2ZrF6 solution prepared from zirconyl nitrate and HF. 

The precipitate appears easily filtrable for concentrations of solids in the final suspension 
of > 8 gil; for lower concentrations a very gelatinous product is obtained which is 
difficult to separate and wash. Such precipitates also show, after drying and calcining, 
much higher BET surface areas. Probably these observations can be explained by 
considering the influence of the fluoride concentration, corresponding to the solids 
concentration, on coagulation kinetics. The concentration of solids mentioned above 
corresponds to a fluoride concentration of 0.6M. For silica particles (diameter of about 
15 nm), Allen and Matijevic (19) found a critica! coagulation concentration (c.c.c.) of0.8 
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 one hour for the particular case cited here; 
above this concentration the rate of coagulation increases strongly with electrolyte 
concentration. We performed similar measurements using NH4F, and found a c.c.c. of0.6 
M for the same pH and time. No data are available on the coagulation kinetics of mixed 
Si02-Zr02 oxides, but the trends will be similar. Thus for NH4F concentrations > 0.6 M 
the rate of coagulation will be significantly higher than for concentrations below this 
value, resulting in much larger particles and better filterability. After calcination at 573K 
or 773K in air all catalysts are obtained as white solids. 

2.3.2 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 SioZr100 sample has a very low BET surface area of 12-22 m2/g. 
In literature BET surface areas of 14 to 120 m2 

/ g are reported for Zr02 ( 1, 4, 10, 20) 
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depending on the precipitation procedure. The BET surface areas of the mixed oxides and 
pure Si02 are roughly in the same range of 118-154 m2/g for the catalysts calcined at 573 
K but they show lower values of 103-131 m2/g if calcined at 773 K. The SisoZr50 sample 
is an exception to this rule and shows a significantly lower surface area. We will 
demonstrate below that chemica! and catalytic properties of this sample are deviating too. 

TABLE 1: 

Texture data of the synthesized SiOrZr02 catalysts. 
Pretreatment temperatures (K) are given between brackets. 

Pore volumes are given at p/p0=0.99. 

Catalyst code BET surface (573 K) BET surface (773 K) Pore Volume (573 K) 

Si87Zr13 

Si75Zr25 

Si50Zr50 

Si25ZT75 

(m2/g) 

120 

154 

119 

69 

118 

22 

n.d. = not determined 

(m2/g) 

105 

117 

131 

42 

103 

12 

2.3.3 Acid strength measurements using basic indicators 

(ml/g) 

0.515 

n.d. 

0.438 

0.320 

n.d. 

0.093 

Table 2 lists colours of the basic indicators on the Si02-Zr02 catalyst surfaces. From the 
table it is clear that not all the colour changes observed are in agreement with the changes 
reported by Walling (21) or Tanabe (1). Of course the observation of a colour on the 
surface of a catalyst cannot be completely objective. Some indicators give more intense 
colours e.g. Methyl Red showing a purple colour on the acid sites of SiOrZr02 mixed 
oxides instead of the red colour indicated by Walling. The orange colour of Methyl Red 
on Si02 probably indicates that a small amount of acid sites of Ho < +4.0 are present, 
but Aminoazobenzene (pKa = +2.8) shows its basic colour. Furthermore 4-nitrotoluene 
shows a change of colour from white to pink when comparing the Si100Zr0 and Si87Zr 13 

catalyst. It is presumed that the colour of 4-nitrotoluene on the acid sites of Si02-Zr02 

mixed oxides is pink instead of yellow as reported by Tanabe (1). 

When observing the colours of Methyl Red adsorbed on different catalysts it is clear that 
acidity is generated by chemically incorporating Zr02 in a Si02 matrix. Pure Si02 has no 
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acid sites with a strength of +2.8 or stronger, but pure Zr02 contains some weak acid 
sites as indicated by the dark red colour of adsorbed Methyl Red. Aminoazobenzene 
colours orange on Zr02 indicating a small amount of acid sites having Ho ::;;; +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 Si02-Zr02 mixed oxides even have a strength 
::;;; -11.4 if the colour of 4-nitrotoluene adsorbed on strong acid sites is pink. 

The highest acid strength reported for pure Zr02 is Ho= + 1. 5 ( 1,22) whereas for Si02 an 
acid strength of - +7.1 to +3.3 (1,22) is given, depending on the precipitation 
procedure. Our results on the pure oxides are in line with these reported acid strengths. 
Por Si02-Zr02 mixed oxides the highest acid strength reported is -8.2 (11). We have 
found that the strength of the acid sites of our mixed oxides may even be as high as -11.4 
< H0 < -13.8. This may be due to the different precipitation procedures. As we will 
demonstrate this low Ho value most probably does not result from residual fluorine in the 
catalysts but from the intrinsic properties of our Si02-Zr02 mixed oxides. 

TABLE 2: 

Acid strength determination of the various Si02-Zr02 catalysts measured 
by adsorption of basic indicators. 

Indicator: pKa: Colour according to Colour on catalyst: 
(1,8): 

acid basic Si100Zr0 Si87Zru Si75Zr25 SisoZrS(J Si25Zr75 SioZr100 

Methyl Red +4.0 red yellow orange purple purple purple purple d.red 

Aminoazo benzene +2.8 red yellow yellow yellow red red red orange 

Crystal Violet +0.8 yellow blue white yellow yellow Lyell white white 

Dicinnamalacetone -3.0 red yellow yellow orange red orange orange yellow 

Anthraquinone -8.2 yellow colourless white yellow l.yell !.yell l.yell white 

4-Nitrotoluene -11.4 yellow ooloud"• f wbire pink pink pink pink white 

2,4-Dinitrotoluene -13.8 yellow colourless white white white white white white 
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Differences in the preparation procedure, however, may influence the position of these 
lattice vibrations. In the Si02 rich mixed oxides (more than 50 wt% Si02) the band at 810 
em·' is visible, indicating the presence of SiOz entities in the mixed oxide . For catalysts 
containing 50 and 75 wt% ZrOz (33 and 60 mole-% Zr02) this band is very small or 
hardly visible . This observation is in agreement with measurements of Makarov (12) . This 
band is probably a Si-O-Si symmetrie stretch (lattice vibration) which disappears below 
a certain Si-O-Si chain length. It is striking that no typical Zr02 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 em·' for pure Si02 shifts to increasingly 
lower frequencies as the amount of Zr02 in the mixed oxide increases. For the SiZ5Zr75 

sample the maximum of this band is at 1070 em·'. This band is tentatively assigned to an 
asymmetrie Si-O-Si stretch perturbed by the presence of Zr in its environment (e .g . 

shorter Si-O-Si- chain length) . An alternative explanation could be the occurrence of 
Si-O-Zr stretching bands close to the 1100 cm' band. In the reg ion 900-1000 em·' new 
absorption bands appear (at -980 and -910 em·') of which the integrated absorbance 
relative to the band at 1100-1070 em·' increases as the Zr02 content of the mixed oxide 
increases . The 980 em·' band can be ascribed to a Si-O··Zr stretching (9,12,23 ,25) . Also 
the 910 em·' band has been observed before in Si02-Zr02 samples (25). 

2 .3.7 Test reaction 

The dehydration of cyclohexanol to cyclohexene over acid catalysts has been the subject 
of some studies (1,14-16). Depending on catalyst properties and reaction conditions 

(higher temperature, higher contact times) skeletal isomerization of the product 
cyclohexene mayalso occur (14) yielding methyl cyclopentene. The dehydration of 

cyclohexanol is a suitable test reaction for characterization of e.g. zeolite acidity (15,16). 
From preliminary experiments in our study it was concluded that the test rea ct ion is 
kinetically controlled . Apparent activation energies are determined to be 75 kJ/mole for 
temperatures between 523 and 623 K (zeroth order kinetics). This high value is 

comparable to va lues reported by Karge et al. (15,16) who measure 67-74 kJ/mole. 

Figure 7, giving the convers ion vs. time plots for tests on mixed oxides, shows that the 
Si02-Zr02 catalysts deactivate. The deactivation is probably due to acid catalyzed coke 
formation, but also HzO produced may lower the convers ion (15,16). At areaction 
temperature of 573 K the main product is cyclohexene (selectivity > 98 %, some methyl 
cyclopentene is formed) . 

In figure 8 the average conversion of cyclohexanol and in figure 9 the normalized 
convers ion of cyclohexanol ([mole/m2/h]) both between 3 and 5 hours of reaction is 

plotted against the amount of Zr02 (wt %) in the catalysts . From the figures it is obvious 
that both incorporation of Zr in a Si02 matrix and Si in a Zr02 matrix leads to a catalyst 
having a higher activity in the acid catalyzed dehydration of cyclohexanol . The optimum 
in activity is around 50 wt % Zr02 . 
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Normalized average conversion (mole/m2/h) between 3 and 5 hours reaction as a function 
of the Zr02 content (wt%). 
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acid site concentration (molec NH3/nm2) 

Normalized average cyclohexanol conversion between 3 and 5 hours of reaction 
(mole/m2/h) as a function of the acid site concentration (determined from NH3 content at 
T = 473 K in the NH3 TPD). 
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Figure 10 shows the relation between the normalized average conversion of cyclohexanol 
between 3 and 5 hours 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 NH3 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. 

From figure 10 it is clear that the Si50Zr50 sample shows a different behaviour than the 
other mixed oxides. From the NH3 TPD we learned that ammonia binds stronger 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 dehydration. Por this reason, when 
seeking for a relationship between 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. (11) who found a 
maximum number of acid sites on their SiOrZr02 catalysts of 0.0013 meq/g for catalysts 
containing 15 to 57 mole % of Zr02 (25 to 70 wt%). Furthermore a correlation between 
the number of acid sites and the activity in the dehydration of isopropyl alcohol 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. When the Si50Zr50 

sample is left out it can be seen in figure 9 that the maximum in activity is around 25 wt % 
Zr02• Certainly no broad maximum in activity as a function of composition of the catalyst 
can be seen in our plots. More work is in progress to accurately determine the optimum 
concentration of Zr02 with regard to activity in the acid catalyzed dehydration. 

Soled and McVicker (4) use 2-methylpent-2-ene isomerization as a test reaction for a 
series of Si02-Zr02 catalysts and found that catalysts containing 20-80 mole percent Zr02 

(34-89 wt%) have the maximum activity in the isomerization. Here, too, a broad range 
in catalyst composition shows a maximum activity in the test reaction. 

It is known that pure Si02 is inactive in the dehydration of alcohols (11), which is 
confirmed by our study. a-Naphtyl Red shows an orange colour when adsorbed on pure 
Si02 probably indicating that a very small amount of sites having a H0 ~ 4.0 are present. 
Aminoazobenzene, however, is adsorbed in its basic form. From NH3 TPD measurements 
it is also clear that pure Si02 contains only surface hydroxyl groups with a very low acid 
strength since adsorbed NH3 desorbs at low temperatures. Pure Zr02 exhibits some 
activity in the dehydration of cyclohexanol, and Methyl Red clearly shows its acid colour 
(dark red) when adsorbed on pure Zr02• Aminoazobenzene shows an orange colour when 
adsorbed on pure Zr02 indicating the presence of some acid sites with Ho ~ +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 H0 ~ +2.8 to 
be active in the dehydration of cyclohexanol. 

52 



2.3.8 General discussion 

From literature it is known that the presence of small amounts of Zr02 in a Si02 matrix 
results in an increased number of strong acid sites (11, 12). In accordance with this we find 
that our mixed Si02-Zr02 catalysts have a lower H0 than the single oxides, which follows 
both from our experiments with basic indicator molecules and from our NH3 TPD 
measurements. Also 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 Si02-Zr02 catalysts. From XRD and IR experiments it becomes clear 
that new Si-0-Zr honds are formed in the mixed Si02-Zr02 oxides which may give them 
different properties compared to the single oxides. lt is known that especially surface acid 
properties may be influenced. 

To compare the activity of Si02-Zr02 with that of zeolites, data published by Karge et al. 
(15,16) can be considered. 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 helium) up to about 5 % . The most active zeolites, viz. Be Y, Ca Y and the 
acid form of dealuminated mordenite, showed activities between 2.5 and 3.4 mmol 
cyclohexanol/g catalyst/h. From Karge's results 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 in the temperature range from 373-453 K (15,16), and in our 
study in the temperature range from 523-623 K). Moreover, Karge mentioned a titer of 
2.88 meq/g for BeY determined in a butylamine titration (Ho ~ 3.3). With this titer a turn 
over frequency (TOF) of 0.29 s·1 can be calculated (again extrapolated to 573 K). Among 
our Si02-Zr02 catalysts, the highest activity at 573 K is about l mol/g catalyst/h (for 
Si75Zr25), and using NH3 TPD results a TOF of 0.28 s·1 can be calculated. Thus, keeping 
in mind the uncertainty in the extrapolation, it follows that the activity of the Si02-Zr02 

catalysts is of the same order of magnitude as Karge's zeolites. 
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2.4 CONCLUSIONS 

Si02-Zr02 mixed oxides can be prepared by basic hydrolysis of appropriate mixtures of 
H2SiF6 and H2ZrF6• Infrared measurements of the mixed oxides show Si-0-Zr bands in 
the mixed oxides at 980 and 910 cm-1

• Typical bands for Zr02 are absent and the positions 
and/or intensities of typical Si02 bands are clearly influenced by the Zr02 content. All 
mixed oxides are X-ray amorphous, whereas the pure Zr02 is crystalline. No peaks due 
to crystalline Zr02 can be detected in the chemically mixed material; a mechanically 
mixed oxide gives an XRD pattern in which both the crystalline Zr02 pattern and the 
amorphous Si02 pattern can be recognized. 

Adsorption of Hammett indicators shows that the acid strength of surface hydroxyls on 
Si02 prepared from H2SiF6 is comparable to the strengths reported on Si02 prepared from 
other sources, the same holding for Zr02 prepared from H2ZrF6. The mixed Si02-Zr02 

catalysts thus have very high acid strengths (intrinsic property), the Ho values of which 
are between -11.4 and -13.8 (super acidity). 

NH3 TPD experiments show that at a temperature > 473 K ammonia is still chemisorbed 
indicating the presence of 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 Si50Zr50 sample. This 
catalyst adsorbs ammonia stronger 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 H0 ~ +2.8. 
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3 

DIFFUSE REFLECTANCE INFRARED 
SPECTROSCOPY ON 

AMMONIA TREATED Si02-Zr02 

SOLID ACID CATALYSTS 2 

3.1 INTRODUCTION 

Chemically mixed oxides, such as Si02-Zr02, have extremely acid properties whereas the 
single oxides are only weakly acidic (1-4). The cause of this strong acidity in mixed 
oxides is an interesting point of study. Furthermore it is of importance to know both the 
type of acid sites (Lewis/Bmnsted) and their strength when searching for relationships 
between physical properties and the catalytic performance. Diffuse Reflectance Infrared 
Fourier Transform Spectroscopy (DRIFTS) on (ammonia treated) acid catalysts may yield 
information on chemica! bonds present in the mixed oxides (M-0) and the mode of 
interaction of the basic probe molecule ammonia with the surface acid sites (5,6). In this 
chapter the results of DRIFTS measurements on ammonia treated Si02-Zr02 mixed oxides 
are given. 

2 This Chapter is submitted to the Journal of Catalysis forpublication. J.P.C. van 
Heel and L. Lefferts are coauthors. 
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3.2 EXPERIMENTAL 

3 .2.1 Catalyst preparation 

A number of Si02-Zr02 catalysts bas been prepared by basic hydrolysis of mixtures of 
H2SiF6 and H2ZrF6 using ammonia to maintain a constant pH of 9.0. The resulting 
precipitates are filtered off, washed several times with distilled water, dried at 373 K and 
calcined at 773 K. The catalysts are coded SixZry in which x and y give the amount in 
weight-% of Si02 and Zr02• The preparation procedure is described in detail elsewhere 
(2), together with the results of an extensive characterization of the preparations obtained 
(BET and pore volume, NH3 TPD, XRD, XPS, test reaction). Table 1 summarizes several 
catalyst properties as given in (2) which are of importance for the infrared study described 
here. 

TABLE 1: 

Properties of the Si02-Zr02 mixed oxides of relevance for the DRIFT study. 

Catalyst Zr concentration BET surface area number of number of 
code (mole-%) (m2/g) weak acid sites1 strong acid sites2 

Si100Zr0 0 120 6.5 0.4 

Si87Zr13 7 154 5.7 3.1 

Si7sZr25 14 119 6.3 5.0 

SisoZfso 33 69 0.6 3.9 

Si25Zr75 59 118 3.9 3.2 

SioZr100 100 22 l.9 1.6 

1Ammonia content (number per nm2) at 323 K minus content at 473 Kina TPD experiment, 
2Ammonia content (number per nm2

) at 473 Kina TPD experiment (2). 

The resulting catalysts contain about 3000 ppm F ( = 0.4-1.4 atom-% depending on Si/Zr 
ratio) as determined by neutron activation analysis. The surface F concentration 
determined by XPS is around 1 atom-%. This means that no surface segregation of 
fluorine in the catalyst has occurred (d.µ:::::::20 nm calculated from BET assuming equally 
sized round particles). The acid strength of the mixed oxides is -13.8 < H0 < -11.4 as 
shown by Hammett indicators and is not influenced by the rest F content (2). 

3.2.2 Infrared measurements 

The infrared spectra are recorded on a Bruker IFS 85 FT-IR spectrophotometer equipped 
with a DTGS detector. A special reaction chamber (Harrick, type HVC-DR2) for in situ 
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treatment of the catalysts in combination with a diffuse reflectance attachment (a so called 
Praying Mantis, type Harrick DRA-2CO) is used. The sample holder can contain about 
50 mg of sample and can be heated up to temperatures of 973 K. The sample temperature 
is slightly lower than the temperature of the sample bolder, viz. 
T,amp1e( 0 C)=0.8*Tsamplehoide.< 0 C). Temperatures given in the text are always sample holder 
temperatures. The cell is equipped with KBr windows transparent at wavelengths down 
to 310 cm·1• A spectrum is recorded by taking 100 scans at a resolution of 4 cm·1• The 
samples are studied undiluted. Part of the measurements in the 1400-400 cm·1 frequency 
region, however, is done on samples made by preparing a 1: 100 dilution of the catalysts 
in KBr (mentioned when applied). 

