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Abstract

The surface area of zirconia is known to decrease dramatically upon heating. The
addition of dopants to zirconia has been found to stabilise the surface area of
zirconia against sintering. The dopants investigated were silica, lanthana and ceria,
over the calcination temperature range 400 to 1050°C. The surface area of pure
zirconia decreases from 109 m2g 1 at 400°C to 15 m2g’! at 900°C ( it has a surface
area < 3 m2g 1 at 1050°C), whereas, 3.5wt% Si02Zr02 has a surface area of 170
m2g~ at 400°C and 13 m2g'l at 1050°C. The addition of 3mole% lanthana
stabilised the surface area to a similar amount as silica but the addition of ceria did
not stabilise the surface area against sintering.

Varying the nature of the preparation of the mixed oxides determined the phase of
the sample. Coprecipitation preparation stabilised the tetragonal phase of zirconia
up to 1050°C whereas, impregnation preparation stabilised the monoclinic phase
of zirconia up to 900°C. The phase composition was identified using powder x-ray
diffraction.

The catalyst surface was characterised using x-ray photoelectron spectroscopy.
Enrichment of the surface with the dopant was observed with increasing
calcination temperature.

From the catalytic decompostion of propan-2-ol test reaction, the addition of
dopants altered the surface properties of pure zirconia. Zirconia produced the acid
product in the reaction whereas, silica doped zirconia showed enhanced acidity,
lanthana doped zirconia showed basic activity and the addition of ceria suppressed
the catalytic activity. From the decomposition reaction, the enhanced acidity of
silica doped zirconia was investigated using combined Fourier transform infrared
spectroscopy and pyridine adsorption. The results showed that the catalytic

activity was taking place at Lewis acid sites.
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1. Introduction

1.1 Scope of thesis.

The use of zirconium dioxide is well established in the ceramics industry.
However, its importance in catalysis is being more widely investigated. Zirconia
can act as a catalyst support or as an active catalyst. It possesses redox properties
along with acidic and basic character, proving it to be a system worthy of

investigation.

The addition of dopants to stabilise the surface area of zirconia is the initial aim of
this work. The surface area of pure zirconia decreases significantly with increasing
calcination temperature. The dopants investigated are lanthana, silica and ceria.
Each dopant alters the physical and chemical properties of the system under

investigation in a specific way.

1.2 Crystallography

1.2.1 Monoclinic Zirconia. (Zr02)

Monoclinic zirconia is the naturally occurring form of zirconium oxide
(baddeleyite). This phase is stable up to a temperature of 1170°C. The central

zirconium atom is coordinated to seven oxygen atoms. Baddeleyite was first

isolated from zircon (ZrSi04) in 1789 by Klaproth 1.

Zirconium

Oxygen



The crystallographic structure shows seven differing zirconium oxygen bond
lengths within the repeat unit, and six differing zirconium/zirconium distances

within the system.

Neighbour Distance /A

Zr-O 2.051 2.057  2.151 2.163 2.189 2.222 2.285

Zy-Zr 1x3.341 2x3.433 2x3.461 1x3.463 1x3.588 2x3.923

1.2.2 Tetragonal Zirconia

From 1170°C to 2370°C the tetragonal phase is stable and its structure is that ofa
distorted fluorite (CaF2). The central zirconium atom is coordinated to eight

oxygens.

“T17 Zirconium

Oxygen Q

The crystallographic data shows that the tetragonal structure is an elongated

tetrahedron .
Neighbour Distance /A

Zr-O 4x2.065 4x2.455

Zr-Zr 4x3.64 4x3.68



1.2.3 Cubic Zirconia

Above 2370°C the cubic form of zirconia is stable with a fluorite structure.

Zirconium Q

Oxygen

Neighbour Distance /A

Zr-O 8x2.28

Zr-Zr 8x3.72

1.2.4 Orthorhombic Zirconia

The structure is similar to that of monoclinic zirconia, with different neighbour

distances.5

W

Oxygen A Zirconium O



Neighbour Distance /A
Zr-O 2.063 2.110 2.152 2.187 2.198 2.200 2.208

Zr-Zr 2x3.418 3.428 3.515 2x3.517 2x3.734 2x3.776

The orthorhombic phase occurs from a stress induced tetragonal to orthorhombic
transformation. The phase was first reported by Scholoeilein and Heuer 6 It was
found that tetragonal zirconia precipitates would transform to orthorhombic
symmetry during examination by transmission electron microscopy. The
orthorhombic phase can be distinguished from both tetragonal and monoclinic
phases by the reciprocal lattice geometry. The stress induced tetragonal to

monoclinic transformation may involve an orthorhombic phase as an intermediate.