The (undiluted) sample is subjected to the following treatment steps: 
1. The sample is heated stepwise (100 K steps) under a flow of dry N2 to a temperature 
of 973 K. At each step the IR spectrum is recorded. 
2. After step 1 the sample is cooled stepwise (100 K steps) under a flow of dry N2 toa 
temperature of 373 K. At each step the IR spectrum is recorded. 
3. After step 2 the sample is heated to 973 K in one step. Then the cell is cooled stepwise 
(100 K steps) under a flow of 5% NH3 in N2 toa temperature of 373 K. At each step the 
IR spectrum is recorded. 
4. After step 3 the NH3 treated sample is heated stepwise (100 K steps) under a flow of 
dry N2 toa temperature of 973 K. At each step the IR spectrum is recorded. 
Difference spectra of ammonia treated samples (step 3 or 4) are calculated by taking the 
spectrum of the untreated catalyst (at step 2) at the same temperature as a reference. No 
water is present during the measurements after step 1, as is checked by the absence of the 
deformation band at -1620 cm·1

• The absorbance spectra in this paper are given in the 
Kubelka-Munk format. 
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3.3 RESULTS AND DISCUSSION 

3. 3 .1 Characterization of the Siü,-Zrü, mixed oxides and the single oxides, spectra! 
region 4000-2500 cm ·1 

In Figure 1 the spectra in the 4000-2500 cm·' region are shown for the various mixed 
oxides and SiO, at a temperature of 373 K (at step 2 of the treatment). Table 2 lists the 
wavelengths of surface ·OH groups (obtained by curve fitting assuming Gaussian peak 
shapes) at 373 K and their assignments. 

TABLE 2: 

Absorption frequencies (cm'1
) of surface -OH groups on Sl01 and Sî01-Zr0~ at 373 K, 

Frequencies are obtained by curve fitting assuming a Gaussian peak fonn. 

Si1ooZro Si,"Zr13 Si 75Zr21 Si.51JZr!itl Si~3Zr" Assignment 

3745 3744 3746 3745 3741 Q.H s<retch of 
3737 3733 3740 isolated Si-OH 

3712 3672 
0-H stretch of 

3651 3579 3601 3569 3590 
3462 3461 3421 3180 

Si-OH nests 

At -3745 cm· 1 a characteristic absorption of the so cal led isolated silanol groups (0-H 
stretch mode of free single and geminal hydroxyls) is found in SiO, and the mixed oxides. 
The integrated intensity of the absorbance of this band differs strongly for the different 
mixed oxides (Figure la). Wben we assume that all samples have roughly equal reflection 
yields and t of rhis band is constant for all catalysts the integrated absorbance (IA) is 
indicative for the number of isolated hydroxyls. The Sim,Zr0 has far more isolated 
hydroxyls than any other sample. The Si"Zr" and Si"Zr2, sample have almost equal !A's 
( -45 % relative to Si,,.Zra), the Si,.Zr,0 sample bas an IA that is - 20% relative to 
Si,,.Zr0 • The Si25Zr75 sample clearly has the lowest IA ( -7% relative to Si1,.Zr0). It seems 
thal the inlensity of the 3745 cm·1 band depends on the Si02 content of the mixed oxide. 
The BET surface area of the Si"Zr75 sample is comparable to that of Si87Zr13 and Si7,Zr2,. 

This sample also has a relatively small amount of weak acid sites (ammonia adsorption at 
323·473 K) as can be seen in Table l also explaining the small 3745 cm·' band. The 
Si,.Zr,,, has a very low surface density ofweak acid sites and a low BET surface area, yet 
the integrated absorbance is higher than the Si"Zr7l sample, however. In earlier work (2) 
we found that this catalyst contains very strong acid sites as compared to the ethers which 
may imply that water binds more slrongly which in turn influences the spectrum. 
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It can be seen that the pure SiO, bas a much broader asymmetrie band at 3745 cm·1 than 
any other sample. This band probably consists of more than one type of OH vibration. 
Curve fitting gives a shoulder at -3710 cm·'. Several authors mentioned the presence of 
this shoulder and ascribe it to an OH stretch of the 'free' hydroxyl of hydrogen bonded 
pairs or chains (hydroxyl nests) of hydroxyls (7-11). The band at 3650 c1n-' (peak position 
obtained via curve fitting) is ascribed to the fully associated hydrm.-yls in a nest: 

3650 cm-1 3710 cm-1 

Î Î î 
"0-H ••0-H ••0-H 

1 1 1 
Si Si S1 

Il\ /Il /Il 

More than one (broad) band of hydroxyl nests (0-H stretch) is visible in the 3600-3000 
cm·' region of the mixed oxides spectra (Figure lb) as follows from curve fitting 
(Gaussian peak form). This may indicate the presence of more than one type of OH group 
in the mixed oxides. The Si"Zr" sample shows two broad bands with maxima at -3590 
and -3180 cm->, whereas the Si"Zr" has broad hands at -3670, 3580 and 3460 cm·•. 
Naturally, hydroxyls on Si cations may absorb at different wavenumbers as compared to 
hydroxyls on Zr cations. Furthermore, the Si/Zr ratio of the first (and next) neighbour 
cations may differ, causing additional variation in the 0-H frequency. Also the ex tent of 
interaction of neighbouring hydroxyls, depending on the surface hydroxyl density, wîll 
influence band positions. Finally, the composition of the mixed oxides is probably not 
completely homogeneous since XRD shows more than one hroad band for the amorphous 
materials (2). Note that the integrated absorhance of the bands due to 0-H nests also 
decreases as the amount of Zr02 in the mixed oxide increases. 

The Zr02 catalyst (Si0Zr100) under investigation shows several narrow hands in the 
4000-3000 cm·' region as shown in Figure 2. The six most distinct bands are found at 
3727, 3680, 3637, 3603, 3556and 3481 cm·'. X-ray diffraction studies (2) show that the 
Zr01 catalyst is crystalline (monoclinic), whereas all mixed oxides and the Si02 are X-ray 
amorphous. This may explaîn the narrower -OH absorption bands in the ZrO, spectrum, 
although other factors (like OH density) should also he taken into account. 

In literature (12-16) only two (at -3780 and -3680 cm-1
) to four distinct absorption 

bands due to the 0-H stretch mode of surface hydroxyls are menlioned on crystalline 
ZrO,. The different modes of preparation of our caialysts and catalysts described in 
literature can be responsible for the difference in number of peaks. Most IR studies are 
performed on ZrO, prepared from ZrOCl"8H,O or Zr(N0,)4 solutions (12-16). In our 
study we used an H2ZrF6 solution as a Zr source. Residual fluorine may affect surface 
hydroxyl groups. However, in the first part ofour study on SiO,-ZrO, catalysls we show 
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that the residual tluorine content does not affect the catalytic properties of the catalysts (2) 
and so no effect on surface acid sites (Brnnsted or Lewis) is to be expected. Furtherrnore, 
XPS showed that the surface tluorine concentration is as low as - 1 alom-%. Blom field 
(9) shows that residual chlorine on SiO, does not affect the properties of the surface 
hydroxyls either. Surface -NH or -NH2 groups may also absorb in this frequency region 
giving extra bands (NH, used in the preparation may yield these). In our XPS 
measuremems, however, it is föund that the surface contains no nitrogen, thus excluding 
the presence of surface -NH or -NH2 groups (2). 

Figure 2: IR spectrum of Zr02 in the 4000-3000 cm·1 region at 373 K, 673 K, and at 973 K. 

Spectra of Zr02 taken at higher temperatures (spectra taken at 673 K and 973 K are given 
in Figure 2) show considerably Jess absorption bands compared to the spectrum of the 
sample taken at 373 K. Some absorption bands shift as a function of temperature and at 
high temperatures bands coincide. Bands are also broader at higher temperatures and their 
integrated absorbance is smaller. For example the 3680 cm-1 band shift• to lower 
frequencies when the temperature increases. At 973 K absorption bands at 3716, 3641, 
3540, and 3461 cm· 1 can be observed. The thermal shift in band positions is completely 
reversible (peak position and integrated absorbance). Il is speculated that reversible 
(surface) rearrangements intluence the local strocture and thus the 0-H frequencies (peak 
positions). The lower integrated absorbance at high temperatures may be caused by a 
Jower retlectivity. 
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We conclude that all sharp bands observed in our spectra of Zr02 in the 4000-3000 cm·1 

region belong to surface hydroxyls. The large number of bands in DRIFT spectra of our 
samples compared to Zr02 spectra reported by other groups then originates from a larger 
number of environmentally different sites (hydroxyls) on our sample. The reason for the 
diff erence is not clear. It is known, however, that Zr02 may be present in other crystalline 
forms (e.g. tetragonal, amorphous), and although the XRD pattern of our probe showed 
a good similarity to the monoclinic structure, surface defects (hydroxyls) may be present 
in tetragonal or amorphous like surroundings. Furthermore the exposition of different 
planes may cause different OH bands. The high frequency band(s) generally belong to the 
basic end on coordinated hydroxyls, whereas the lower frequency bands are ascribed to 
(acidic) protons coordinated to bridging surface-oxygen atoms. 

3.3.2 Characterization of the Si02-Zr02 mixed oxides and the single oxides, spectral 
region 1400-400 cm·1 

Tuis part of the infrared investigation is described already in section 2.3.6 of this thesis. 
Most important result of this is the fact that Si02 and Zr02 are chernically mixed as can 
be seen from new absorption bands at 980 and 910 cm-1 ascribed to and Si-O··Zr 
stretching. 

3.3.3 Characterization of the ammonia treated Si02 and Zr02, spectral region 
4000-2500 cm·1 

Infrared spectra of ammonia treated samples have been recorded at various temperatures. 
Typical absorption bands observed are listed in Table 3 together with preliminary 
literature assignments (e.g. takenfrom ammonia treated Si02-AlP3 (22)). 

The 100% Si02 catalyst (Si100Zr0) adsorbs almost no ammonia at temperatures higher than 
473 K. Only a small band with its maximum at -3410 cm·1 ascribed to chemisorbed 
ammonia is observed (not shown). Below 473 K however, a large amount of NH3 is 
adsorbed (Figure 3, spectrum A). A broad band at 3500-2500 cm·1 with a maximum at 
- 3000 cm·1 appears, resulting from an 0-H stretch of surface hydroxyl groups hydrogen 
bonded to ammonia molecules (5,23,24). Simultaneously, the 0-H stretch bands of 
isolated silanols (3745 cm·1) and hydroxyl nests ( - 3700 cm·1) become smaller (negative 
peak in difference spectrum). At 3410 cm·1 and 3320 cm·1 small bands assigned to the 
asymmetrie (v3(e)) and symmetrie (v1(a1)) N-H stretch respectively of NH3 bonded to 
surface hydroxyls are visible. It is known that OH groups on Si02 have a very low acid 
strength (Ho - +6) and show a weak interaction with basic probe molecules such as 
ammonia. The desorption of adsorbed ammonia upon flushing with N2 at 373 K confirms 
this (spectrum B). Ata temperature of 473 K (N2 flushing) no clear interaction with NH3 

is visible anymore (spectrum C). 
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TABLE 3: 

Absorption frequencies (cm·1
) of bands due to adsorbed NH3 

on Si02, Zr02 and Si02-Zr02 mixed oxides at 373 K. 

Sil00Zr0 Si87Zr13 Si75Zr25 SisoZrso Si25Zr75 SioZrl-00 Assignment 

3410 -3400 
asynunetric stretch NH3 

physisorbed on surface hydroxyls 

3320 
symmetrie stretch of physisorbed 
NH3 

3381 3375 3375 3360 3360 
asynunetric N-H stretch of NH3 on 
Lewis acid sites 

3290 3290 3285 3285 3270 
synunetric N-H stretch of NH3 on 
Lewis acid sites 

-3200 -3200 -3200 -3210 
asynunetric N-H stretch of NH3 on 
Bnmsted acid sites (NH4 +) 

-3070 -3060 -3050 -3040 
synunetric N-H stretch of NH3 on 
Brnnsted acid sites (NH4 +) 

-3000 -3000 0-H stretch of -OH ··NH3 

-2815 -2815 -2820 -2800 unknown 

-1610 1609 1608 1609 1605 
H-N-H deformation of NH3 on 
Lewis acid sites 

-3160 
Overtone of H-N-H deformation of 
NH3 on Lewis acid sites 

-1460 -1440 1440 1443 1460 
H-N-H deformation of NH3 on 
Brensted acid sites (NH4 +) 

On pure Zr02 {SioZr 100) ammonia chemisorbs at temperatures of - 573 K and below. At 
373 K, bands due to adsorbed ammonia are found at -3400, 3360, 3270 and -3160 cm·1 

(Figure 4, spectrum A and B). Note also the sharp symmetrie N-H stretch band of gaseous 
NH3 at 3336 cm·1 and the rotational fine structure in spectrum A. Simultaneously with the 
appearance of bands doe to adsorbed ammonia, the OH stretching bands at 3680, 3637 and 
3603 cm·1 disappear (spectrum B). The hydroxyl bands at lower frequencies interfere with 
new bands due to chemisorbed NH3 so no pronouncement can be made on their fate. A 
further indicator for interaction with surface hydroxyls is in the broad band at 
- 3500-2500 cm·1 (background) in our spectrum which is ascribed to an 0-H stretch of 
surface hydroxyls weakly hydrogen bonded to ammonia. Upon flushing at 373 K this 
broad band gets less intense (spectrum B}. Hertl (16) and Tsyganenko (24) report that the 
interaction of ammonia with monoclinic Zr02 is mainly of the Lewis type (interaction with 
surface zirconium ions). Tsyganenko (24) assigns the bands at 3360 and 3270 cm·1 to 
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Figure 3: 

Figure 4: 
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Difference infrared spectra in the 4000-2500 cm-1 region of Si02 upon interaction with 
ammonia at 373 K (A: before and B: after flushing with N2) and C: at 473 K. 

A 
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Wavenmnbers (cm-1) 

Difference infrared spectra in the 4000-2500 cm-1 region of Zr02 upon interaction with 
NH3 at 373 K (A: before and B: after flushing with N2), C: at 473 K and D: at 573 K. 



ammonia coordinatîvely bonded to the surface (Lewis interaction: asymmetrie N-H stretch 
(v3(e)) and symmetrie stretch (v1(a1)) respectively). The 3400 cm-1 band is assigned to 
ammonia weakly held by surface hydroxyls (asymmetrie N-H stretch). The smaller band 
at -3160 cm·1 is most likely due to an overtone of the asymmetrie H-N-H deformation 
(v4(l)} at 1605 cm·1 (Lewis interaction, see below) (24). The 3728 cm·1 band of surface 
hydroxyls is more intense after ammonia adsorption which may indicate some dissociative 
bonding of ammonia {spectrum B): 

ZrOZr + NH3 -- > Zr(OH)Zr(NH2) 

At 573 K (difference spectrum D) the bands of adsorbed NH3 are still visible, as is a 
negative band at - 3637 cm·1

• Bands due to surface hydroxyls formed upon ammonia 
adsorption are visible at 3728 and 3678 cm·1• At -3520 cm-1 a positive band is clearly 
visible now which is ascribed to surface -NH2 groups formed upon dissociative bonding 
of NH3• Hertl (16) does not observe these stretch bands of surface -NH2 groups on his 
ammonia treated monoclinic Zr02 • 

3.3.4 Characterization of the ammonia treated Si02 and Zr02, spectra! region 
2000-1400 cm·1 

Ammonia treated Si02 cannot be studied in the 2000-1400 cm·' spectra! region due to îts 
low reflection yield (high absorbance, dilution with KBr is impossible when working with 
NH3). Ammonia treated Zr02 shows bands at 1605 cm·1 and at 1460 cm·1 (figure 5b). The 
1605 and 1460 cm·1 bands are visible up to 573 K. The 1605 cm·1 band is assigned to the 
H-N-H deformation (vil)) of Lewis bonded ammonia (24) and the 1460 cm·1 band to the 
H-N-H deformation (v4(t2)) of (very weakly) Brnnsted acid bonded ammonia (16). Note 
the IR bands of gaseous NH3 (H-N-H deformation band at 1628 cm-1) in spectrum 5a. 

3.3.5 Characterization of the ammonia treated Si02-Zr02 mixed oxides, spectra! 
region 4000-2500 cm·1 

Due to their higher acid strengths the mixed oxides show a larger ammonia uptake than 
the single oxides and the binding of ammonia is much stronger (1,2,5). The first 
adsorption of ammonia occurs around 873 K {in step 3 in our treatment). For Si02 the 
first adsorption of ammonia occurs at 473 K and for Zr02 at 573 K. Figures 6a-d show 
difference spectra of ammonia treated and untreated Si02-Zr02 mixed oxides at different 
temperatures (in step 4 of our treatment) in the 4000-2500 cm·1 region. At 373 K, 
additional absorption bands are observed at 3385-3360 (strong), 3290-3275 (strong), 
3220-3180 (shoulder), 3080-3030 (medium) and 2815-2830 (medium) cm·1 (Table 3). 

67 



Figure 5: 

B 

c 

Wavenumbers ( cm-1) 

Difference Infrared spectra in the 2000-1400 cm·1 region of Zr02 upon interaction with 
ammonia at 373 K (A: before and B: after flushing with Nz) and C: at 473 K. 

The first four bands are roughly the same as those of chemisorbed ammonia on Si02-Al20 3 

catalysts (22). In analogy with this study the 3380 and 3280 cm·1 bands are ascribed to 
respectively the asymmetrie (v3(e)) and symmetrie (v1(a1)) N-H stretch of Lewis acid 
bonded ammonia. The 3200 and 3050 cm·1 bands are ascribed to the asymmetrie (v3(tz)) 

and symmetrie (v1(a1)) N-H stretch of Bnmsted acid bonded ammonia respectively. The 
2815 cm·1 band is not mentioned in literature on NH3 treated Si02-Al20 3 catalysts. The 
band may be due to an 0-H stretch mode of surface hydroxyls hydrogen bonded to 
ammonia. The fact that on mixed oxides this band is shifted to lower frequencies 
compared to the single oxides may originate from their higher acidity. This is similar to 
the frequency shift of hydroxyls of acid molecules upon reaction with basic probes, which 
is larger when the acid strength of the hydroxyls is higher (25). 

From the difference spectra of the ammonia treated and untreated samples recorded at 
higher temperatures (Figures 6a-d) follows that almost no hydroxyl groups corresponding 
to the bands around - 3600 cm·1 disappear, indicating mainly a Lewis type of interaction. 
Only at 373 K the difference spectra of the Si87Zr13 and Si75Zr25 catalysts show apart of 
the broad OH band to disappear (negative peak at -3600 cm-1

). The 3745 cm·1 band of 
the isolated hydroxyl groups is influenced by ammonia adsorption too. From figures 6a-d 
we learn that the maximum of this peak shows a small red shift in the difference spectra 
up to - 573 K. This phenomenon may be due to either very weak Brensted interaction of 
ammonia or hydrogen bonding of isolated surface hydroxyls with nearby Lewis acid 
bonded ammonia but lattice relaxation may also be the cause. 

68 



Figure 6: 
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Difference spectrum of ammonia treated and untreated Si02-Zr02 mixed oxides at different 
temperatures in the 4000-2500 cm-1 region. a (upper): Si87Zr13, b (lower): Si75Zr:is 
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Difference spectrum of ammonia treated and untreated Si02-Zr02 mixed oxides at different 
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Surprisingly, at higher desorption temperatures (;;:;::: 573 K) new bands appear in the 3750-
3500 cm-1 region. Table 4 gives an overview of the band positions. These bands are most 
probably caused by dissociative (covalent) bonding of ammonia to the catalyst surface 
(16,24) again in which Si and/or Zr may be involved. Por amorphous and tetragonal Zr02 

this dissociative bonding is observed by Hertl (16), probably for (amorphous) mixed 
oxides containing Zr this may also occur. The sharp band at - 3735 cm-1 is thus ascribed 
to the 0-H stretch of the formed surface hydroxyls and the faint broad band in the region 
3700-3500 cm-1 is ascribed to the N-H stretch of formed surface -NH2 groups. The 
frequencies differs for the various probes, which may depend on the amount of Zr present 
in the mixed oxide. The species formed upon dissociative bonding of NH3 are probably 
already present at lower temperatures but unnoticed in the (differential) DRIFT spectra 
because of the interference of other stronger bands (shift of bands of surface hydroxyls 
gives negative peaks). 

TABLE 4: 

Absorption frequencies (cm-1) of bands due to surface -OH or -NH2 groups 
on Si02-Zr02 mixed oxides occurring at - 573 K. 

Si87Zr13 Si15Zr25 SisoZrso Si25Zr75 Assignment 

3734 3734 3735 3728 
0-H stretch of surface 
X-OH groups 

-3685 -3660 -3570 3570 
N-H stretch of surface 
-NH2 groups 

Upon heat treatment in N2 the acid bonded ammonia desorbs. The weaker bands at -3210 
and - 3050 cm-1 disappear at - 573 K. The sharp bands at 3385 and 3290 cm-1 disappear 
at temperatures above - 673 K. The bands of the surface species formed upon dissociative 
bonding of NH3 do not disappear in the heat treatment which means that they are 
thermally very stable. 

3.3.6 Characterization of the ammonia treated Si02-Zr02 mixed oxides, spectra! 
region 2000-1400 cm-1 

The H-N-H deformation vibration of ammonia adsorbed on acid sites of a catalyst occurs 
in the 2000-1400 cm-1 region. A precise study is not simple because of the low infrared 
transparency (and reflection yield) of the catalysts due to cation-oxygen stretching and 
cation-oxygen-cation bending absorptions. Si02 and Si02 rich mixed oxides particularly 
suffer from this phenomenon. Using difference spectra, however, it is tried to evaluate 
qualitatively the spectra of the ammonia treated mixed oxides in this region. 
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In Figures 7a-d difference spectra of ammonia treated and untreated Si02-Zr02 mixed 
oxides are shown (at different temperatures in the ammonia desorption programme, step 
4). Chemically bonded ammonia on the mixed oxides yields two additional bands in this 
frequency region. Table 3 lists peak positions of H-N-H deformation vibrations of all NH3 

treated samples. Assignments are again taken from literature (22) on ammonia treated 
Si02-Al20 3• At 1609 cm-1 a peak of the H-N-H deformation mode (v4(1)) of ammonia 
adsorbed on Lewis acid sites occurs and at -1435 cm-1 a large band of the H-N-H 
deformation (v4(t2)) of ammonia on Brnnsted acid sites is visible. Ata temperature of 673 
K the bands are very small, and at 773 K NH3 ammonia is completely desorbed. Both the 
band due to ammonia on Brnnsted acid sites and the band due to ammonia on Lewis acid 
sites are visible at 673 K, however_ H-N-H deformation bands of surface -NH2 groups 
( dissociative NH3 bonding) should also be found in this region. On amorphous Zr02 these 
bands are reported to appear at 1550 cm-1 (16) and on Si02 at 1555 cm-1 (24). Around this 
position no band is observed which may be caused by a low concentration or a low 
extinction coefficient_ The species may furthermore have a different band position when 
present on the mixed oxides, interfering with either the 1600 cm-1 or the 1435 cm-1 band. 

3. 3. 7 General Discussion 

Summarizing the experimental results we find that the DRIFTS experiments on Si02-Zr02 

mixed oxides and the single oxides yield valuable information on the surface structure and 
hence the acidity of the oxides. Surface hydroxyls lead to bands in the region from 3750 
to 3180 cm-1• Single or geminal isolated hydroxyls of (mixed) oxides containing Si02 have 
a sharp band at 3741-3746 cm-1

• The positions of the bands due to OH-nests differ as a 
function of Zr02 content, and are at lower frequencies (on average) as the Zr02 content 
increases. The Zr02 catalyst is crystalline and shows several sharp bands due to surface 
hydroxyl groups. The number of bands observed is larger than reported by other groups 
and frequencies diff er indicating a difference in surface structure. The chemical mixing 
of Zr in a Si02 matrix is proven using the 1400-400 cm-1 spectra! region where new 
Si-0-Zr bands appear at 980 and 910 cm-1• 

New bands due to chemisorbed and physisorbed ammonia appear and an effect on the 
vibration ascribed to surface hydroxyl bands is noticed. On Si02 , weak Brnnsted 
interaction is observed. Tuis follows from band positions of the N-H stretch vibrations of 
chemisorbed ammonia and of the shifts of 0-H bands of surface hydroxyls combined with 
a low desorption temperature_ On our Zr02 catalyst both weak Brnnsted and Lewis 
interaction is observed. This follows from band positions of N-H stretch and H-N-H 
deformation vibrations and the shift of 0-H bands. Also some dissociative binding of NH3 

occurs as follows from a higher intensity of some 0-H stretch bands and new bands 
ascribed to surface -NH2 groups. The acid sites on Zr02 have a higher acidity than the 
sites on Si02 since higher temperatures are needed to desorb ammonia. 
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The assignments of the absorption bands of chemically bonded ammonia on the SiOrZr02 

mixed oxides in the high frequency region (N-H stretch of adsorbed ammonia and shift 
of surface hydroxyls) are not completely in agreement with those in the low frequency 
region (H-N-H deformation) when assignments published for SiOrA120 3 are used. On the 
one hand, in the high frequency region mainly Lewis interaction is observed: the strongest 
bands due to chemically bonded ammonia are found at 3385-3360 and 3290-3275 cm-1 

(ascribed to Lewis acid bonded ammonia in analogy with studies on Si02-Al20 3). 

Furthermore no clear disappearance of 0-H stretch bands of isolated hydroxyls or 
hydroxyl nests can be seen at temperatures above 373 K indicating the absence of a 
dominating Bmnsted interaction. However, the formation of surface -NH2 groups upon 
dissociative binding of ammonia yielding bands at 3570-3685 cm-1 may hamper the correct 
interpretation of the high frequency region i.c. disappearance of OH groups. Only a small 
shift in the position of the isolated hydroxyls (3745 cm·1 band) is found up to 573 K which 
is probably not due to direct (chemical) bonding of hydroxyls to ammonia. The hydroxyl 
nests (around 3600 cm-1

) do not seem to be affected at a temperature of 473 K and higher. 
The faint bands at 3220-3180 and 3070-3030 cm·1 can be ascribed to Bnmsted acid bonded 
ammonia. On the other hand, in the low frequency region two strong H-N-H deformation 
bands can be seen at 1609 cm·1 (Lewis acid bonded ammonia) and at 1440-1460 cm·1 

(Brnnsted acid bonded ammonia) up to 673 K. 

The apparent differences in observation of the mode of ammonia adsorption in the high 
vs. the low frequency region may be caused by several misleading phenomena. First of 
all, due to the low reflectivity of Si02 and Si02 rich mixed oxides the study of the H-N-H 
deformation region and especially below - 1500 cm·1 is very hard. It is imaginable that 
artefacts cause band-like features when calculating difference spectra. E.g. a small 
pollution with hydrocarbons can cause bands in this region. Then also bands around 3000 
cm·1 should be found, however, which seem absent in our spectra. Secondly, large 
differences in extinction coefficient for the different bands may mislead. Indeed Basila and 
Kantner (22) reported a ratio of 7 for the extinction coefficients e of NH3 on Bmnsted acid 
sites (1432 cm-1

) and NH3 on Lewis acid sites (1620 cm-1
) on Si02/ Alp3, explaining that 

a small amount of Bmnsted acid bonded ammonia gives a relatively large absorption band. 
When we look at our spectra in the H-N-H deformation region, however, we see that the 
1432 cm·1 band is 5 to 10 times more intense than the 1620 cm·1

• Applying the ratio 
mentioned we should conclude that roughly equal amounts of Brnnsted and Lewis acid 
bonded ammonia are present. This seems not in agreement with the measurements in the 
N-H stretch region. Note that at 473 K still a lot of NH3 is present in a TPD experiment 
(see Table 1), viz. 3 to 5 molecules NH3 per nm2 implicating that if there exists a 
significant Bmnsted interaction with ammonia at this temperature that it would affect the 
OH bands and cause an effect in the spectrum. Thirdly, covalent bonding of ammonia 
yields extra surface hydroxyls and -NH2 groups. The latter species may have an absorption 
band in the deformation region interfering with e.g. the 1450 cm·1 band. Furthermore 
these species are thermally very stable and bands may be visible up to high desorption 
temperatures. 
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As a general remark we would like to add that in our opinion the use of positions of 
infrared absorption bands of adsorbed ammonia as an indicator for the mode of interaction 
(Lewis/Brnnsted) is questionable. Studies on model systems (see e.g. Tsyganenko (24)) 
show that, dependîng on the extent of interaction between ammonia and Brnnsted acids, 
N-H stretch vibrations at a broad range of frequencies may result (3340-3()00 cm-1

). In 
principle the same can be said for Lewis acid bonded ammonia. This means that both 
Lewis and Brnnsted acid bonded ammonia may show an N-H stretch vibration in a broad 
frequency range. In our opinion the H-N-H deformation vibration of Brnnsted or Lewis 
acid bonded ammonia may be found in a broad frequency region too. This also means that 
band positions for H-N-H deformation and N-H stretch of chemisorbed ammonia on 
Bnmsted and Lewis acid sites on Si02-A120 3 cannot be used for our system. 

For the above reasons it is impossible to judge on the mode of interaction from the 
position of N-H stretch or H-N-H deformation bands of adsorbed ammonia alone. A 
Br0nsted interaction (of surface hydroxyls) of a catalyst with a basic probe molecule must, 
however, be accompanied with a shift of (apart of) some OH bands to lower frequencies. 
This is a consequence of the lower force constant of the 0-H bond after interaction with 
a basic probe. Although complications arise from surface hydroxyls and -NH2 groups 
formed upon dissociative (covalent) binding of ammonia the disappearance of OH groups 
is presumably a stronger effect. Thus, contradictory results are obtained on the presence 
of strong Brnnsted acid sites (using band positions based on literature assignments), but 
from the fact that the surface hydroxyls are unaffected at temperatures ;;:: 573 K we can 
conclude that no strong Brnnsted acid sites exist and that the dominating mode of 
interactîon of our Si02-Zr02 mixed oxides with ammonia is of the Lewis type. Weak 
Br0IlSted interaction can be seen, however, on all mixed oxides. 

lt is interesting to compare the results of the current DRIFTS study with respect to the 
type of acid sites present to qualitative models postulated in literature on the nature of acid 
sites in mixed oxides. Both Tanabe (26,27) and Kung (28) postulate a valuable and easy 
to use theory on the type of acid sites existing in mixed oxides, presuming dilute solid 
solutions of one cation in a matrix of the main oxide. The Tanabe model uses a localized 
approach and examines the effect of a change in coordination number of the substituting 
ion in a matrix to predict the generation of acidity. According to the Tanabe theory, in the 
Si02-Zr02 system we have strong Brnnsted acid sites in Si02 rich mixed oxides and strong 
Lewis acid sites in Zr02 rich mixed oxides. The Kung model on the formation of new acid 
sites in dilute oxide solutions predicts Lewis acidity when substituting Zr02 in a Si02 

matrix. This model, in contrast to Tanabe's, uses a global parameter (lattice self-potential) 
to predict the effect of the substituting ion on the matrix. A Zr cation is predicted to be 
electrostatically more stable in Si02 than in Zr02 and therefore Zr in Si02 is more able 
to accept electrons ( = Lewis acidity). Our observations are in agreement with the 
predictions of the Kung theory. Dyakonov (3) already concludes from his experiments 
(pyridine on Si0i-Zr02 80/20 w/w mixed oxides) that his catalysts contain weak Brnnsted 
and strong Lewis acid sites. This seems to be in agreement with our observations on the 
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chemisorption of ammonia: all mixed oxides (regardless of the Si/Zr molar ratio) contain 
strong Lewis acid sites and weak Brnnsted acid sites. Hence we conclude that the Kung 
theory is better applicable to our system. 
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3.4 CONCLUSIONS 

We conclude that the Si02-Zr02 coprecipitates in our study do not contain strong Bmnsted 
acid sites. Only weak Bmnsted interaction with ammonia occurs. The main interaction of 
the surface acid sites with ammonia is of the Lewis type. Furthermore some dissociative 
bonding of NH3 occurs. Both the single oxides (Si02 and Zr02) contain only weak acid 
sites. On Si02 the acid sites are of the Bmnsted type, on Zr02 both Lewis and Bmnsted 
acid sites are present and also some dissociative binding of NH3 is observed. 

The use of band positions of adsorbed ammonia on solid acids as indicators for the mode 
of interaction (Bmnsted or Lewis) is dissuaded since, depending on the extent of 
interaction between the basic probe and the surface acid site, infrared bands of the 
adsorbed base at a range of frequencies seem possible. There is no reason to assume that 
unique band positions for adsorbed ammonia on either Brnmsted or Lewis acid sites exist. 
The shift of hydroxyl bands upon adsorption of a basic probe, however, is a clear 
indicator of Bmnsted interaction as is illustrated in this study. The temperature of 
desorption of the basic probe is an indicator of acid strength. 
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4 

DIFFUSE REFLECT ANCE INFRARED 
SPECTROSCOPY ON 

PYRIDINE TREATED Si02-Zr02 

SOLID ACID CATALYSTS 3 

4.1 INTRODUCTION 

Ina previous study (1) the adsorption of ammonia on Si02-Zr02 catalysts is studied with 
DRIFTS to elucidate their acid properties. A good insight in both the nature and the 
strength of the acid sites is obtained, but observations of adsorbed ammonia in the N-H 
stretch region seem not completely in agreement with observations in the H-N-H 
deformation region. The absence of an effect of adsorbed ammonia on the 0-H stretch of 
surface hydroxyls above - 473 K, however, is a clear indicator of the absence of a 
dominating Bnmsted interaction. Nevertheless, to check the results obtained it was decided 
to study the interaction of our Si02-Zr02 catalyst with another basic probe, viz. pyridine. 

Both ammonia and pyridine are often used to establish the acid properties of surfaces of 
mixed oxides (2-4). In aqueous solution ammonia is a much stronger base than pyridine 
(pKb's of 4.75 and 8.75 for ammonia and pyridine respectively), but pyridine is a much 
stronger base in the gas phase (the proton affinity is 922.2 kJ/mol for pyridine, compared 
to 857.7 kJ/mol for ammonia (5)). Moreover, Parrillo et al. (5) studied the adsorption of 
ammonia and pyridine in three H-ZSM-5 samples varying in Al content and found heats 
of adsorption of 145 kJ/mol for ammonia and -200 kJ/mol for pyridine up toa coverage 
of one molecule base per AL Thus, pyridine appears to be a stronger base when probing 
acid sites in catalysts. Note that the difference in heat of adsorption between pyridine and 
ammonia is comparable to the difference in proton affinities in the gas phase. 

Adsorption of pyridine at different acid sites may result in a large change in centre, 
intensity and profile of vibrational bands as compared to their corresponding bands in the 
free, unperturbed molecule. From model systems the genera} position of a specific 

3 This Chapter is an adaptation of a publication submitted to the Journal of 
Catalysis with R. Ferwerda (corresponding author), P. Sinclair, R.J. Meier, 
J.H. van der Maas, and B.J. Kip as coauthors. 
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vibration of pyridine interacting with a given type of adsorption site can be found. When 
pyridine interacts with an acid site the frequency of the ring vibrations (19b, 19a, 8b and 
8a; according to the assignment of the vibrational modes ofbenzene by Wilson (6)) is seen 
to increase. Traditionally, this corresponds to a strengthening of the bonds leading to 
increased force constants. The correlation between interaction type and band position 
according to the original work of Parry (7) is given in Table 1. These assignments will 
be used as a guide for the interpretation of our spectra. However, the interpretation of 
vibrational spectra resulting from the use of pyridine as a probe molecule is still debated. 
The situation is further complicated by the fact that the shifts and relative intensities of the 
ring modes of adsorbed pyridine in infrared spectroscopy seem to depend on the nature 
of the catalyst, thus making the assignment of bands difficult (3,8-10). 

TABLE 1: 

Positions of vibrational bands (cm-1
) of pyridine ring modes adsorbed 

on different surface sites, according to the original work of Parry (7). 

Adsorption on 
Mode 

Liquid OH-group Lewis site Brnnsted site 

Sa 1582 1590-1600 1600-1633 1640 

8b 1575 1580-1590 1580 1620 

19a 1482 1485-1490 1488-1503 1485-1500 

19b 1438 1440-1447 1447-1460 1540 

A Bnmsted site is defined as an OH group which is acidic enough to transfer its proton 
to pyridine, forming a pyridinium ion at room temperature, whereas association with an -
OH site will be referred to as hydrogen bonded pyridine. Furthermore, in literature (11-
14) the interaction between pyridine and OH groups (hydrogen bonded pyridine) is often 
described as 'physisorbed'. At lower temperatures ( < 373 K), however, pyridine species 
are observed which have (almost) liquid-like features and we would like to adopt the 
definition that these species are 'physisorbed' pyridine. The different interactions are 
depicted in figure 1. 

Figure 1: 
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Scheme of pyridine interacting with the various acid sites at the surface of mixed oxides. 



Relatively few reports have been published conceming (pyridine adsorption onto ( 11, 15-
17)) Si02-Zr02 chemically mixed systems (1, 18-21). Dzisko et al. (18, 19) studied the 
acidity of catalysts formed by co-precipitation ofzirconium oxychloride and the ethyl ether 
of orthosilicic acid in water-alcohol with respect to their activity in several reactions. 
D'yakonov. and co-workers (15) described infrared experiments on Si02-Zr02 using 
pyridine as a probe molecule. They reported weak OH sites (Si-OH-Zr) and strong Lewis 
(Zr ion) sites. Slink in et al. (16, 17) also found both Lewis and Brnnsted acidity, using the 
intensities of the bands at 1490 and 1443 cm·', of which the former is believed to be 
mainly due to Brnnsted (13,22) and the second to Lewis acidity. According to Table 1 the 
latter is to be attributed to a hydrogen bonded species, but it appears that the wavenumber 
of the 19b mode of pyridine (figure 2) adsorbed onto Lewis sites depends on the nature 
of the cation and can be as low as 1443 cm·' (23). 