1.2.5 Zirconia in solution

7102 is virtually insoluble in excess base. In solution there is no evidence of Zr4+
or Zr02+under any conditions. There is evidence for the ion [Zr(OH)&H?20)16]8+
which crystallises out in dilute hydrochloric acid to give zirconium oxychloride 1
In solution the zirconium atoms lie in a distorted square, linked by pairs of
hydroxo bridges and also bound to four water molecules, so that the zirconium
atom is coordinated by eight oxygen atoms in a distorted dodecahedral

arrangement.

1.3 Metastable Tetragonal Zirconia

The high temperature tetragonal phase cannot be retained upon rapid cooling to
room temperature, however, the phase can be obtained in a metastable condition at
lower temperatures if the zirconia is prepared by precipitation from solution or by

thermal decomposition of zirconium salts, and by the addition of dopants 8.



1.3.1 PRECIPITATION FROM SOLUTION

Garvie8 describes precipitation of zirconium hydroxide from hot zirconyl nitrate
using a sodium hydroxide solution. The samples were calcined, for 24 hours, over
a range oftemperatures up to 1000°C. The tetragonal form ofthe oxide was stable
up to 650°C, with a mixed phase of monoclinic and tetragonal up to 800°C, and
purely monoclinic above this temperature. However, Garvie makes no mention to

the pH ofthe precipitation.

The effect of pH on the phase of zirconia precipitated from solution was
investigated by Davis9. The zirconia gel was precipitated from a zirconyl nitrate
solution using a range of bases, with a variation in the pH of precipitation. The
samples were calcined at 600°C. The bases used, ammonium hydroxide, sodium
hydroxide and potassium hydroxide, all gave similar results. In the pH range 4 to
6.5, between 40 and 60 % tetragonal phase was obtained. The range 6.5 to 10.5
showed less than 10% tetragonal, and the range 10.5 to 14 had the greatest amount
of tetragonal phase with almost 100% tetragonal at pH = 14, using sodium

hydroxide as the base.

1
Fraction
Tetragonal
0
0 7 14
pH

A similar investigation by Cruceanl0showed that samples precipitated at pH 4 and
6 and calcined below 800°C consisted of a mixture of tetragonal and monoclinic

phases. Jada et al. 11 investigated the pH of the precursor solution starting from



zirconyl acetate. The pH range investigated was 3.2 to 6.6 and the samples were
calcined at 850°C and 1100°C. In all the samples calcined at 1100°C, the phase
was monoclinic. However, at the lower temperature, between 30 and 40 %

tetragonal zirconia was obtained.

1.3.2 THERMAL DECOMPOSITION

Garvie8 prepared zirconia from thermal decomposition of anhydrous zirconium
nitrate, which was calcined at 400°C for four hours. The tetragonal phase was
stable up to 500°C, with a mixed phase of monoclinic and tetragonal up to 800°C,

and purely monoclinic above this temperature.

1.3.3 ADDITION OF DOPANTS.

The addition of dopants to stabilise the tetragonal phase of zirconia has been very
widely investigated. The structures of the tetragonal and cubic phases of zirconia
can be kinetically stabilised at room temperature by the addition of many different
metal oxides, such as, MgO, CaO, Sc20 3, Y20 3, La20 3, Er20 3, Si02 and Ce02, to
form solid solutions > . The amount required for the stabilisation of either

polymorph depends on the nature ofthe dopant and the method ofpreparation.

1.3.3.1 Lanthana

Lanthana, La20 3 has an oxidation state of +3 whereas zirconia, Zr02 has an
oxidation state of +4. Therefore, when lanthana is used as a dopant, oxygen
vacancies are formed to preserve the lattice neutrality. Observations by Ozawal3

show that the metastable phase can be synthesised from the coprecipitate by



heating the hydrate precursor. The initial characterisation of the phase using DTA
gave a crystallisation peak shift to higher temperatures, increasing with lanthana
content, with respect to pure zirconia. Crystallisation was retarded by the dopant.
From the powder x-ray diffraction studies, it was stated that the dopant stabilised
the tetragonal phase in the ranges of 2.5 to 5 mole %. Trace amounts of the
monoclinic phase were observed in this region. However, for 10 mol% lanthana,
the cubic phase was observed at lower calcination temperatures but transformed to
the tetragonal phase at higher temperatures. The 10 mol% lanthana stabilised the
surface area from 52 m2g‘ at 800°C to 24 m2g'! at 1000°C, in contrast with 10
m2g'] at 800°C to 2 m2g 1at 1000°C for pure zirconia.

Franklin ¥4 records surface areas for 4 and 8 mol% lanthana calcined at 700°C as
58 and 74 m’ g" respectively, and 29 ng" for pure zirconia. Again, from powder

XRD, the phase of the system was identified as tetragonal.

Bastide prepared a range of lanthana doped systems and found that the
tetragonal phase could be stabilised from 2 to 8 mol% lanthana up to 1200°C.
However, at the higher temperatures the pyrochlore (Zr2La20 7) phase occurred. In
the studies discussed so far, structures have been determined by XRD . However,
Loongl6 did show, using a neutron scattering study that 10 mole % lanthana

stabilised the tetragonal and cubic symmetry up to 1000°C.

In contrast to the tetragonal phase stabilisation, Singhl7, used a liquid melt
technique which stabilised the cubic phase at 800°C. From 4 to 24 mole %
lanthana the system had cubic symmetry. The samples were identified using XRD

and infrared spectroscopy.

Mercera’s 18 extensive investigation of lanthana doped zirconia systems
consolidated the use of lanthana as an effective dopant in stabilising the surface
area and tetragonal phase of zirconia. A series of conclusions were reached in
which the incorporation of 2.8 mol% lanthana in zirconia to form a solid solution
was found to yield a single phase of tetragonal zirconium oxide up to 900°C. As

with Ozawa " , the addition of the dopant retarded the crystallisation of zirconia,



and upon crystallisation the samples had a high specific surface area of 87 ngl at

600°C and 58 m V at 900°C.

1.3.3.2 Silica

Dzis’ko 19 was the first to investigate silica zirconia systems for catalytic
properties. Up to 90% silica was used, and from the XRD results, Dzis’ko quotes
that the phase was a solid solution with no mention of either the tetragonal or
monoclinic phase. However, above 1000°C the phase was identified as zircon. He
concludes that the catalysts show properties of a strong acid, changing the colour
of an indicator with pK = -8.2, with the original substances being only weakly
acidic pH = +4. More recent investigations into silica zirconia systems give more

information on the phase and surface area stabilisation.

Using 50 to 95% silica, Rao 20 investigated the stabilisation of the tetragonal
phase up to high temperatures. However, all the samples were amorphous up to
1000°C, above which the samples were a mixture of tetragonal and cubic. The use
of a high percentage of dopant to stabilise the amorphous phase was also
investigated by Soled *"and Bosman >*. From Soled’s work only 15 mol.% silica
was required to produce the amorphous phase using a sol gel preparation. Using 1
mol% silica calcined at 500°C, the monoclinic phase was observed with a surface
area of 48 m’g' as opposed to 19 m’g'' for pure monoclinic zirconia. Soled was
able to stabilise tetragonal phase using 5 mol% silica which had a surface area, at
500°C, of 66 m 2g" . During this study, further samples were prepared using an
impregnation technique. The results obtained show that the tetragonal phase can
be stabilised from 5 to 25 mol% silica at 500°C, with surface areas of 85 and 166

mg" lrespectively.

Miller 23 conducted a similar series of experiments to those of Soled, and states
improved results in the stabilisation of the surface area of zirconia. Again, the
samples were prepared using a sol gel synthesis. The tetragonal phase was
stabilised using only 1 mol% silica calcined at 500°C and had a surface area of

120 rn2g"'1 . These results differ from those obtained by Soled. At 5 mol% silica the



system was amorphous with a surface area of 145 m2g . At 900 C, 5 mol% silica
had tetragonal symmetry with the lower dopant percentages showing a mixture of
monoclinic and tetragonal phases. All of the samples were monoclinic at 1100°C.
Miller explained the difference in the two sets of results by stating that
supercritical drying yields an oxide network which is resistant to sintering and

crystallisation upon thermal treatment.