Several authors have reported on pyridine adsorbed onto pure Si02 (7,12,23-28) or Zr02 

(9-11,23) samples. Si02 is known to show little acidity, adsorbing only small amounts of 
pyridine which are easily removed. The observed bands (1597 and 1446 cm·') are 
diagnostic for hydrogen bonded interactions, i.e. OH groups which are not acid ic enough 
to transfer their proton to pyridine. Lewis acidity on Si02 has only been reported after 
very severe evacuation (12). Although all authors carne to the same conclusions regarding 
the adsorbed state of pyridine on Si02 surfaces, literature shows slight variation in the 
observed vibrational frequencies with different sample preparations and measurement 
techniques. Lion et al. (28) reported a frequency of 1455 cm·' for the 19b band of 
pyridine adsorbed onto Aerosil, but this va\ue seems rather high. 

Most authors state that Zr02 shows Lewis acidity only (10,11,23), although Brnnsted 
acidity has occasionally been reported (9). Niwa et al. (Il) assigned the bands they 
observed at 1615 and 1455 cm·' to 'physically and hydrogen bonded pyridine'. However, 
one might argue that these should be attributed to Lewis acidity (Table !). Their Zr02 

sample does not show any Brnnsted acidity. Morterra et al. (10) used a curve fitting 
technique to correct the spectra of pyridine adsorbed on Zr02 for the spectrum of liquid 
pyridine. They concluded that at least two different Lewis sites are present at the surface 
(bands at 1603 and 1597 cm·', respectively). However, their assumption that the band at 
1580.6 cm·1 sterns from a liquid-like species is questionable since several authors have 
assigned it to pyridine hydrogen bonded to surface hydroxyls (7,12,23-25). Furthermore, 
care should be taken with these subtraction techniques since small band shifts could cause 
artefacts and therefore misinterpretation. 

Summarizing, pyridine may yield an additional insight in the acid characteristics of the 
surface of our Si02-Zr02 mixed oxides. Most probably its base strength in the (gas phase 
like) experiment is higher than that of ammonia, and we may be able to see an interaction 
with less acidic groups like surface hydroxyls. 
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4.2 EXPERIMENTAL 

4 .2. l Catalyst preparation 

The chemically mixed oxides used in this study were synthesized by a novel method of 
co-precipitation involving the basic hydrolysîs of H2SiF6 and H1ZrF6• Experimental details 
on the preparation are described elsewhere (21). In this work a series of six catalysts with 
varying ZrO, contents were used. Some oftheir properties (21), which are of importance 
for the infrared study described here are reproduced in Table 2. 

TABLE 2: 

Propertles. of rhe Si02~Zr02 mixed oxides of relevance for the DRlFT srudy. 

Catalyst Zr concentration BET surface area nurnber of number of 
code (male-%) (m1/g) v.·eak acid sïies1 strong acid sites2 

Si1ooZro 0 120 6.5 0.4 

Sî87Zr0 7 154 5.7 3.1 

S11~Zr25 !4 119 6.3 5.0 

SixZr"0 33 69 0,6 3.9 

Si25Zr1~ 59 118 3.9 3.2 

Si0Zr 100 100 22 1.9 L6 

1 Anunonia content (number per nrn1:) at 323 K minus content at 473 K in a TPD experiment. 
2Ammonia content (number per run2

) at 473 Kina TPD experiment (21). 

4 .2.2 Infrared measurements 

Infrared spectra were recorded on a Perkin Elmer 1760X FT-IR instrument wilh a DTGS 
detector, equipped with an environmental diffuse reflectance infrared cell {SpectraTech, 
model 0030-100), operating in the temperarure range from room temperature up to 623 K 
(temperature of catalyst bed). Self-pressed KBr windows were used in the catalytic 
chamber. The energy throughput of the set up relative to the open beam was about 15 % 
for an aligrnnent mirror at the sample position and approximately 3 % for KBr powder. 
The set up with the alignment mirror was used as background (256 scans at a resolution 
of 4 cm-1). The sample compartment was kept at a constant temperature of 294 K (21 ~C) 
and purged in order to removc water vapour. 

The samples were diluted with 50 wt% KBr (Spectragrade) to decrease the specular 
reflectance component of the SiO, stretching vibrations which obscures the pyridine ring 
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vibrations in the 1700 to 1400 cm·• region. Experiments on pure catalysL> showed that no 
structural changes of the catalyst surfaces occurred due to the presence of KBr. The 
amount of pyridine adsorbed on the KBr was negligible (maximum 2 % for pyridine 
adsorption ar RT, less for adsorption at higher temperatures). Spectra were recorded at 
room temperature (256 scans at a resolution of 4 cm 1), after pre-treatment of the catalyst 
in a 50 ml/min 10 % 0 2/Ar flow (supplied by Hoekloos and of high purity (5.0 N), 
passed through a 'hydrosorb' trap (Messer Griesheim) before use) for 15 min at 294, 473 
and 573 K, respectively. After pre-treatment the cell was cooled to room temperature in 
a statîonary atmosphere and a spectrum was taken. The temperature in the cel! was 
increased by steps of 50 K per 3 min. 

The experimental procedure is depicted in figure 2. The temperature of the pre-treated 
(623 K, unless otherwise stated) catalyst was raised to 473 K and pyridine (Aldrich 
27,097-0; purity >99 %, <0.005 % water) adsorption onto the catalyst was allowed for 
5 min by introducing pyridine vapour into an Ar gas flow (50 ml/min) using a simple 
saturator operating at 294 K (partial vapeur pressure: -20 Torr = -2.7·!03 Pa). 
Adsorption was followed by purging with Ar for 3 min at the adsorption temperature in 
order to remove gas phase pyridine. The cell was subsequently cooled to room 
temperature in a statie atmosphere and a spectrum was recorded. Next, the temperature 
of the catalyst was increased to 373 K and the procedure was repeated. Finally, pyridine 
was adsorbed at room temperature. In order to estimate the adsorption strength of pyridine 
onto the different Si02-Zr01 catalysts, the fully loaded binary oxide was heated to 573 K 
in an Ar flow (50 K per 3 min). The catalyst was kept at this temperature for 5 min, still 
in an Ar flow, af ter which the cell was cooled under a statie Ar atmosphere and a 
spectrum was recorded at room temperature. 

-S"1k11111<11i*ora 

- ~low t 

Figure 2: Schen1e of pre-treatn1ent and measuren1ent rnethods. 
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4.3 RESULTS AND DISCUSSION 

4. 3 .1 Pyridine adsorption on Si02 

The pretreatment (heat treatment) of silica yields spectra as displayed in figure 3 below. 
Among others water loss can be observed from a decrease in intensity of the bands due 
to hydroxyl nests ( - 3600 cm-1

) and an increase of the band due to isolated silanols 
(3745 cm-1

). At 473 K all physisorbed water is removed. In the low frequency region 
bands remain around 1990, 1870 and 1640 cm-1 after all water has desorbed, which are 
regarded as absorption bands ( combination or overtone band) of the Si02 skeleton (3). 

4000 3500 3000 2500 2000 1500 

Wavenumber (cm-1) 

Figure 3: Infrared spectrum of silica (Si100Zr0) after pre-treatment at the indicated temperature (K). 

On adsorption of pyridine on Si02 (pretreated at 623 K) the hydroxyl stretching region 
changes as shown in figure 4. Adsorption of pyridine at 473 K results in little change of 
the OH stretching region compared to the original spectrum of the catalyst activated at 
623 K. Adsorption at lower temperatures significantly reduces the intensity of the 3745 
cm·1 band (isolated silanol) as indicated by the large negative band and leads to the 
formation of a broad band centred around 3000 cm·1 with a window at approximately 2450 
cm·1 caused by Fermi resonance of the perturbed OH stretching frequency and an overtone 
or combination band of lower energy deformations (12,28,29). Adsorption at room 
temperature results in a broadening of the negative band at 3745 cm·1 to lower frequency 
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(3730 cm-1). Further, it can be observed that the broad band at about 3600 cm·1 in the 
original spectrum (figure 3) is hardly affected by pyridine adsorption. This band is 
attributed to hydrogen bonded silanol groups (nests), and apparently these groups are less 
able to adsorb pyridine than the free silanol groups. Tuis feature is similar to the one 
observed in the DRIFTS study with NH3 (1). The bands appearingjust over 3000 cm·1 are 
assigned to the C-H stretching vibrations of adsorbed pyridine. 

The corresponding pyridine ring vibrations are displayed in Figure 5. Two weak bands 
are observed at 1600 and 1448 cm·1 after adsorption at 473 K. On adsorption at 373 K and 
RT these bands increase in intensity, and shift to 1598 and 1447 cm·1

• Furthermore, bands 
at 1625, 1617, 1580, 1488 cm·1 and a shoulder at the low frequency side of the 1447 cm·1 

band show up. 

The DRIFT spectra of pyridine adsorbed on silica are consistent with previously reported 
transmission spectra (7, 12,23-25,27 ,28). Only pyridine hydrogen bonded to the silica 
surface is present. On adsorption at room temperature bands attributed to physisorbed 
pyridine (weakly bound to the surface) are observed (1580 cm·1 and a shoulder at 1438 
cm-1). Some authors (13,14) assign the 1617 cm·1 band to hydrogen bonded pyridine too, 
although it is not always reported (7, 12,24,28) or ascribed to interaction with weak Lewis 
sites, e.g. cations (27). In our opinion, it should be attributed to an interaction with an OH 
group, since no Lewis sites are present on silica (only when evacuated under severe 
conditions (12)) and tentatively assign it to the 1 +6a combination band, which shows up 
at about 1598 cm·1 in liquid-like pyridine according to (10,30) and shifts to 1614 cm·1 in 
the H20-complex (30). The small red shifts observed at lower temperatures are probably 
caused by varying acid strengths of the OH groups on the surface. Pyridine first adsorbs 
onto the strongest sites, characterized by the highest frequency bands, and then on the 
relatively weaker sites (8). Some authors favour the view of surface-coverage-induced 
effects, i.e. at high adsorbate coverage, interactions between adsorbed species can cause 
the vibrational frequencies to shift to different frequencies (10). In the Si02 system no 
indications are found for this behaviour, since a broadening of the bands is observed at 
the same time. Yet, this possibility cannot be excluded. The band at 1625 cm·1 may be due 
to traces of re-adsorbed water. 
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Figure 4: 

Figure 5: 
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Difference spectrum of OH stretching region for Si02 before and after pyridine adsorption 
at the indicated temperature (K). 
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Ring vibrations region for pyridine adsorption onto Si02 at the indicated temperatures (K). 
The spectra have been corrected for catalyst background after pretreatment at 623 K. 



4.3.2 Pyridine adsorption on Zr02 

In introductory experiments the effect of heat treatment on the 0-H stretch bands of Zr02 

was examined. lt is found that all molecular water has disappeared at 473 K. After the 
heat treatment the spectrum of the catalyst is comparable to the one displayed in chapter 
3, figure 2. One difference was the presence of C-H stretch bands between 3000 and 2900 
cm·' in this study probably due to (saturated) hydrocarbons or carbonates, which can be 
removed by heat treatment at 623 K. 

On pyridine adsorption at 473 K only the high frequency side of the 3730 (-3740) cm·' 
band is reduced (figure 6). A broad band due to perturbed hydroxyls centred around 3200 
cm·' is observed in the difference spectrum (not shown). After pyridine adsorption at room 
temperature the 3730 and 3690 c1u-1 bands have disappeared and the 3635 and 3554 cm·' 
bands both broaden and shift to lower frequencies (3615 and 3550 cm·', respectively). The 
band at 3482 cm·' remains visible. 

The pyridine ring vibrations region is complicated by two broad negative bands centred 
around 1520 and 1390 cm·' (figure 7). After adsorption at 473 K bands at 1607, 1576, 
1491 and 1445 cm·' are clearly observed. No characteristic Bnmsted band around 1545 
cm·' is identified, which may be due to the fact that this region is obscured by the broad 
negative band at 1520 cm·'. On adsorption at lower temperatures new bands appear at 
1595 and 1580 cm·', while all bands shift to slightly lower frequencies. 

The bands observed after adsorption of pyridine at 4 73 K are assigned to pyridine 
associated with Lewis sites (1607, 1576, 1491 and 1445 cm-1

). Some Brnnsted sites are 
probably present at the surface indicated by a very weak band at 1640 cm·', although the 
typical Brnnsted band at 1545 cm-1 can not unequivocally be identified. On adsorption at 
lower temperature hydrogen bonded pyridine is observed ( characterized by the band at 
1595 cm-1

), corresponding toa simultaneous decrease of the 3730 and 3690 cm-1 bands 
in the OH stretching region. Although all pyridine bands shift to slightly lower frequency, 
no decisive answer can be given on the question whether these shifts are caused by a 
surface-coverage-induced effect or a heterogeneous distribution of acid strengths. 
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Figure 6: 

Figure 7: 

90 

I'' r 
v 

..;._..,.,,,_.,,-~" pretreated at 3 50 

4000 3500 3000 

Wavenumber (cm-1) 

2500 2000 

OH stretching region for original zirconia on adsorption of pyridine at the indicated 
temperature (K). 
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Ring vibrations region for pyridine adsorption onto original Zr02 at the indicated 
temperature (K). The spectra are corrected for catalyst background after pretreatment at 
723 K. 



4.3.3 Pyridine adsorption on Si02-Zr02 mixed oxides 

As with the single oxides Si02 and Zr02 an introductory program was carried out, in 
which the effect of the first heat treatment was studied. Upon heat treatment of the mixed 
oxides the broad band centred around 3400 cm-1 (exact frequencies differ as a function of 
Zr content), which seems to be composed of at least two contributions (see Chapter 3), 
decreases in intensity and shifts to higher frequency. Simultaneously, the peak at about 
3745 cm-1 increases in intensity. The spectra of the Si02-Zr02 samples after pre-treatment 
at 623 K reveal bands at about 1980, 1860 and 1620 cm-1 which decrease in intensity with 
lower Si02 content (not shown). Similar to the corresponding bands in the spectra of pure 
silica, these bands are assigned to combination or overtone bands of the Si02 skeleton. 
The amount of residual water after pre-treatment at 473 K, as determined from the area 
of the band around 1630 cm-1, depends on the Si02-Zr02 ratio; about 70 % molecular 
water is removed from Si50Zr50, from the other mixed oxides approximately 85 % bas 
desorbed. No molecular water seems to be present after treatment at 623 K. 

On adsorption of pyridine the intensity of the band at 3745 cm-1 decreases with decreasing 
pyridine adsorption temperature (illustrated for Si50Zr50 in figure 8). Adsorption at lower 
temperatures furthermore results in a broadening of the difference band of the free OH 
group indicating that first the OH groups with high frequency (3745 cm-1) interact with 
pyridine, followed by OH groups with lower frequency (-3730 cm-1

). Concurrently, a 
broad band centred near 3000 cm-1 appears, showing an absorption window at 2450 cm-1 

typical of strong hydrogen bonding (analogous to the observation reported in 4.3.1 with 
Si02). The OH stretching bands at lower frequency (3600 cm-1

), attributed to hydrogen 
bonded OH groups, seem not influenced at all by pyridine adsorption. 

Although free silanol groups of pure silica (peak at 3745 cm-1) are not strong enough to 
adsorb pyridine at 473 K, this species is at least partly occupied in the mixed oxides at 
that temperature, and even after desorption at 573 K. The peak overlaps with the hydrogen 
bonded OH stretching bands (-3600 cm-1), but it appears that after pyridine adsorption 
at 473 K relatively more OH groups are occupied upon increasing the zirconium content 
up to Si50Zr50 , whereas Si25Zr75 shows a decrease again. Moreover, the band at 3745 cm-1 

is almost completely absent in the spectra of Si100Zr0, Si87Zr13 and Si75Zr25 after pyridine 
adsorption at room temperature, whereas a significant band is still present at 3740 cm-1 in 
both Si50Zr50 and Si25Zr75 • Thus, although the position of the band hardly differs from 
catalyst to catalyst (within 4 cm-1), its interaction ( = acid} properties do. lt is well
established that terminal SiOH groups vibrate at about 3745 cm·1 (20} and the band is 
therefore assigned to a silanol group which is in the vicinity of a zirconium atom, viz. 
Si-OH(-Zr). Difference and derivative spectra (not shown} suggest that the band might 
consist of several contributions with varying acid strength. 
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Figure 8: 
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Difference spectrum of OH stretching region for Si50Zr50 before and after pyridine 
adsorption at the indicated temperature (K). 

Figures 9 (a-d) show the ring vibration of adsorbed pyridine for the various mixed oxides. 
A braad and complex band between 1650 and 1580 cm-1

, together with bands at 1545, 
1490 and 1448 cm-1 are observed for all catalysts after adsorption at 473 K. At lower 
temperatures a band at -1580 and a shoulder at about 1438 cm-1 appear, while all bands 
shift to slightly lower wavenumber. 

From the spectra it is apparent that at 473 K pyridine is adsorbed onto bath Lewis (peaks 
around 1610 and 1448 cm-1

) and Brnnsted sites (peaks at 1640, 1545 and 1490 cm-1
) on 

all catalysts. At lower temperatures hydrogen bonded pyridine becomes prominent (band 
at -1580 cm-1), and physisorption is observed (1438 cm-1). 

The difference spectra of subsequent adsorption temperatures (373 minus 473 K and 294 
minus 373 K, not shown) reveal a braad band centred around 1615 cm·1

, which increases 
in intensity with decreasing temperature. This band is assigned to the deformation mode 
of molecular water. Curve fitting routines suggest that even at 473 K re-adsorption onto 
the surface takes place. This is a major drawback of flow systems: water present in (basic) 
probe molecules or in the carrier gas may adsorb onto the surface during exposure of the 
catalyst to the gas flow, despite its low concentration and basicity. The flow continuously 
transports new water and thus affects its partial vapour pressure above the surface. Owing 
to its high extinction coefficient, the region between 1650 and 1600 cm-1 will be 
dominated by the bending mode. Furthermore, HP will associate with some of the Lewis 
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Ring vibrations region for pyridine adsorbed on mixed oxides at the indicated temperature 
(K). The spectra are corrected for catalyst background after pre-treatment at 623 K. 
a (upper): Si8'7Zr13, b (lower): Si75Zr25• 
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Figure 9: 
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Ring vibrations region for pyridine adsorbed on mixed oxides at the indicated temperature 
(K). The spectra are corrected for catalyst background after pre-treatment at 623 K. 
c (upper): Si5oZr50, d (lower): Si25Zr75 . 



sites, possibly forming Bmnsted sites (3,26). We emphasize that when the bending mode 
of water is observed in the infrared spectra (27 ,31) after pyridine adsorption, it is not 
clear whether the observed interaction of pyridine with Bmnsted sites should be attributed 
to acidic Si-(OH)-Zr bridges or to H20 re-adsorbed onto Lewis sites. 

In order to get a better insight in the effect of water on the interaction of pyridine with 
Si02-Zr02 systems, Si50Zr50 was activated at 623 K after which pyridine was adsorbed at 
473 K. Next, a water-saturated Ar flow was pulsed (10 s) over the catalyst surface at 
473 K and a spectrum was recorded at room temperature. The temperature was then raised 
to 423 K and exposed to water once more. The catalyst was cooled to room temperature 
and an additional spectrum was recorded. The difference spectrum before and after the 
second (423 K) pulse is displayed in figure 10. Obviously, Lewis acid sites (1610 and 
1448 cm-1) are transformed to Brnnsted acid sites (1545 and 1490 cm-1), while the water 
deformation mode around 1620 cm·1 becomes visible. The small change in the ratio of the 
area of the peaks at 1545 and 1490 cm·1 indicates that, although the 1490 cm·1 band is 
predominantly typical for Bnmsted acidity, some contribution of Lewis bonded pyridine 
is present. 