Silica doped zirconia has now been used as a source of stabilised tetragonal
zirconia 24 25 in infrared spectroscopy, temperature programmed reduction and
temperature programmed desorption. 3.5wt% silica zirconia has been used as a
source oftetragonal zirconia with specific surface area of 130 m2g 1 at 600°C and

98 m V 1at 800°C.

1.3.3.3 Ceria

The use of ceria as a dopant for the stabilisation of zirconia has become more
common as a result of the increased interest in ceria in the three way automotive

26,27 28 29 . . . .
e Settu, = using a sol gel preparation, compared pure zirconia and

catalyst
ceria zirconia samples. It was observed that the pure zirconia was tetragonal up to
600°C, a mixture of monoclinic and tetragonal at 700°C and totally monoclinic at
850°C. However, for a 10 mol% ceria zirconia sample, the tetragonal phase was
stable from 425°C to 850°C. In contrast to other dopants used the ceria did not

stabilise the surface area of'the zirconia. (See table below)

Calcination Temperature °C  Zr02mV* 10 mol% Ce02Zr02 mzg 1

385 90 16
600 18 7
850 4 2



From coprecipitation methods of preparation of ceria zirconia systems, varying
phases and surface areas can be obtained. Urabe 3 produced 20% Ce02Zr02 in
the tetragonal form, by calcination at 9000C, whereas Postula 3l used 7wt%

Ce02Zr02to produce a cubic phase calcined at 450°C with a surface area of 103
m2g". Using an impregnation technique, Ozawa 32 prepared a range of ceria
loadings from 60 to 90 % . The samples were all calcined at 1000°C and gave a
cubic solid solution, with surface areas in the range 9 to 13 ng'lfor 90 to 70 %
ceria respectively. Most of the above produced only high loadings of ceria or
single specific samples for their particular application. A more detailed set of
experiments was carried out by Franklin, * who prepared the samples by

coprecipitation and calcined the products at 950°C.

Mole % Ce02  Surface Area m g“ % Tetragonal Phase

1 16 28
2 17 85
3 21 85

From these results it can be seen that only 2 % ceria is required to stabilise the

tetragonal phase.

Detailed investigation by Rao 343536 gave important information on the tetragonal
phase of ceria- zirconia catalysts. By firing mixtures of the oxides at 1600°C, solid
solutions of ceria/zirconia were produced over a 5 to 90% ceria content. The
surface areas of all the samples were 1to 2 m2g 1. Above 60% ceria, the samples
were cubic in structure . During ceramic synthesis, a solid solution was generated
and the metastable tetragonal form was produced. A non-stoichiometric cooling
rate produces two phases of tetragonal symmetry TZ°® and TZ’. These phases exist
in their pure form in the compositional range 5-20% Ce02 and 40-60% Ce02
respectively. However, at Ce02 content 20-40%, a mixture of TZ° and TZ’ exist.

The former phase was characterised by a larger orthogonality (c/a = 1.018 )

10



compared to the TZ’ phase (c/a = 1.010). Varying the preparation method and

calcination temperature of'the ceria zirconia system can produce the desired phase.

1.3.3.4 Other Dopants

Many other dopants have been studied for the stabilisation of tetragonal zirconia.
However, a brief summary of those studied by Mercera 7 will follow. Mercera
studied magnesium oxide, yttrium oxide and calcium oxide along with his
extensive study of lanthanum oxide. The oxides were selected according to the
following two criteria ; (1) the effective cationic radius of the dopant must be
similar to, or larger than that ofthe zirconium ion to minimize the chance of solid
solution formation with monoclinic zirconia, and to influence the mass transport
mechanism involved in the sintering of the material; (2) the valency of the cation
must be invariant to avoid secondary effects arising from oxidation or reduction of
the dopant. In concluding, Mercera found that the thermal stability of monoclinic
zirconia was considerably improved by the addition of CaO and Y20 3 over the
temperature range 400 to 900°C. The addition of MgO resulted in an improvement

in the thermal stability only up to 800°C.

1.3.3.5 Theoretical observations

Theoretical studies to predict the crystal structure of zirconia have been
undertaken’ . The objective of'the studies was to calculate the free energy of each
polymorph as a function of temperature and therefore, obtain transformation
temperatures. The author modeled the cubic structure for pure zirconia and upon
displacing the oxygen in the cubic simulation, the final relaxed structure turned
out to be exactly that of equilibrated tetragonal symmetry. Therefore, it was

concluded that the transformation took place due to the instability of the cubic

it



fluorite structure. Displacing the oxygens in the original tetragonal structure gave
a final relaxed state which was an equilibrated monoclinic structure. This
transformation was similar to the one from cubic to tetragonal. For the dopant
study, one zirconium atom was replaced by a calcium atom, thus decreasing the
overall charge. This decrease in charge was found to stabilise the cubic phase.
However, when the amount of dopant was reduced to 6.25%, the cubic phase
could not be stabilised, however the tetragonal phase was stabilised. These results
compare with the above experimental results, that small amounts of dopant will
stabilise the lower symmetry tetragonal structure but may not be sufficient to

stabilise the higher symmetry phase at the same temperature.

1.4 Tetragonal to Monoclinic phase transformation

In 1929, Ruff and Ebert - first prepared the metastable tetragonal phase by
igniting zirconium salts. This finding was initially explained by Cypres et al. 40 .
The authors studied the problem wusing differential thermal analysis,
thermogravimetry and x-ray diffraction. They concluded that small amounts of
bound OH groups in solid solution stabilised the tetragonal form at room
temperature. When the solid was heated in the region 600°C to 900°C , the OH
groups were given off as water , and the simultaneous formation of the monoclinic
phase was noted. This idea was discredited by Clearfield, 4 who prepared an
amorphous precipitate of hydrous zirconia which was heated under reflux in
water. The amorphous -> tetragonal and tetragonal — monoclinic phase
transformations were observed. He therefore concluded that the OH groups did
not play a role in the formation of the metastable tetragonal phase. From closer
analysis of Cypres’ results, it was noted that the samples were ground in butan-2-
ol in preparation for infra red spectroscopy. This may account for the presence of

OH groups in the system.

Garvie 4 investigated the monoclinic to tetragonal phase transformation using
powder x-ray diffraction, and related the mean crystallite size to the identified

phase. The surface area of the samples was measured by nitrogen adsorption, and

12



compared to the theoretical surface area calculated from the mean crystallite size.
There was a small discrepancy in the experimental and theoretical surface area
results due to an internal surface inaccessible for nitrogen. The theoretical and
experimental values for the excess energy ofthe system were calculated. From the
above experiments, Garvie surmised that tetragonal zirconia at room temperature
appears in active powders of zirconia characterised by small mean crystallite size,
large specific surface area and appreciable excess energy. However, when the
powders are heated, the crystallites grow so that the specific surface area and
excess energy decrease, and a simultaneous phase transformation to the
monoclinic structure occurs. At this stage Garvie concluded that if monoclinic and
tetragonal phases were in equilibrium at 300°C when the crystallite size was

approximately 300A, then their free energies must be equal.

Gm + YnAn = Gt + YA
where G = molar free energy of Zr02 (kJmof])
y = surface energy (kJcm")
A = molar surface area (cmzmol" l)
The subscripts m and t refer to the monoclinic and tetragonal phases respectively.

When the molar free energies were equal, the tetragonal phase was formed, as

shown in the graph below.

Free Energy / (JmoF])

Single Crystal Powder of size 300A

Molar Surface (cnAnol"J)

Schematicfree energy diagram o fmonoclinic and tetragonal Zr0?2
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This explanation was not fully accepted by Mitsuhashi 43, who believed that the
domain structure and grain defects required investigation. The first results show
that tetragonal zirconia was transformed mechanically to monoclinic zirconia
upon grinding in an agate mortar, and also when the samples were treated in
alcohol using an ultrasonic vibrator. The strain of the samples was determined by
applying Hall’s 4 equation to the x-ray diffraction results. The particle size and

domain size were calculated from electron microscopy.

From thermodynamics, Matsuhashi states that the following relationship must be

established at the monoclinic tetragonal transformation temperature.

(GtGJ + (Atyt- Anym) + (VEV ] =0

In addition to the terms previously explained, the symbol V denotes the strain

energy ofeither the tetragonal or monoclinic phase.