Figure 10: 
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Effect of water on ratio of Lewis and Brnnsted sites of SisoZrso after pyridine adsorption 
at 473 K and subsequent water adsorption at 423 K. The spectrum shown is a difference 
spectrum, i.e. the pyridine spectrum before water adsorption is subtracted. 
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From the various spectra of pyridine adsorbed onto the mixed oxides it is clear that the 
Bnmsted sites are mainly characterized by bands at 1640, 1545 and 1490 cm·1

, and the 
Lewis sites by bands at 1610 and 1448 cm·1• Assuming that only these sites are present 
in the mixed oxides yielding the bands mentioned, the complex band between 1650 and 
1580 cm·1 in figure 9(a-d) is composed of four bands only: one at 1640 (a Bmnsted band), 
1610 and 1577 cm·1 (two Lewis bands), and a broad and asymmetrie one at about 1620 
cm·1 caused by adsorbed molecular water. Water interacts quite strongly with specific 
sites, since the band is hardly depending on the exposure time to the gas flow, 
notwithstanding the fact that only traces are present. Furthermore, the deformation mode 
is shifted to lower wavenumber ( < 1615 cm-1

) than the one of loosely held (physisorbed) 
water (1625 cm-1}. An analysis of this region is difficult as the amount of re-adsorbed 
water is unknown, and the shape of the deformation band varies upon coverage. 

The bands at 1545, 1490 and 1448 cm·1
, however, are hardly influenced by the bending 

mode of re-adsorbed water. Therefore, these bands can be used as a measure for Brnnsted 
and Lewis acidity. Note that the one at 1448 cm·1 may overlap with the mode 
characteristic for hydrogen bonded pyridine, but since no bands around 1598 cm·1 are 
observed after pre-treatment at 473 K, the interaction between pyridine and OH sites 
appears to be too weak for chemisorption at 4 73 K. Figure 11 shows the ratio of the areas 
of the characteristîc bands after adsorption at 473 K. The Lewis-to-Bnmsted ratio (1448 
and 1545 cm·1

, respectively) decreases upon increasing Zr content, and is equal for 
Si50Zr50 and Si25Zr75• An indication of the adsorption strength of the various sites is found 
in the amount of pyridine left at the surface after desorption at 573 K. Figure 12 displays 
the ratio of the area of the characteristic bands after adsorption at 473 K and desorption 
at 573 Kof the mixed oxides. 

The use of the band areas as a measure for the amount of Lewis and Brnnsted bonded 
pyridine is debatable. Firstly, the relative molar extinction coefficients in the literature 
vary from 0.9 to 1.54 (22, 32-34) and seem to depend on the nature of the catalyst. 
Secondly, the extinction coefficient may be affected by surface coverage and thirdly, the 
reflectivity properties of the acid catalyst may differ with the pyridine and/or water 
content. We believe, however, that the relative intensity of the 1448 and 1545 cm·1 bands 
are hardly influenced by these properties and therefore comparable between different 
mixed oxides. 

4.3.4 Genera! discussion 

From the study described here it becomes clear that pyridine may adsorb in different 
modes on the single oxides, Si02 and Zr02, and the mixed oxides, ranging from 
physisorption and hydrogen bondîng to an interaction with either Bmnsted or Lewis acid 
sites. 

In literature 'physical' pyridine adsorption (physisorption} is often described as interaction 
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with OH groups (11-14). However, in our spectra even more weakly bonded pyridine (as 
concluded from its wavenumber at 1438 cm-1

) is observed on the catalysts. It is not 
possible to correct the spectra for this species by subtracting of the spectra of gas phase 
or liquid pyridine, since small band shifts made this method inaccurate. Considering this 
feature, we conclude that physisorption of pyridine onto Si02-Zr02 mixed oxides results 
in a very small perturbation of the molecules relative to their state in liquid or gas phase. 
For example, pyridine may adsorb in a second layer and therefore be slightly influenced 
by the properties of the surface of the mixed oxides. 

Regarding Br0nsted acid sites, pure silica shows neither Brensted acidity nor highly acidic 
OH groups. Only weak hydrogen bonding is observed. There is some evidence that Zr02 

(before and after re-calcination) shows some Broosted acidity (bands at 1640 and 1490 
cm-1), and at low temperatures some hydrogen bonding is observed. Br0IlSted sites (which 
are strong enough to protonate pyridine at room temperature) are present, or are being 
formed by re-adsorbed water, on the surface of chemically mixed Si02-Zr02• The acid 
strength of these sites is moderate since only 20 (Si75Zr25) to 40% (Si50Zr50) remains at the 
surface after desorption at 573 K. It appears that two types of Br0nsted sites can be 
distinguished, viz. relatively acidic SiOH sites which are strongly influenced by Zr atoms 
and able to adsorb pyridine up to temperatures of 573 K, and Lewis sites on which water 
has re-adsorbed. The latter site bas almost vanished on desorption at 573 K. 

The behaviour of the SiOH(Zr) groups varies with the zirconium content. For catalysts 
with a high silica content the interaction of the OH group with pyridine at 473 K is weak, 
whereas almost all OH groups are occupied after adsorption at room temperature. At high 
zirconium content the interaction at 473 Kis strong, while almost half of the OH groups 
are not perturbed after pyridine adsorption at ambient temperature. The mixed oxides most 
likely contain OH groups with a range of different acid strengths. Some of these hydroxyls 
are acidic enough to protonate pyridine, resulting in the characteristic Brensted bands. 
However, other OH groups are unable to transfer the proton to the heterocycle, and form 
hydrogen honds with pyridine upon adsorption at 373 and 294 K. 

The Lewis sites present at the surface of the mixed oxides and monitored with pyridine 
appear to be stronger (1610 and 1448 cm-1

) than those on pure Zr02 (1607 and 1445 
cm-1). This conclusion is based on the assumption that stronger Lewis sites result in higher 
frequencies. This is justified for Lewis sites which originate from the same metal ion (here 
Zr ion), although care should be taken when other metal ions are involved (23-25,35). It 
appears that the Lewis sites are slightly stronger than the Br0IlSted sites: 40 (Si75Zr25) to 
60 % (Si87Zr 13) of the Lewis bonded pyridine remains at the surface after desorption at 
573 K. 

Ammonia as a probe to determine the nature of acid sites on binary oxides is well 
established. However, this probe molecule suffers from several drawbacks. As described 
in Chapter 3 (1) the use of band positions is debatable since a range of different 
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frequencies seems to exist for specific interactions. Furthermore, the information gained 
from the stretching modes appears to be in disagreement with the bending region. Finally, 
dissociative bonding of ammonia to the surface, forming new OH groups, hampers the 
interpretation of the spectra. Furthermore, a comparison of the spectra presented in (1) 
and here is difficult, since the spectra in the former study were recorded at the adsorption 
temperature, whereas here they were measured at room temperature. Moreover, pyridine 
has a higher (gas phase) proton affinity (5). In general, however, the same trends are 
observed in the OH stretching region on adsorption of the probe, although the ammonia 
spectra are obscured by the formation of OH groups, in where the NH stretching 
vibrations occur. 

Interaction of ammonia with silica is weak and it is desorbed at temperatures higher than 
-400 K, which corresponds well with the pyridine experiments. Interaction of ammonia 
with SioZr100 shows mainly Lewis interaction in good agreement with our results. The NH 
stretching region of the mixed oxides after ammonia adsorption indicates that mainly 
Lewis interaction takes place. Further, the OH stretching vibrations are hardly influenced 
at temperatures above -473 K. The bending region of the same system shows that 
Brnnsted sites may be present (band at 1435 cm-1

). As described, using pyridine both 
Lewis and Brnnsted sites are observed up to 573 K, although the Brnnsted interaction is 
clearly influenced by the water content of the mixed oxides. 

According to the model of Kataoka et al. (26) no Brnnsted acidity is predicted for the 
system Zr/Si02 (using a Zr ion valence of 4, and a its coordination number of 8). In 
literature (36), however, also coordination numbers of 7 for Zr are reported, and using 
this in the model shows that Brnnsted acidity is possible. The bond between the water 
molecule and the Lewis site is usually weaker than the complex between pyridine and a 
Lewis site (3 ,26), which explains the weak Brnnsted acidity of the catalysts. However, the 
intensity of the band characteristic for Brnnsted acidity (1545 cm-1) seems too high to be 
entirely due to the effect of re-adsorbed water. The amount of re-adsorbed water onto the 
surface of SisoZr50 is small (figure 10), whereas a large decrease of the band at 3745 cm·1 

is observed (figure 8) together with a considerable amount of Brnnsted acid bonded 
pyridine (figure 9). Therefore, we conclude that at least part of the SiOH(Zr) groups is 
strong enough to protonate pyridine at room temperature. Note that the frequency of the 
SiOH(Zr) groups equals the frequency of isolated silanols on pure silica, although the 
latter groups are not strong enough to interact with pyridine at 473 K. It seems that the 
wavenumber is no absolute measure for acid strength. 
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4.4 CONCLUSIONS 

As shown the use of pyridine adsorbed at different temperatures contributes in the 
elucidation of the surface properties of chemically mixed Si02-Zr02 surfaces. However, 
water strongly influences the outcome of the experiments and it is often very difficult to 
get rid of traces of water present in the probe, especially when flow systems are being 
used. We believe that this problem is frequently not perceived, and is prone to a 
misinterpretation of the experiments. 

Si02-Zr02 samples exhibit strong Lewis acidity, and weaker Bmnsted acidic properties. 
Two types of Brnnsted sites seem to be present, i.e. SiOH(Zr) groups and water adsorbed 
onto Lewis sites. A comparison to previously reported results on the adsorption of 
ammonia (16) shows that complementary information may be obtained. However, 
differences in measurement methods applied, exclude a detailed comparison and further 
conclusions. 
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5 

AN XPS STlTDY OF THE ACIDITY 
OF Si02-Zr02 MIXED OXIDES ' 

5.1 INTRODUCTION 

Si02-Zr02 mixed oxides and the single oxides SiO, and ZrO, are studied usiog X-ray 
Photoelectron Spectroscopy (XPS). It is known that the mixed oxides have extreme acid 
properties whereas the single oxides only show a weak acidity (1-5). Both the type of acid 
sites (Lewis/Br;msted) and !heir strength will influence the catalytic activity. An XPS 
study of the catalysls may yield detailed information on the type of the· acid sites, besides 
information on surface concentrations. 

XPS is not used very often as a technique for the characterization of the acidity of 
catalysts. However, a few research groups studied Si02-Al20 3 catalysls (especially 
zeolites) with XPS. Wagner et al. (6), Barr et al. (7 ,8). Okamoto et al. (9), and 
Casamassima et al. (10,11), give detailed information on binding energies from 
characteristîc Si, Al and 0 lines. They derive interesting information on the nature of 
cation-oxygen bonds in the mixed oxides compared to the single oxides. This helps to 
understand the origin of the acidity of the catalyst under study. Only one reference dealing 
with XPS on Si02-Zr02 is known. In this paper Slinkin et al. (12) describe the influence 
on the texture and structure of Si02 brought about by chemical mixing with Al", Ti<+, 
and zr'+ cations. Here also the XPS data yield information on the nature of the cation
oxygen honds present in the mixed oxides enabling conclusions on !heir acidity. 

' This chapter is submitted for publication in the Journal of Catalysis. A.P. 
Pijpers and A.W.M.A. Jaspers are coauthors. 
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5.2 EXPERIMENTAL 

5.2.1 Preparation of catalysts 

Two series of Si02-Zr02 catalysts have been prepared via basic hydrolysis of mixtures of 
H2SiF6 and H2ZrF6 using ammonia at a constant pH of 9.0. The resulting precipitate is 
subsequently filtered, washed several times with distilled water, dried at 373 K and 
calcined at 823 K. The catalysts are coded Si,Zry in which x and y give the amount of 
Si02 and Zr02 in weight-%. The complete preparation procedure is described in detail 
elsewhere (1). 

The two series differ in the amount of residual fluorine on the catalyst surface as will 
follow from the XPS measurements described here. The first series (denoted A) was 
extensively studied and characterized before (BET specific surface area and pore volume, 
NH3 TPD, XRD, IR, test reaction) (1,2). The second series (denoted B} is used for the 
first time in this investigation. The difference in residual fluorine concentration is not 
completely understood, but is probably due to small differences in the precipitation 
procedure. Furtheron, we will discuss this feature in more detail. 

5.2.2 BET specitic surface area 

The total (BET) specific surface area of a catalyst is determined from physical adsorption 
of N2 at T = 78 K, by applying the BET equation on the part of the adsorption isotherm 
with 0.05 ~ p/p0 ~ 0.35, measured in a Micromeritics Digisorb 2600 apparatus. 

5.2.3 XRD measurements 

The 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 diffractograms are 
recorded using the Cu Ka line (wave length = 1.5418 Á} at 3° < 28 < 60°. 

5.2.4 XPS measurements 

Samples are mounted with the aid of double-sided sticky tape on a sample bolder, and 
inserted via a separately pumped load loek into the Leybold MAX200 XPS instrument for 
measurement. Mg Ka (1253.6 eV) radiation of a Mg/Al double anode X-ray tube (13kV, 
20mA) is used. The spectrometer bas been calibrated using Ag, Cu and Au (13). Using 
a pass-energy of 48 eV the Full Width at Half Maximum (FWHM} for the Ag 3d5n line 
is 1.0 eV. The base pressure in the analysis chamber is well below 1 ·10·9 mbar (l ·10·7 

Nm-2) during the measurement. The instrument is controlled by a HP A400 computer, and 
a Leybold DSlOO data system is used for data-acquisition and analysis. Por the 
quantitative analysis the spectra are corrected for the analyzer transmission function 
according to (14), and sensitivity factors are calculated according to the approach of 
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Nöller et al. (15) and using the Scofield cross-sections (16). For energy referencing a C ls 
binding energy of 284.6 eV is used. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Summary of results obtained in earlier work 

The Si02-Zr02 catalysts have been studied by a number of techniques already, such as 
measurement of BET specific surface area and pore volume, NH3 TPD, XRD, IR, and 
the dehydration of cyclohexanol as a test reaction {1,2) which yielded a preliminary insight 
into the catalytic and other properties. Chemically mixing Si02 and Zr02 yields materials 
with strong acid sites (-13.8 < Ho < -11.4) whereas the single oxides are only weakly 
acidic (Si02: +2.8 < H0 < +4.0, Zr02: +0.8 < Ho < +2.8) (1). DRIFT 
measurements of NH3 or pyridine treated samples show the strong acid sites to be of the 
Lewis type (2,17). However, Brnnsted sites ofweaker acidity are also found to be present. 

5.3.2 BET specific surface area measurements 

Table 1 gives the BET specific surface areas measured. It can be seen that the surface area 
drops as the Zr02 content in the mixed oxides increases. However, this is nota smooth 
decrease as a function of Zr content. The BET specific surface areas of the catalysts of 
series A and Bof a certain composition are of the same order of magnitude, however, so 
residual fluorine has no large influence on this parameter. 

5 .3 .3 XRD measurements 

XRD measurements show that catalysts containing 82 wt% or more Zr02 are crystalline 
and have the Baddeleyite structure. Apparently, the presence of small amounts of Si02 in 
Zr02 (bulk ratio Si/Zr :::;; 0.31 (w/w)) does not alter the catalyst structure to a large 
extent. Catalysts containing 75 wt% Zr02 or less are X-ray amorphous, as was already 
reported before (1). 

5.3.4 XPS measurements 

Figure 1 gives an example of an overall XPS spectrum of a Si rich mixed oxide 
(Si75Zr25 B) together with peak assignments. Table 2 gives the surface composition of the 
catalysts as analyzed with XPS. XPS analyses the outer 2 to 10 atom layers of a specimen 
(18, 19); the composition given is thus an average over the analysis depth. Values given 
in table 2 exclude carbon and nitrogen. The total amount of C varies between 3 and 45 
at% on the surface. Nitrogen is only present on non calcined catalysts. Por a correct 
quantitative analysis the relative intensity of energy loss lines has to be taken into account, 
since the intensity of the 0 1 s energy loss line is significantly higher than that of the other 
XPS lines (see figure 1). So when using just the main line intensities in the quantitative 
analysis of these mixed oxides this would suggest a too low oxygen concentration. This 
phenomenon was already discussed in (18). Por that reason the reported oxygen 
concentrations for series A in a previous paper (1) show a too low value. Table 3 gives 
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binding energies of several characteristiclines observed. It appears that significant changes 
can be observed in the spectra as a function of the Zr02 content of the mixed oxides, as 
will be discussed below in detail. 

Figure 2 gives the details of the 0 ls line(s) in the region 540-525 eV, for catalysts of 
series B with different Zr02 contents. Two separate lines can be observed of which the 
relative intensity depends on the Zr02 content of the mixed oxide. The 0 ls binding 
energy observed for pure Si02 is 533.0±0.2 eV. In Si-rich mixed oxides a second line 
is observed at 530.8±0.5 eV upon deconvolution. In the mixed oxides the size of the first 
peak decreases and the size of the second one increases as the Zr02 content increases. 
Thus, the peak around 533.0 eV is assigned to 0 near a Si cation, and the peak around 
530.8 eV is assigned to 0 near a Zr cation. The single oxide Zr02 bas its 0 ls peak at 
530.4±0.2 eV. Line widths (Full Width at Half Maximum, FWHM) of the 0 ls lines 
observed vary between 1.8 and 2.2 eV. 

TABLE 1: 

BET specific surface areas of Si0rZr02 catalysts examined in this study. 

Series Catalyst BET specific surface area 
[mz/g] 

A Si100Zr0 105 

Si~r1 n.d. 

Si87Zr13 117 

Si75Zr25 131 

Si50Zr50 42 

Si25Zr75 108 

SioZr100 i 12 

B Si1ooZro 113 

Si95Zr5 117 

Si90Zrw 51 

Si75Zr25 87 

Si50Zr50 36 

Si25Zr1s 17 

Si1sZr82 n.d. 

SiwZr90 32 

Si5Zr95 24 

SioZr100 21 

n.d. = not determined. 
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Figure 1: Survey XPS spectrum of the Si75Zr25 catalyst of series B. 
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Figure 2: 0 ls XPS spectra of Si02-Zr02 mixed and single oxides of series B. 
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TABLE 2: 

Surface concentrations of Zr, Si, 0, and F (leaving out C and N) of the various 
Si02-Zr02 catalysts calcined at 773 K using XPS (relative accuracy 10%). 