Matsuhashi stated that the stabilisation of the tetragonal phase must be attributed
to a negative surface energy or strain energy, since the first term in the equation is
positive at room temperature. It was shown that the strain energy did not
contribute to the stabilisation of the metastable phase, since strain free metastable
tetragonal particles were observed. The surface energy theory based on Garvie’s
equation was questioned due to the existence of tetragonal particles > 1000A in
diameter and stable monoclinic particles < 100A at room temperature. Matsuhashi
claimed that the stability of metastable phase could not be explained adequately
by the surface energy theory. In conclusion he stated that a single domain
tetragonal crystal may be transformed to one single domain monoclinic crystal,
and the transformation may be diffusionless and rapid. Polydomain metastable
particles were found to be more difficult to transform to single domain particles,
however, in a polycrystalline particle, domains of monoclinic and tetragonal
coexist and therefore, it was suggested that the domain boundaries suppressed the

transformation.
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In reply to the above work, it was found that upon milling monoclinic zirconia and
studying the results with x-ray diffraction, that the monoclinic (1,1,1) and (1,1 ,-1)
lines broadened and decreased, with the eventual emergence of the tetragonal
(1,1,1) line. The line increased in intensity with milling time 45. This was in
agreement with a postulate by Filipovich 46, which stated that prolonged and
intensive subdivision of the crystals may result in a polymorphic transition to a
structure giving a lower surface free energy than the structure of the original
crystals. The milling of monoclinic zirconia caused a phase change to tetragonal
zirconia due to the subdividing of the crystallites followed by a lowering of the

surface energy.

The above results led Garvie 47 once again to conclude that the existence of
tetragonal zirconia in microcrystals at a temperature well below the normal
transformation temperature can be explained by a crystallite size effect. The
critical size of tetragonal precipitates in the bulk is governed by the requirement

that the transformation must be nucleated.

The effect of water vapour in crystallite growth and the tetragonal to monoclinic
phase transformation of zirconia has been investigated by Murase et al.*®.
Samples of tetragonal and monoclinic zirconia were prepared, calcined at 1000°C
and treated with water vapour at various temperatures. It was found that the
crystallite growth of monoclinic samples depended on whether the furnace
atmosphere was dry or wet. Water vapour increased the crystallite growth in
comparison with the samples calcined in dry atmospheres. However, for the
tetragonal samples it was seen that the crystallites did not grow over a certain
critical size, in accordance with Garvie. The transformation of tetragonal to
monoclinic symmetry in the wet atmosphere took place at a lower temperature and
at a higher rate than in the dry atmosphere. Therefore, the crystallite growth in the
wet atmosphere was accelerated so that the critical size of the transformation
could be attained at a lower temperature. However, the critical size was lower in
the dry atmosphere than in the wet atmosphere. This shows that Games’s idea of

intrinsic difference between the surface energies of the two phases is not
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necessarily correct, and that the difference in the surface free energies is not

intrinsic, but is decreased by the water vapour, perhaps by adsorption.

Davis 49 investigated the role of pH ofprecipitation in the tetragonal to monoclinic
phase transformation. Tetragonal samples were prepared at pH 2.95, 10.4 and
13.5. The sample precipitated at 13.5 was completely tetragonal, and during
heating at 500°C for 200 hours did not transform to the monoclinic form. For the
sample precipitated at pH 10.4, 20% of the phase was tetragonal after 15 hours at
500°C, decreasing to 18% tetragonal after 200 hours. The tetragonal crystallites
precipitated at 13.5 were larger than the tetragonal and monoclinic crystallites
from the preparation at pH 10.4. The two phases at pH 10.4 had similar crystallite
sizes. However, the sample prepared at pH 2.95 and calcined at 500°C for 15
hours was 73% tetragonal phase, decreasing to 14% after 200 hours. From the
crystallographic data obtained for the sample at pFI 2.95, the tetragonal crystallites
transformed to monoclinic crystallites of approximately half the size. The
tetragonal crystallite sizes of the sample prepared at pH 2.95 were smaller than
those ofthe sample precipitated at pH 13.5. Therefore, tetragonal crystallites from
pH 2.95 of smaller size were transforming to the monoclinic phase, whereas larger
tetragonal crystallites, prepared at pH 13.5, were remaining tetragonal. The
stabilisation of the tetragonal phase of zirconia does not occur with all zirconias.