Series Catalyst Concentration [at-%] 

Zr Si 0 F 

A Si100Zr0 0.0 33.4 66.1 0.5 

S4<iZr1 0.1 32.8 66.5 0.7 

Si87Zr13 1.3 31.6 66.4 0.8 

Si75Zr25 2.9 29.4 67.0 0.6 

Si50Zr50 7.2 25.5 66.5 0.8 

Si25Zr75 6.1 25.5 67.5 0.8 

SioZr100 33.2 0.8* 63.9 2.1 

Si25Zr75 u 3.1 28.4 65.7 2.8 

B Si1ooZro 0.0 33.4 64.9 l.7 

S~Zr5 0.5 32.2 65.5 1.9 

SigoZr10 1.2 31.4 65.5 1.9 

Si75Zr25 2.8 30.0 64.0 3.2 

SisoZrso 4.3 27.7 64.2 3.8 

Si25Zr75 7.4 25.1 65.1 2.5 

Si18Zr82 30.2 2.1· 61.9 5.9 

Sil0Zr90 26.9 5.7 59.7 7.8 

Si5Zr95 32.1 0.0 56.6 11.3 

SioZr100 33.9 0.0 55.5 10.6 

SisoZr50 w 4.2 28.4 65.6 1.7 

Signal from contamination with a grease containing silicon. Si(2p) binding 
energy = 101.9 eV instead of -103.4 eV for the other samples. 

u uncalcined catalyst, 
w rewashed, recalcined catalyst. 

Figure 3 shows the binding energies of both types of 0 ls as a function of the Zr02 

content in the mixed oxide. The 0 ls binding energy of oxygen near Si is approximately 
532.8±0.2 eV at the Si-rich end and 532.4±0.5 eV at the Zr-rich end of the series. The 
observed binding energies of 0 ls of oxygen near Zr are lower: 531.4±0.5 eV at the Si
rich end and 530.4±0.2 eV at the Zr-rich end of the series. It should be noted, however, 
that the relative error of the binding energy of the 0 ls line of oxygen related to Si at the 
Zr-rich end of the series and vice versa is large. Nonetheless, it is obvious from figure 3 
that the difference in 0 ls binding energies observed is clearly larger between the Si-rich 
and Zr-rich end of the series for the oxygen associated to Zr than for the oxygen 
associated to Si. 
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TABLE 3: 

Binding energies of XPS lines of the various Si02-Zr02 catalysts calcined at 773 K using XPS. 

Series Catalyst Binding energy [eV] 

Zr Zr Si Os; OZr Fs; Fzr 
3ds12 3d312 2p ls ls ls ls 

A Si100Zr0 103.7 533.0 687.6 

Si99Zr1 183.7 185.8 103.7 533.0 687.5 

Si87Zr13 183.6 186.0 103.5 532.9 687.5 685.1 

Si75Zr25 183.5 185.9 103.3 532.6 531.0 687.3 685.2 

SisoZrso 183.3 185.7 103.1 532.6 531.2 687.2 685.2 

Si25Zr75 183.2 185.6 103.3 532.8 531.1 687.5 685.2 

SioZrwo 182.3 184.7 530.3 685.0 

Si75Zr25 u 183.3 185.7 103.0 532.6 531.0 686.6 684.8 

B SirnoZro 103.7 533.0 687.5 

Si95Zr5 183.7 186.0 103.5 532.8 687.3 685.0 

Si90Zrw 183.5 185.8 103.3 532.7 687.3 685.3 

Si1sZr25 183.8 186.l 103.5 532.9 531.6 687.4 685.5 

SisoZrso 183.6 185.9 103.3 532.7 531.3 687.3 685.4 

Si25Zr75 183.3 185.7 103.1 532.6 531.2 687.3 685.3 

Si18Zr82 182.4 184.7 532.1 530.2 685.0 

SiwZr90 182.5 184.9 103.3 532.4 530.3 687.7 685.1 

Si5Zr95 182.8 185.l 103.3 532.3 530.6 685.4 

SioZrwo 182.6 185.0 530.5 685.3 

SisoZr50 w 183.4 185.8 103.3 532.7 531.3 687.3 685.2 

Main C(ls) line was set at 284.6 eV. 
u uncalcined catalyst. 
w rewashed, recalcined catalyst. 

Figure 4 gives the surface concentration of oxygen assigned to Si (D), Zr ( +) and the 
total amount ( O ), as a function of the Zr02 content of the mixed oxides. The total 
concentration shows to be approximately 66 at% on the condition that the F concentration 
is low ( <2 at%). Although, at high F concentration the 0 concentration drops, the sum 
of the surface concentrations of 0 and F (A) is still around 66 at%. This seams strange 
at first sight since the valency of oxygen is two times that of fluorine. When Fis present 
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Zr 3d XPS spectra of Si02-Zr02 mixed and single oxides of series B. 
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preferentially at defects (surface hydroxyls), however, one F-atom may substitute for one 
0-atom (cation-OH <-> cation-F). Note that the amount of oxygen associated to Zr ( +) 
indeed increases as a function of Zr02 content in the mixed oxide, which supports our 
assigmnents of oxygen lines to Zr and Si respectively. Furthermore, it is clear that the 
various concentrations do not vary smoothly as a function of Zr content. Below, in a 
discussion on surface cation concentrations we will deal with this phenomenon in detail. 

Figure 5 gives the XPS spectra of the Zr 3d lines (3d312 and 3d512) and figure 6 gives Si 
2p spectra. lt can be seen that the Zr 3d lines in the mixed oxides shift when the Zr02 

content increases to 82 wt% or more. The Si 2p line on the other hand is roughly in the 
same position for all catalysts studied. Line widths (FWHM) for the Zr 3d512 lines are in 
between 1.6 and 2.0 eV and for the Si 2p lines in between 1.7 and 2.3 eV. 

The binding energies of the Zr 3d512 electrons, and the Si 2p electrons as a function of the 
Zr02 content in the mixed oxide are given in figures 7a and 7b respectively. The binding 
energy of Zr 3d512 in the single oxide Zr02, 182.5 ±0.1 eV, is in agreement with literature 
values (18,19). The position of this line for catalysts containing 82 wt% or more Zr02 is 
roughly unaltered. For samples containing 75 wt% Zr02 or less, however, the Zr 3d512 

binding energy is on an average 1.0 eV higher (ranging from 0.6-1.2 eV, absolute error 
±0.1 eV) indicating a higher charge on the Zr cation (see further under genera! 
discussion). The Si 2p binding energy is roughly constant at 103.3 eV (varying between 
103.1 and 103.5 eV; absolute error ±0.1 eV) for the mixed oxides. The single oxide Si02 

has a Si 2p line at 103.7±0.1 eV, in agreement with literature values for Si02 (18,19). 

In figure 8 the surface concentration of Zr, determined from XPS data, is given as a 
function of the bulk concentration. The solid line indicates a surface concentration equal 
to the bulk concentration (i.e. no surface enrichment c.q. depletion). lt is clear that the 
surface Zr concentration is significantly lower than the bulk concentration for catalysts 
containing 75 wt% Zr02 or less. On average the ratio ZrXPS/Zrbutk amounts 0.50±0.13. 
Note that the uncalcined Si75Zr25 catalyst (indicated by +) is poor in Zr on the surface too. 
This excludes effects of the calcination such as phase separation to be responsible. This 
means that Zr02 precipitated faster than Si02 • Most probably differences in the rate of 
precipitation cause the surface depletion in Zr (1). Catalysts containing 82 wt% Zr02 or 
more have surface Zr concentrations roughly equal to or even enriched as compared to 
bulk concentrations. XRD measurements show that these probes have the Baddeleyite 
structure. The observed surface depletion in Zr in our mixed oxides is also reported by 
Slinkin et al. (12). Also the ratio ZrXPS/Zrbulk of approximately 0.6, reported by them 
compares well with our measurements. 
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In all spectra F ls lines can be observed from fluorine. Detailed XPS spectra in the F ls 
region, 695-680 eV, are given in figure 9. As with 0 ls, two F ls lines are observed of 
which one is ascribed to F near Zr (-685.2 eV) and the other to F near Si (-687.4 eV). 
Series B contains more F (on average) on the catalyst surface than series A. For the 
Si50Zr50 sample of series B an acid wash of the catalyst followed by a recalcination at 
823 K is performed, resulting in a lower fluorine concentration. The acid wash is 
performed with diluted HN03, at the constant pH of 2.0, during 8 h at room temperature 
followed by a thorough water wash. The surface F concentration drops from 3.8 to 1.7 
at% due to this washing procedure, and all other concentrations are virtually unchanged. 
Thus we conclude that very small differences in the precipitation procedure may have 
affected the residual F content in the mixed oxides of the two series and that (at least part 
ot) this fluorine resides on the outermost surface layer. Note that also binding energies of 
characteristic lines are unchanged after the acid wash (see table 3). Apparently, fluorine 
does not affect the chemica! state of Si, Zr, and 0 toa large extent, as was concluded 
before (1). 

5.3.5 General discussion 

The binding energies observed for especially the Zr 3d electrons and the 0 ls electrons 
ascribed to oxygen near Zr4+ are found to be strongly dependent on the composition of 
the mixed oxide. These shifts may give information on the actual charge on e.g. the Zr 
cation in the mixed oxide. In figure 10 the 0 ls binding energy of the oxygen near 
zirconium is plotted as a function of the Zr 3d512 binding energy. It can be seen that all 
data fall on a straight line with a slope 1: the difference in binding energy is roughly 
constant and amounts 347.82±0.12 eV. Furthermore, it is clear from the figure that 
catalysts with ~ 82 wt% Zr02 are grouped at one end of the plot (lower binding energies), 
whereas the catalysts with ::;; 75 wt% Zr02 are grouped at the other end (higher binding 
energies). Data on catalysts containing less than 25 wt% Zr02 are left out in figure 10. 
The intensity of the 0 ls line is very low compared the 0 ls of oxygen near silicon 
rnaking it very difficult to determine the exact peak position and causing a large 
uncertainty in the 0 1 s binding energy. 

Figure 11 shows the 0 ls binding energy of oxygen near Si4+ as a function of the Si 2p 
binding energy. As mentioned earlier the observed shifts in binding energy are smaller 
than for the Zr related electrons. Also in this plot all points are situated on a straight line 
with slope 1. Again, the difference in binding energies is constant, 429.35±0.11 eV. Data 
on catalysts containing less than 25 wt% Si02 are left out in figure ll. Here again, the 
intensity of the 0 ls line of oxygen related to Si is low, again making it difficult to 
determine the exact peak position and causing a large uncertainty in the binding energy. 
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The relationship observed for the binding energies of characteristic lines of the cations on 
one hand and of the anions (oxygen) on the other hand was reported earlier for Si02-Al20 3 

catalysts (especially zeolites) by Wagner et al. (6), Barr et al. (7,8), Okamoto et al. (9), 
and Casamassima et al. (10,11). In figure 12, 0 ls binding energies are plotted as a 
function of Si 2p binding energies as reported by the authors mentioned above (6-11) 
together with our data. All data fall on a single straight line with a slope of one. The 
difference in binding energy of 0 ls and Si 2p amounts to 429.30±0.16 eV, and is 
comparable to the difference obtained from our data proper. 

The constancy observed between the binding energies of relevant electrons, as measured 
from characteristic XPS lines, of cations and anions closely associated in an oxide, is 
striking. Chemica! shifts observed for e.g. the Zr 3d512 and 0 ls lines in our mixed oxides 
as a function of Zr02 content always occur simultaneously, i.e the shifts are in the same 
direction and have roughly the same value. Barr (7,8) also reported this for zeolites. In 
his opinion, XPS registers 'group' rather than 'elemental' chemica! shifts. Apparently, we 
observe the same phenomenon for Si02-Zr02 mixed oxides. 

A lowering of the binding energy of Si 2p in the direction of the binding energy of this 
line for Si0 (Ei, Si 2p = 99.5 eV (18,19) means a lower positive charge on the Si cation, 
whereas a lowering of the 0 ls binding energy implies a higher electron density on 0 
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(higher base strength of oxygen. Note that the binding energy of the 0 ls line of solid 0 2 

is 538.1 eV, which is derived from a value of 543.1 for gas phase 0 2 (20), corrected for 
the solid-gas work function (21). The simultaneous decrease in the binding energies of 0 
ls and Si 2p indicates a stronger covalency of the Si-0 bond in the mixed oxides. As was 
concluded already by Barr et al. (7 ,8) the increase in covalent character of Si-0 honds in 
mixed oxides leads to a larger number of Br0nsted acid sites. He reports that zeolites with 
a low Si/Al ratio have both a very low 0 ls binding energy (530.4 eV) and a low Si 2p 
binding energy (101.1 e V). These catalysts are known to have a high number of Brnnsted 
acid sites. The low 0 ls binding energy is indicative for a high base strength of the 
oxygen, however, implying a low acid strength of the proton. Moreover, Barr reports a 
relationship between the Si/ Al ratio of the mixed oxides and the binding energy of both 
0 ls and Si 2p: binding energies are lower as the Si/Al ratio drops. Thus, the covalency 
of the Si-0 bond increases as the Si/ Al ratio drops, and consequently the number of 
Brnnsted acid sites increases. 

In our study we observe only a slight drop in the binding energies of 0 ls and Si 2p when 
the Zr02 content of the mixed Si02-Zr02 catalyst increases (see figures 3, 7b, and 11). 
Now, this can be explained with a very small drop in the positive charge on the Si cation 
and a higher electron density (base strength) on the oxygen (increase of the covalency of 
Si-0 bonds). This means in parallel the generation of a small number of Brnnsted acid 
sites since protons are needed to balance the excess of negative charge on the oxygen 
atom. However, no judgment on their strength (H0) can be given. 

The effects measured on the binding energies of Zr 3d512 and 0 ls ascribed to oxygen near 
zirconium are nmch larger and opposite to the effects observed with Si-0 units. The 
binding energy of Zr 3ds12 in mixed oxides containing ~ 75 wt% Zr02 is clearly higher 
than the binding energy in the single oxide Zr02 or in mixed oxides containing ;:::82 wt% 
Zr02 • This implies a higher positive charge on the Zr cation (binding energy of 3d512 

electrons for Zf is 178.8 eV (18,19)). Moreover, the binding energy of 0 ls of oxygen 
near zirconium is clearly higher in mixed oxides containing ~75 wt% Zr02 than for the 
single oxide Zr02 and mixed oxides containing ;;:::: 82 wt% Zr02• This is indicative for a 
lower electron density on the oxygen atom. This simultaneous increase in the binding 
energies implies a higher ionicity of the Zr-0 bond in the mixed oxides. The higher 
positive charge on zirconium is indicative for the presence of (strong) Lewis acid sites 
(electron acceptors). This effect has been found already for Si0z-Zr02 mixed oxides by 
Slinkin et al. (12), in their study on three mixed oxides (3, 10 and 15 wt% Zr02). Slinkin 
reports only an average binding energy for 0 ls and hence he discusses only the overall 
ionicity of the mixed oxide. He states, however, that the ionicity of the mixed oxide 
increases compared to the single oxides. In our opinion this is also indicative for the 
occurrence of ( enhanced) Lewis acidity. 

We state that XPS shows that mixed Si02-Zr02 oxides (with Zr02 contents of75 wt% and 
less) contain strong Lewis acid sites and may contain also a few additional Brnnsted acid 
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sites of unknown acid strength. In our opinion, the Lewis acidity is related to the Zr 
cation (Zr'H, electron deficient sites), whereas the Brnnsted acid sites are related to 
slightly more covalent Si-0 bonds (due to the presence of Zr in their neighbourhood), e.g. 
Si-OH-Zr. The increased positive charge on the Zr-cation seems to be the dominating 
feature, which detennines the overall acidity of our Si02-Zr02 mixed oxides. These 
findings are in agreement with our DRIFT studies (2, 17) on ammonia and pyridine treated 
Si02-Zr02 mixed oxides which give evidence for the presence of strong Lewis acid sites 
besides weak:er Brensted acid sites. 

In literature several models are presented to predict the acidity in mixed oxides from 
single oxide properties. Tanabe (22,23) postulates a model based on local changes in an 
oxide matrix which occur upon introduction of a second oxide. He postulates that the 
cations of the dopant oxide maintain their original coordination number, even when mixed, 
but that the anions (oxygen) adapt the coordination number of the host-oxide oxygens. 
This may lead to a charge imbalance, which introduces Lewis acidity when an excess of 
positive charge occurs and Br0l1Sted acidity when an excess of negative charge occurs 
(increased covalency; protons compensate this imbalance). Fora Si02-Zr02 mixed oxide, 
Brnnsted acidity is predicted at the Si02 rich end of the series, and Lewis acidity at the 
Zr02 rich end. 

The model of Kung (24) says that acidity may be generated when differences in 
electrostatic potential occur fora cation A (oxide stoichiometry AOy) in a matrix BO,. It 
also takes into account the changes which have to occur in the matrix to balance the 
stoichiometry difference between the two oxides. For oxides having the same 
stoichiometry, as is the case for Si02 and Zr02 , the resulting acidity in the chemically 
mixed oxides depends solely on the difference in ionicity c.q. covalency of the single 
oxides. Kung states in table III of his publication (24), in which he summarizes his model, 
that Lewis sites are to be expected at the substituting cation site when the matrix oxide is 
more ionic than the 'guest cation' oxide. On the other hand he states in the text that a 
lower lattice self potential of the matrix oxide leads to a electrostatically more stable guest 
cation, and thus Lewis acid sites. A lower lattice self potential, however, means amore 
covalent oxide (see also figure 1 in chapter 'CONCLUSIONS'). Zr02 is the most ionic 
oxide of the two, as follows among other from the cation electronegativity. The 
electronegativity x= 12.1 for Si4+, and x= 10.1 for zr4+, as calculated from Pauling 
electronegativities for the elements (25) and Misono's model (26) for the electronegativity 
of ions. The lattice self potentials (-48.5 V on average for Si02 vs. -42.3 V for Zr02 (24)) 
also indicate that Zr02 is more ionic. This means that Lewis acidity is predicted when a 
Zr cation is incorporated in amore covalent Si02 matrix, at the site of the substituting ion. 

The Kung model seems to be more appropriate here. For our Si02-Zr02 mixed oxides 
Lewis acid sites are present, most probably at the Zr-site as follows from shifts in binding 
energies of XPS lines. These are explained with higher ionicity for Zr-0 bonds, which is 
in line with Kung's assumption on electrostatic stability of guest cations in oxides. 
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5.4 CONCLUSIONS 

The XPS study of Si02-Zr02 mixed oxides described in this paper yields a valuable insight 
in the surface stmcture of the catalysts, and in the acidity of the samples which is 
generated upon the chemically mixing of the two components. The binding energies of the 
various electrons, associated to Si, Zr, and 0 present in the mixed oxides, compared to 
those in the single oxides, yields information on both the actual charge associated with the 
atom and on the ionicity c.q. covalency of the metal-oxygen honds. This information is 
indicative of acid properties of the oxides. An increased charge on cations is associated 
with Lewis acidity, whereas an increased electron density on oxygen leads to a higher 
number ofBr0llSted acid sites. Thus, in the mixed Si0i-Zr02 oxides {containing '5:,75 wt% 
Zr02) an increased number of Lewis acid sites is found, in our opinion associated to the 
Zr cation. Besides this, a small increase is measured of the number of Br011Sted acid sites, 
which probably consists of silanols in the vicinity of zirconium. The Kung model is more 
appropriate than Tanabe's describing the acidity in our Si02-Zr02 mixed oxides. 

Catalysts containing '5:,75 wt% Zr02 show a surface depleted in Zr pointing toa faster 
precipitation rate of Zr02 compared to Si02• Catalysts containing ;;::: 82 wt% Zr02 show 
surface Zr concentrations roughly in agreement with bulk concentrations. 
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6 

CONCLUSIONS 

6.1 Si02-Zr02 MIXED OXIDES 

The preparation of Si02-Zr02 mixed oxides and the single oxides Si02 and Zr02 from 
H2SiF6 and/or H2ZrF6 is described. The catalysts are characterized using Hammett colour 
indicators, temperature programmed desorption of ammonia, XRD, XPS and infrared 
spectroscopy. New IR bands and absence of XRD crystallinity show mixing of Si02 and 
Zr02 on an atomie scale in the amorphous coprecipitate. Moreover, infrared bands typical 
for silica reduce in intensity as the amount of Zr02 in the mixed oxide increases. This 
indicates a good dispersion of the two oxides. However, as could be concluded from the 
difference between surface concentrations of Zr and Si measured with XPS and the mean 
bulk concentrations, the Zr02 precipitates somewhat faster than Si02 • The acid strength 
of the Si02-Zr02 mixed oxides corresponds to an Ho value between-11.4 and-13.8 (super 
acidity). 

A fair correlation between the surface concentration of strong acid sites, determined from 
NH3 TPD and the performance in the acid catalyzed dehydration of cyclohexanol to 
cyclohexene has been obtained. In addition to the concentration of acid sites, their acid 
strength is an important factor which determines the performance of the Si02-Zr02 

catalysts in the dehydration of cyclohexanol. The acid strength needed for the dehydration 
of cyclohexanol corresponds to H0 ~ +2.8. 

Chemically mixed Si02-Zr02 oxides contain strong acid sites as opposed to the single 
oxides Si02 and Zr02, which contain only weak acid sites. 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) measurements 
on (ammonia treated) Si0z-Zr02 mixed oxides are described. Several interesting features 
of the (ammonia treated) samples can be observed using infrared spectroscopy: 
The mixed oxides show new infrared absorption bands due to Si-0-Zr bonds formed. The 
strong acidity of mixed Si0z-Zr02 oxides is probably related to this newly formed Si-0-Zr 
bond in these mixed oxides. Si02 entities can be identified from typical absorption bands 
of Si-0-Si bonds in the mixed oxides containing at least 50 wt-% Si02• 

All mixed Si02-Zr02 oxides contain strong Lewis acid sites and weak Brnnsted acid sites 
(surface hydroxyls). In contrast, on the single oxides only weak Brnnsted and/or Lewis 
interaction with ammonia can be observed. In the 4000-2500 cm·1 region no shift to lower 
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frequencies or disappearance of bands of surface hydroxyl groups can be seen upon 
ammonia treatment of the mixed oxides at temperatures above 573 K indicating the 
absence of a dominating Brnnsted interaction at higher temperatures. The most intense 
bands of adsorbed ammonia on the mixed oxides at 3360-3380 cm·' and 3285-3290 cm·' 
must be ascribed to ammonia bonded to Lewis acid sites. In the 2000-1400 cm·' region 
two bands of adsorbed ammonia are observed at 1445-1460 cm·' and 1605-1610 cm·1• The 
use of assignments of absorption bands on ammonia treated Si02-Al20 3 used frequently 
in literature (especially H-N-H deformation) lead to the false conclusion that on mixed 
Si02-Zr02 bath strong Lewis and Bmnsted acid sites are present. A small amount of NH, 
binds dissociatively yielding new surface -OH and -NH, groups. 

The application of infrared spectroscopy using pyridine as a prohe in the elucidation of 
the acidic properties of a series of Si02-Zr0, catalysts is also performed. The presence 
of zirconium atoms in the matrix of the binary oxides results in an apparent strengthening 
of the Lewis sites compared to pure zirconia. Furthermore, two different Bmnsted sites 
are formed, viz. silanol groups in the vicinity ofzirconium atoms and water (re-)adsorbed 
onto a Lewis site. Pyridine is a useful probe in the characterization of mixed oxides, 
although incomplete knowledge of the water coverage of the surface may cause severe 
misinterpretation. The use of flow systems increases these problems. DRIFT spectroscopy 
gives important qualitative information on the state of pyridine adsorbed onto the surface 
of binary oxides. Owing to reflectivity difrerences, caused by changes in probe coverage 
or surface morphology, quantitative analysis should be handled with care. 

X-ray Photoelectron Spectroscopy measurements on SiO,-ZrO, mixed oxides with varying 
Si!Zr ratio's are presented. The measurements yield an interesting insight in surface 
properties which may help the understanding of their catalytic action. Especially the 
surface acid properties of the catalysts are better understood. On the one hand, on 
Si02-Zr02 mixed oxides with 75 wt% or less Zr02 an increase of the positive charge on 
the Zr cation is observed compared to the single oxide ZrO,. This is concluded from 
higher Zr 3d5n binding energies. The higher binding energy (charge) is indicative for 
strong Lewis acidity in the mixed oxides. On the other hand, oxygen associated to the Si 
cation in these mixed oxides appcars to have a slightly higher electron density {base 
strength) than in the single oxide SiO" as is concluded from the lower 0 1 s binding 
energies {of oxygen near Si). This fact is an indicator fora small increase in the number 
of Brnnsted acid sites. Furthermore, XPS shows that the surface of the mixed oxides 
contaîning 75 wt% or less ZrO, is depleted in zirconium. The surface Zr concentration 
derermined with XPS is roughly 503 of the bulk value. Tuis depletion is most probably 
due to differences in reactivity of the Si and the Zr precursors in the precipitation step, 
and not due to e.g. phase separation in the calcination step. A non calcined catalyst also 
shows the surfäce depletion in Zr. 

In conclusion, the presence of strong Lewis acid sites on the surfäce of the Si02-Zr02 

mixed oxides has been demonstrated with a combination of spectroscopie techniques and 
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ammonia TPD. Both infrared spectroscopy on ammonia or pyridine treated samples and 
XPS showed the presence of Lewis acid sites on, or in the vicinity of zirconimn atoms in 
the Si02 matrix. Ammonia TPD showed the presence of weak and strong acid sites. The 
ammonia desorbing at higher temperatures ( > 373 K) has to be ascribed to Lewis acid 
bonded NH, since IR measurements at temperatures higher than 373 K did not show any 
disappearance of surface hydroxyls. The ammonia desorbing below 373 K was adsorbed 
on weak Brnnsted acid sites (silanols). XPS measurements very elegantly confirmed this 
model: The charge on the zirconium cation in the mixed oxides is higher compared to the 
single oxide ZrO, indicating Lewis acîdîty. The oxygen near the Si cation bas a slightly 
higher elecrron density, Ieadîng to a slightly higher number of Bronsted acid sites. 
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6.2 MODELS FOR MIXED OXIDES 

The various models for single and mixed oxides, describing acidity, are summarized in 
chapter 1, section 3 of this thesis (page 20-30). The basis of the models for mixed oxides 
varies significantly. Tanabe's approach (1) seems very artificial; he postulates that the 
coordination number of the cation in a mixrure does not change, whereas the anion 
( oxygen) adapts the coordination number of the host oxide. This may lead to an imbalance 
witb respect to stoichiometry, but Tanabe does not mention this. Kung's model (2) seems 
more appropriate: lattice self potentials of cations in oxide matrices are compared and 
from this comparison a prediction of the potential of a strange cation in a host oxide 
matrix is made. Togetber with changes necessary to balance stoichiometry this detennines 
tbe resulting acidity in a mixed oxide. 

The approach of Kung is clearly favoured, and not only because it describes the acidity 
of the Si0,-Zr02 mixed oxides better than Tanabe's model. A drawback, however, is the 
use of a calculated property of cations in stead of an intrinsic one to predict acidity in a 
mixed oxide. Kung uses the lattice self potential of a cation to predict its electrostability 
in an oxide matrix. 

From an extensive study on characteriscic data of cations and oxides (see appendix 1 for 
data) it followed that the cation electronegativity (detennined via Misono's formula: x, = 
Xo + ~ (EI.,)) is a kind of common denominator fora lot of properties. In the introduction 
of this thesis the work of Tanaka and Ozaki (3) was described, showing good relationships 
between tbe electronegativity, and the pKa of aqueous ions in water and tbe point of zero 
charge of oxides. Below the correlations are given: 

x, = 10.99 - 0.459 . pKa 
X1 = 14.77 - 0.727 · PZC 

(R' 0.7608) 
(R2 = 0.8197) 

Besides this it was found tbat the electronegativity correlates well with the lattice self 
potential (used by Kung in bis mixed oxide model), the polarizing power (Z/r). the i'' 
ionization potential of cation'+, and the surface (hydroxyl) proton affinity PA011 (the 
energy needed to detach a proton from a surface hydroxyl). Figures 1 to 4 show the 
relationships and the correlations obtained are given with them. Parameters like the 
polarizing power and the proton affinity are also used as indicators for the acidity of 
catalyst.s. 

Because of this it is postulated to use the cation electronegativity, x" as a measure to 
predict the acidity of bath single and mixed oxides. The electronegativity may be 
calculated using Misono's formula, but it is shown in figure 3 tbat the i'" ionization 
potential is also a good measure of the electronegativity. 
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Thus, it is postulated to usethe following postulate to predict the acidity in mixed oxides: 
When two oxides are mixed chemically to fonn a catalyst, acidity may be generated in 
two ways basically. Differences in stoichiometry between the oxides (fol!owing from the 
formal charge of the cations involved) and differences in cation electronegativity are 
thought to be the main factors involved: 
-l- In the mixed oxide matrix the effects of differences in stoichiometry may be found: 

When a cation of lower forma! oxidation state is introduced in an oxide, an excess 
of oxygen results which is in most cases compensated by the adsorption of protons 
(preparation in water), i.e. Brnnsted acidity is found. When a cation of higher 
fonnal oxidation state is introduced in an oxide matrix, there is a deficiency in 
oxygen which may lead to the adsorption of negatively charged species like OH-, 
but no acidity is to be expected. 

-2- At the substituting cation site the differences in electronegativity detennine the 
resulting acidity. If the substituting cation is more electronegatîve than the host 
cations, no (Lewis) acidity wilt resull since the charge on the guest cation will be 
lower than in the single oxide. If the substituting cation is less electronegative, 
ho wever, it wiJJ have a re!atively high positive charge in the mixed oxide. This wil! 
lead to a more Lewis acid character. 

Por Si02-Al10 1 mainly the first postulate applies, and Brnnsted acid sites are to be 
expected beacause of the oxygen excess. Besides this, Lewis acidity may be found locally 
at Al cations (extra framework Al in zeolites) because of their lower electronegativity. 

Por Si02-Zr01 the second postu!ate applies and Lewis acid sites are to be expected when 
Zr is present iil a Si02 matrix. Por Si in a Zr02 matrix no large effects on acidity are 
predicted. 

In conclusion it can be said that the model postulated by Kung, and especially its basic 
assumptions, make it very usefu! in understanding the generation of acidity in mixed 
oxides. However, it is proposed here to use cation electronegativities in stead of lattice 

. se!f potentials when estimating resulting charge densities on guest cations in mixed oxides. 
Cation electronegativities are not avaîlable, but may be estimated in a number of ways. 
The ionization potential is one very useful parameter to estimate the cation 
electronegativity. 
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SAMENVATTING 

voor niet-vakgenoten 

In dit proefschrift worden de zure eigenschappen van silica-zircoonoxide (Si0i-Zr02) 

gemengde oxidische katalysatoren beschreven. Een paar definities vooraf: 
- Een katalysator is een (vaak vaste) stof die chemische omzettingen beïnvloedt (vaak 
versnelt) ,en dus bij een reactie betrokken is en als het ware kan sturen in een gewenste 
richting, maar niet verbruikt wordt tijdens die reactie. 
- Een zuur is een stof die een bepaalde interactie met chemische stoffen betrokken in een 
reactie (de reagentia) kan aangaan. Een zuur kan namelijk protonen (positief geladen 
waterstof atomen) overdragen aan de reagentia of elektronen (kleine negatief geladen 
deeltjes) van de reagentia opnemen. Een zuur dat protonen overdraagt noemen we een 
Bmnsted zuur, en een zuur dat elektronen opneemt een Lewis zuur. Een vaste zure 
katalysator heeft actieve plaatsen die een proton kunnen overdragen of elektronen kunnen 
opnemen. 
- Oxidische materialen, zoals silica (chemische naam: Si02) en zircoonoxide (chemische 
naam: ZrOz), bestaan altijd uit een combinatie van positief geladen deeltjes (de kationen) 
en negatief geladen zuurstof deeltjes (het anion). 

Waarom is het nu interessant gemengde oxyden, zoals SiOrZr02, te bestuderen, en dan 
nog wel de zure eigenschappen? Dat is zo, omdat de oxyden apart (bijna) niet zuur zijn, 
terwijl als we ze heel goed mengen materialen ontstaan die ontzettend zuur zijn. De vraag 
waarom de combinatie van deze twee oxyden zuur is terwijl de materialen apart amper 
zure eigenschappen hebben is er een die wetenschappers al lang bezighoudt. Het hier 
beschreven silica-zircoonoxide gemengde oxyde is overigens niet de enige combinatie van 
oxyden die dit gedrag vertoont. Er zijn tientallen combinaties bekend die sterk zuur zijn, 
terwijl de oxyden apart niet of nauwelijks zuur zijn. Het interessante is verder, dat de 
diverse gemengde oxyden niet allemaal het zelfde zure gedrag vertonen. Het ene koppel 
is bijvoorbeeld Br0nsted zuur (geeft een proton at), terwijl het andere koppel Lewis zure 
eigenschappen heeft {neemt elektronen op). Daarnaast verschilt ook de zuursterkte: van 
matig zuur (amper zuurder dan de oxyden apart), via sterk tot extreem sterk zuur. Ook 
dit is natuurlijk een interessant punt van onderzoek. 

Om de zure eigenschappen van katalysatoren te bestuderen heeft de katalyticus een enorme 
hoeveelheid karakteriseringstechnieken tot zijn beschikking. Een aantal hiervan zijn ook 
toegepast op de silica-zircoonoxide katalysatoren. Zo is er bijvoorbeeld met 
kleurindicatoren bepaald hoe sterk zuur de katalysatoren zijn. Kleurindicatoren zijn 
chemische stoffen die op een katalysator gaan zitten, en een bepaalde kleur( omslag) 
krijgen als de zure plaatsen een bepaalde sterkte hebben. Door nu een hele serie 
kleurindicatoren te gebruiken kan exact de zuursterkte worden bepaald. Inderdaad is 
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gebleken dat de Si02-Zr02 gemengde oxyden heel sterk zuur zijn, terwijl de oxyden apart, 
zowel Si02 als ZrO" veel minder sterk zuur zijn. 

Een andere methode die is gebruikt heet 'Temperaruur geProgrammeerde Desorptie', 
kortweg TPD. Hierbij wordt de zure katalysator allereerst volgestopt met een base. Een 
base is een stof die graag protonen opneemt of elektronen afstaat. Omdat een zuur graag 
protonen afgeeft of elektronen opneemt vormen die twee een hele sterke band met elkaar. 
Bij TPD wordt langzaam de temperaruur van de katalysator omhoog gebracht, tot wel 
500°C. Bij zo'n hoge temperaruur zijn het zuur en de base niet meer met elkaar gebonden. 
Als de katalysator echter maar zwak, of helemaal niet zuur is, laat de base al bij veel 
lagere temperatuur los van de zure katalysator. De precieze temperatuur waarbij de base 
loslaat van het zuur is dus een maat voor de zuursterkte. Ook hierbij bleek weer dat Si0.,
Zr01 gemengde oxyden heel sterk zuur zijn, terwijl de oxyden apart. veel minder sterk 
zuur zijn. 

Met InfraRoodspectroscopie (afkoning: IR) kan er als het ware worden 'gekeken' naar 
katalysatoren, en kan soms het actieve zure deel zichtbaar worden gemaakt. Vaak worden 
ook weer basen bij de katalysator gedaan, en kan met IR worden gezien of de katalysator 
een proton afgeeft, en dus een Brnnsted zuur is, danwel elektronen opneemt en een Lewis 
zuur is. Voor de Si01-Zr0, katalysatoren werd zo gevonden dat de sterk zure plaatsen van 
het Lewis type zijn. 

Rontgen Fotoelectron Spectroscopie (afkorting van de engelse naam is XPS) is een zeer 
moderne techniek waarmee het oppervlak (is het actieve deel waar de zure plaatsen zich 
bevinden) van katalysatoren besrudeerd kan worden. Niet alleen kun je met XPS zien 
welke atomen er aan het oppervlak zitten, je kunt ook zien in welke chemische toestand 
ze zich bevinden. Deze chemische toestand leert ons bijvoorbeeld of een katalysator zuur 
is. Zo werd gevonden dat zircoon atomen in Si02-Zr0, gemengde oxyden zich in een 
duidelijk andere chemische toestand bevindt dan in Zr01 apart. Dit is een duidelijke 
aanwijzing voor de aanwezigheid van zuren plaatsen, en meer in het bijzonder Lewis zure 
plaatsen, op de plaats van het zircoon atoom. 

Samenvattend hebben de diverse karakteriseringstechnieken geleerd dat op de Si02·Zr01 
gemengde oxyden sterke zure plaatsen van het Lewis type voorkomen, terwijl de oxyden 
apart vrijwel niet zuur zijn. Het is daarom niet verwonderlijk dat de gemengde oxyden 
veel actiever zijn in een testreactie waarin ze werden gebruikt 

Eerder werd al genoemd dat er enkele tientallen combinaties van oxyden bekend zijn die 
een sterk zuur karakter hebben, terwijl de oxyden apan niet of nauwelijks zuur zijn. In 
de loop van de jaren hebben verschillende groepen van onderzoekers geprobeerd 
eenvoudige regels op te stellen (modellen) die dit voorspellen. De bekendste modellen zijn 
die van Tanabe en Kung. Het model van Tanabe voorspelt echter Brnnsted zure plaaISen 
voor Si02-Zr02 katalysatoren, terwijl het model van Kung Lewis zuren plaatsen voorspelt. 
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Dit laatste blijkt nu te kloppen, en daarom is Kung's model blijkbaar beter toepasbaar voor 
de katalysatoren beschreven in dit proefschrift. Met name de resultaten van de XPS
metingen laten precies dat zien waar Kung's model op gebaseerd is. Kung voorspelt 
namelijk een andere chemische toestand voor het zircoon aroom in Si0,-Zr02 gemengde 
oxyden dan in Zr02 apart, en dit werd met XPS aangetoond. 

Het proefschrift wordt afgesloten met een aanzet voor een eigen model dat de 
aanwezigheid van zure plaatsen in gemengde oxyden voorspelt op basis van eigenschappen 
van de oxyden apart. Basis van bet model is de zogenaamde electronegativiteit van de 
positief geladen deeltjes, de kationen. De electronegativiteit van een kation is een maat 
voor de mate waarin bet kation in staat is elektronen aan te trekken. Deze elektronen zijn 
bijvoorbeeld afkomstig van de zuurstof anionen waannee het kation în het (al dan niet 
gemengde) oxyde een binding vonnt. Wanneer twee oxyden met elkaar worden gemengd 
zal het kation met de grootste electronegativireit het hardst aan de beschikbare elektronen 
'trekken', waarbij echter de positieve lading van het kation lager wordt. Voor Si02-Zr02 

gemengde oxyden is dit het silicium kation. Het kation met de laagste electronegativiteit 
houdt (relatief) de hoogste positieve lading, en die lading is hoger dan die in het oxyde 
apart. Dat betekent echter dat het in een reactie wel goed elektronen kan opnemen, en dus 
een sterk Lewis zuur is. Voor Si02-Zr02 gemengde oxyden worden dus Lewis zure 
plaatsen op het zircoon atoom verwacht, hetgeen ook gemeten is met bijvoorbeeld XPS. 
Uit metingen van andere onderzoekers blijkt dit model ook voor andere combinaties van 
oxyden, zoals Si02-Al20" geldt. 
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SAMENVATTING 

voor chemici 

Dit proefschrift beschrijft de bereiding en karakterisering van Si02-Zr02 gemengde 
oxyden. Er werd aangetoond dat de gemengde oxyden extreem Lewis zure eigenschappen 
hebben, terwijl Si02 en Zr02 apart maar zwak zuur zijn: 

Experimenten met kleurindicatoren hebben laten zien dat de gemengde oxyden een 
Hammett zuursterkte (H0) hebben van -13.8 s H0 s -11.4, terwijl Si02 een 
zuursterkte heeft van +2.8 s H0 s +4.0 en Zr02 van +0.8 s Ho s +2.8. 

Temperatuur geprogrammeerde desorptie (TPD) experimenten van ammoniak laten 
zien dat de gemengde oxyden een duidelijk groter aantal sterk zure plaatsen 
bevatten. Het aantal sterk zure plaatsen wordt afgeleid van de hoeveelheid NH3 die 
boven 373 K desorbeert. 

De katalysatoractiviteit in de dehydratatie van cyclohexanol, een bekende testreactie 
voor zure katalysatoren, correleert goed met het aantal sterk zure plaatsen als 
bepaald met een TPD experiment. De Si02-Zr02 gemengde oxyden hebben een 
duidelijk hogere activiteit dan Si02 en Zr02• 

Infrarood metingen aan met ammoniak of pyridine behandelde katalysatoren laten 
een sterke Lewis interactie zien van dit basische molecule met de gemengde 
oxyden. Daarnaast wordt een zwakke Brnnsted interactie gezien. 

XPS-metingen laten zien dat de Zr kationen in de gemengde oxyden een hogere 
(positieve) lading hebben dan in Zr02• De Zr-0 binding blijkt bovendien meer 
ionisch van karakter. Dit is indicatief voor Lewis aciditeit geassocieerd met het Zr 
kation. De Si-0 binding is iets covalenter in de gemengde oxyden dan in Si02• Het 
zuurstof anion nabij het Si kation heeft een hogere electronendichtheid. Dit is 
indicatief voor extra Brnnsted zure plaatsen. 

In de literatuur worden diverse modellen gepostuleerd die de aciditeit van gemengde 
oxyden verklaren uit eigenschappen van de oxyden apart. Het model van Kung voorspelt 
goed het gedrag van de Si02-Zr02 gemengde oxyden. Het voorspelt dat het Zr kation 
electrostatisch stabieler is in een Si02 matrix dan in Zr02, waardoor het als Lewis zure 
plaats, als electronenacceptor, kan fungeren. 

Kung gebruikt in zijn model electrostatische potentialen ter plaatse van het kation om de 
electrostabiliteit van gast kationen te voorspellen. Deze potentialen kunnen bijvoorbeeld 
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worden berekend uit gegevens van XPS of XRD metingen. Andere eigenschappen van 
kationen die in de literatuur worden genoemd en indicatief zijn voor de electrostabiliteit 
zijn de polariseerbaarbeid (Q/r) en het point of zero charge (PZC) van oppervlakken. In 
dit proefschrift wordt voorgesteld de electronegativiteit van bet kation te gebruiken ter 
voorspelling van de vorming van {sterk) zure plaaL~en in gemengde oxyden. De 
electronegativiteit van het kation blijkt goed te correleren met diverse parameters die 
worden gebruikt om de aciditeit van {gemengde) oxyden te kwantificeren. Een gast kation 
krijgt een hogere positieve lading als zijn electronegativiteit lager is dan die van het kation 
in het hoofdoxide. Een hogere electronegativiteit van het gast kation leidt tot een (relatief) 
lagere lading en een meer basisch zuurstof atoom. Dit effect zal niet domineren. 
Natuurlijk moet ook naar de formele oxidatietoestand van het kation worden gekeken 
(stoechiometrie). Wanneer een kation van lagere formele oxidatietoestand wordt 
geïntroduceerd ontstaat een overschot aan zuurstof anionen. Dit overschot wordt door 
extra protonen gecompenseerd, en dat betekent extra Brnnsted zuursterkte. 
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SUMMARY 

This thesis describes the preparation. and characterization of Si02-Zr02 mixed oxides. As 
is demonstrated, the mixed oxides have extreme (Lewis) acid properties, whereas the 
single oxides are only weakly acidic: 

Colour indicators show a Hammett acidity (II,,) of -13. 8 ,,;; II,, ,,;; -11.4 for the 
mixed oxides compared to +2.8 ,,;; H0 ,,;; +4.0 for Si02 and for +0.8 s; H0 s; 
+2.8 for Zr02 • 

From ammonia TPD experiments it is clear that the number of strong acid sites, 
derived from ammonia desorbing at temperarures <! 473 K, is significantly higher 
on mixed Si02-Zr02 oxides, than on Si02 or Zr01 . 

The activity of the catalysts in the cyclohexanol dehydration, a wel! known test 
reaction for acid catalysts, correlates wel! with the numher of strong acid sites 
derived from ammonia TPD experiments. A higher activity of the mixed oxides 
compared to the single oxides is observed. 

lnfrared measurements on ammonia or pyridine treated catalysts show a strong 
Lewis interaction besides a weak to moderate Brnnsted interaction with the basic 
probe molecule. 

XPS measurements show that the Zr cation bas a higher valence in the mixed oxide 
compared to the single oxide ZrO" Moreover, the Zr-0 bond is more ionic in the 
mixed oxide. This indicates a strong Lewis acidity associated with the Zr cation. 
The Si-0 bond is slighrly more covalent in the mixed oxide and the oxygen anion 
associated to the Si cation has a higher electron density compared to the siruation 
in SiO" This is indicative for extra Brnnsted acidity. 

Of the models postulared in literature, descrîbing acidîty in mixed oxides, a model of 
Kung is most appropriate to the Si02-Zr02 mixed oxide described here. The Zr cation is 
predicted to be electrostatically more stable in the mixed oxide compared to the single 
oxide Zr02, and can rherefore act as an electron acceptor (Lewis acid sites). 

Kung uses electrostatic potentials at the cation site to estimate the eletrostability of guest 
cations in host oxide matrices. These potentials can be derived from XPS or XRD 
measurements, or calculated. Other catîon-properties named in literarure on (mixed) oxide 
acidity are its polarizing power (Z/r), and surface point of zero charge. In thîs thesis it 
is proposed to use cation electronegativities to predict acidity formation in mixed oxides. 
Cation electronegativiries correlate wel! with various parameters describing the acidîty in 
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(mixed) oxides. A comparison of electronegativities may help to see which charge a cation 
has as a guest in a 'strange' oxide compared its 'own' oxide. A lower electronegativity 
of the guest cation oompared to the electronegativity of the cation in the host oxide will 
lead to a relative high postive charge on the guest cation. A higher charge is clearly 
indicative for Lewis acidity. A lower charge, induced by a higher electronegativity of the 
guest cation, may lead to a more basic oxygen and more proton' to compensate for this 
( = Brnnsted acidity), although this is thought not to be a dominant effect. Of course, the 
forma! oxidation state of the two oxides mixed is also important, lntroducing a cation of 
Iower forma! oxidation state in an oxide matrix leads to an excess of oxygen, which is 
compensated for by protons (Bronsted acidity), 
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APPENDIX 1 Various data on cations and oxides to be used for models. 

Electronegativity ,,.. 
Poin! of : XPS 

~ Ele!fJC'rtt/ atom ion Valence ioni:z:uion Oxygen self - Eb (0 ts) 
Oxide (n) poccntial ="'· r«t:mW 

P:311lîr1g T=b MC!ono (cV) 
Charge (eV) 

H HiO 2.2<l 6.ó '9 l 13.59 3 7.0 533.0 

:,O.:a N•P 0.87 2.6 3.1 l 5.14 8 -l0.6 52~5 0,97 

K K,O 0.73 2.2 2.8 1 4.34 8 -9d 1.33 

Rb Rb10 0.82 2.5 2.9 l 4. !B 12 -3.1 529,0 1.47 

Cs CsiO 0.79 2.4 2.8 l 3.89 12 -7,S 52it8 l.61 ., 
"'° L57 7.9 68 2 18.21 4 10.2 5.4 -2&.7 531.5 0.35 

PI PtO 2.28 ll.4 7.5 2 lll.56 6 14 .••.. o~u 0.1!0 

"' PdO 2.20 11.0 1.5 2 19.43 • -23.2 529.J OJIO 

c" c"o l.90 9.5 7.2 1 20.29' 6 9.5 8.0 -24.3 ,"' 0.72 

Ni NiO 1.91 9.6 7.0 2 !8.17 6 11.1 9.8 -24.2 529.4 0.69 

c" CoO i.88 9.4 6.9 ' !7.06 6 11.4 9.5 -23.'.l 52').9 (t72 

Z• ZrnJ l.65 8.3 6.9 1 17.96 6 9.3 9.0 -14,0 '''"' i.l.74 

M• MoO l.55 7.8 6.4 ' 15.64 6 10.4 -21.1 529.5 0.80 

Mg MgO l.Jl 66 6.1 1 15.04 6 ri:.t HA -23.9 530.9 0.66 

Cd CJO l.69 8.5 ••• 2 16.'11 ' IOA 10.I -2L4 529,{i 0.97 

c. a.o LOO 5.0 5.2 1 11.81 8 12.9 -20.9 530.2 0.99 ,, S<{) 0.115 '. 5.0 2 IUH ' U.3 -19.S 530.3 1.12 

" "'° 0.!:19 '"' u 2 10,1)) 12 1'.L5 -18.2 S28_! 1.34 

Pb l'bO 2.33 lL7 7.l ' 15.03 Ii J0.4 7.7 -20.5 529.3 J.20 

B B10J '·"' 14.J 10.5 3 31.9J ' 531.8 6.23 

Al AliOJ L6i 11.3 '·' ' 28.45 416 7.5 S.O -36.6 53L! Q.51 

Rh RhiO, 2.23 16.0 ,_, J Jl.06 6 -34. ! 530.2 0.68 

"' G'<O, 1.81 12.7 ,_. J 30.71 6 2.6 ·35.0 :530.6 0.62 

F< F<,O, l.8:) 12.8 9.2 3 30.65 6 6.8 2.2 -34.8 :529.6 Ml 

Sb Sb:.01 2.05 14.4 9.2 ' 25.30 6 529.8 11.76 

M' MnA 1.55 10.? 9.1 ' • '-" 529.4 0.66 

c, Cri01 1.66 H.6 9.0 ' :m.% 6 70 .)4.9 531.1 0.63 

v vz0, 1.6' 11.4 '' J 29.3l 6 -JJA 530 3 <J.74 

Ti ÎI;~ 1.54 '"' s.s 3 21A9 6 " -33.6 529A 0.76 

Bi B1;J, 2.02 14<1 S.l J "-" • Ll 519.8 G.96 

y vp, l.22 ,_, 1.S J 2-0Sl • 9.0 1. 7 -3L5 529.3 0.89 

L4 u,o, J. lO 7.7 ?! 3 19.18 ' Hi.4 ", -29.0 528.4 1.06 

s. s;o, 190 l7.J 
" 1 

4 4.5.14 4 231 ..48.5 532.8 0.42 

Pb "'°' 2.33 2LO 12.2 4 42.32 • -4()' 528.0 0.84 

Ce """ 1.12 10.l '·' • 36.72 ' .4() J 529.0 0.92 

"' o,.o, 201 li!.l 12.2 4 45.7! 6 529.8 0.53 

"' MnO: 1.55 l4.0 11.9 4 51.2-0 6 -46.5 529.6 0.60 ,, SnO, 1.96 11.6 tl.(! 4 40.73 ' ö.S .0.6 -42.9 530.4 0.71 

Ti TID: 1.54 13.9 ILJ 4 43.'.l? ' 4.8 2.2 44.7 529.1 0.68 

z,. ZN, t.33 12.0 IO.l 4 34.34 • 1.1 -0.3 -42.3 530.4 0-.79 

Sh Sb,O, 2.05 22Ai 14.3 ' 56.00 ' 0.3 1.4 529,8 0.62 

p P10, 2.19 24,l 1~;,5 ' 65.<JZ 4 531.0 0.35 

Nh Nb;Oi l.60 i7,6 13.2 5 S0.55 ' 530.3 0.69 

w wo, 2.36 30.7 uto ' ' 0.3 -64.5 5JOA 0.62 

c, c.o, l.66 21.6 !i.9 ' 90.56 6 -58.5 5300 0,52 
• 

M' Mo01 2.35 30.6 11A ' 6ll00 ' -5!U! 530.8 0.62 
•• 
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DANKWOORD 

Aan het tot stand komen van dit proefschrift hebben veel mensen een bijdrage geleverd. 
Allereerst dank aan mijn promotoren, professor Rutger van Santen en professor Johannes 
Lercher. Eind 1994 benaderde ik hen met de vraag of het mogelijk zou zijn te promoveren 
op het werk aan Si02-Zr02 gemengde oxyden, en beiden stonden daar meteen voor open. 
Iets waar ik lang van heb gedroomd kwam toen binnen handbereik! 

Ook dank ik de mede-auteuren van de publikaties die de basis voor dit proefschrift 
vormen: Edgar Kruissink, Jan van der Spoel en Frank van den Brink voor hoofdstuk 2, 
Sef van Heel en Leon Lefferts voor hoofdstuk 3, Roel Ferwerda, Phillip Sinclair, Rob 
Meier, Joop van der Maas en Bert Kip voor hoofdstuk 4, en Paul Pijpers en Alex Jaspers 
voor hoofdstuk 5. Metingen verwerkt in de diverse hoofdstukken werden verricht door 
Maurice Simenon en Peter Hoogendoorn (test reactie}, dhr. Rarnaekers en Joost Moonen 
(XRD}, en Jo Blok en Peter van Oeffelt (BET, PVD en NH, TPD). 

Daarnaast dank ik de leden van de projectteams 'Solid Acids and Bases' en 'Surface 
Science in Catalysis' bij DSM-Research voor hun bijdragen. 

Ruud van Hardeveld wil ik apan bedanken voor zijn kritisch commentaar bij de diverse 
hoofdstukken van dit proefschrift en de vele discussies over het thema. 

Tenslotte ben ik dank verschuldigd aan DSM-Research, voor de financiële bijdrage aan 
de drukkosten van dit proefschrift, en de toestemming voor het publiceren van dit werk. 
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promoveren. 
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Stellingen 

behorende bij het proefschrift 

'Characterization of the acidity of Si02-Zr02 mixed oxides' 

van H.J.M. Bosman 

1. De modellen van bv. Thomas en Tanabe ter voorspelling van de aciditeit van gemengde 
oxiden gaan te veel uit van de siruatie in de bulk, hetgeen principieel onjuist is. 

Thomas,C.L" lnd.Eng.Chem. 41, 2564 (1949) 
Tanabe,K, Sumiyoshi,T .• Shibila,K., Kiyoura,T .• en Kitagawa,J., Bull.Chem.Soc. Japan 47, 1064 
(1974) 

2. De twee aannames die Tanabe et al. maken ter verklaring van de aciditeit in gemengde 
oxides zijn strijdig en worden niet onderbouwd. Dit reduceert hun model tot niet meer 
dan de grootste gemene deler in een regressieanalyse en dus onbruikbaar in 
wetenschappelijke discussies over het ontstaan van zure sites bij het mengen van twee 
oxides. 

Tanabe,K., Sumiyushi,T., Shibita,K" Kiyuura,T., en Kitagawa,J., Bull.Chem.Soc. Japan 47. 1064 
(1974) 

3. Kung geeft een model dat de vorming van zure sites bij gemengde oxides voorspelt en 
neemt daarbij een verdunde 'vaste' oplossing van een kation in een matrix oxide aan. 
Hij controleert de voorspellende waarde van zijn model door een vergelijk met 
beschikbare gegevens van equimolair gemengde oxiden, hetgeen dan principieel onjuist 
is. 

Kung,H.H., J.Solid State Chem. 52, 191 (1984) 

4. Kung voorspelt Lewis aciditeit bij het mengen van twee oxiden met gelijke 
stoichiometrie als het matrix oxide meer ionisch van karakter is dan het •gast' -oxide, 
terwijl dit juist andersom is. 

Tabel lil in Kung,H.H" J.Soiid State Chem. 52, 191 (1984) 



5. De kracht van Röntgen Fotoelectron Spectroscopie (XPS of ESCA) voor het bepalen 
van de aciditeit (type, sterkte) van (gemengd) oxidische katalysatoren wordt nog 
onvoldoende benut. 

6. De bewering van De Bellefon en Fouilloux in een review over vloeistoffase nitril
redncties dat een deel van het waterstof in Raney nikkelkatalysatoren aanwezig is als 
oppervlakte hydride is verwarrend. De naam doet teveel denken aan bnlkhydrides die 
niet voorkomen in Raney nikkelkatalysatoren. 

De Bellefon,C" en Fouitloux,P" Catal.Rev.-Sci.Eng" 36, 459 (1994) 

7. Omdat het in Nederland zelfs mogelijk is gebleken een 'paarse' regeringscoalitie te 
vormen wordt het tijd een 'kleurloos' en 'doorzichtig' zakenkabinet te overwegen. 

8. Een belangrijke oorzaak van hel optreden van bijwerkingen van medicijnen is hun 
vermelding op de bijsluiter. 

9. Objectiviteit bestaat niet. Zelfs niet (of moet ik zeggen: zeker niet) in de wetenschap. 