The pH ofprecipitation was shown to be a factor in the stabilisation process.

1.4.1 The Effect of Dopants on the Tetragonal to Monoclinic Transformation

There was very little information about the influence of crystallite size of the
tetragonal and monoclinic phases of doped zirconias. However, work by Mercera

B and Franklin gives information about the particle size of the tetragonal doped

zirconia systems.

Franklin 14, in the study of ceria and lanthana doped zirconias gave evidence for

Garvie’s crystallite size theory for stabilising the tetragonal phase. The crystallite
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sizes for tetragonal doped zirconia were all below the 30 nm critical crystallite

size both for lanthana ( Table 1) and ceria ( Table 2).

Table 1 4 mol% Lanthana doped zirconia.

Calcination Temperature/ °C % Tetragonal Phase  Crystallite Size / nm

400 27 18
500 100 21
600 100 16
700 98 20

Table 2 Ceria doped zirconia calcined at 950°C.

Mole % Ceria % Tetragonal Phase  Crystallite Size / nm

1 28 22
2 85 21
4 85 21

Mercera’s B results again tied in with Garvie’s critical crystallite size theory.
Lanthana doped zirconia catalysts at 2.8 mol% were prepared and calcined over
the temperature range 500°C to 900°C. The crystallite size for the tetragonal
phase did not exceed approximately 20 nm, whereas the monoclinic phase

crystallite size increased above 30 nm.



1.5 Zirconia as a cataiyst and catalyst support.

Zirconia is the only single metal oxide which may possess acidity or basicity as
well as reducing or oxidising ability 50. Tanabe demonstrated these results through
a series of experiments. The acidity of precipitated zirconia has been recorded to
be HO= +1.5 for a calcination temperature of 500°C. Where HO is the Hammett
acidity function. The acid amounts were 0.06 and 0.280 mmolg’lat HO= +1.5 and
HO= +4.0, respectivelyq. Zirconia, a weakly acidic oxide demonstrates primarily
Lewis acidity, together with partial Br*nsted acidity > The basic strength of
zirconia evacuated at 500°C was HO= 18.4 53, although when calcined in air at
500°C the sample showed no basic property 4. The oxidising properties of
zirconia were investigated using the adsorption of triphenylamine and the addition
ofoxygen. An ESR signal was observed and assigned to the triphenylamine cation
radical, showing the oxidising ability ofthe zirconia surface 55. Nitrobenzene was
used as a probe molecule to study the reducing property of the sample. A
concentration of nitrobenzene radicals was observed to show the reducing ability
of zirconia.

These properties of zirconia have led to the use of zirconia in the following
catalytic applications. However, due to loss of surface area with increasing

temperature, the application of zirconia in catalysis is limited.

1.5.1 Automotive Exhaust Catalyst

An automotive exhaust catalyst must perform the three following reactions.

CO +1/202-» C02
CrH(n+2 +1/2(3n + 1)02-> nC02+ (n + 1)H20

2CO + 2NO -» N2+2C02
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Conventional catalysts compromise platinum, rhodium and palladium on alumina.
Recent developments have seen zirconia being incorporated into the exhaust
catalyst. At full working power of the engine, the catalyst may exceed
temperatures of 800°C. However, in the conventional catalyst at these
temperatures the rhodium can migrate into the alumina lattice. It was found that
when rhodium was supported on zirconia, the metal showed no loss of surface
area after 5 hours at temperatures greater than 900°C56. For further protection of
the rhodium in the catalyst, a system was devisedS7 where the platinum and
rhodium were contained in two different layers. The alumina, ceria and platinum
layer was initially deposited, followed by the zirconia, alumina and rhodium layer.
The two layer approach improved the removal of hydrocarbons and increased the

conversion of carbon monoxide and nitric oxide.

. . . . . 58
Ceria, known for its oxygen storage capacity in automotive catalysts™, was found
to deactivate at severe temperatures. However, a cerium zirconium oxide solid

solution improved the thermal stability and activity ofthe ceria 59.

1.5.2 Natural Gas

The practical process for utilising natural gas is the conversion of the feedstock to
synthesis gas, through steam reforming. Synthesis gas is a mixture of carbon
monoxide, carbon dioxide and hydrogen, the composition depending on the
feedstock and the details ofthe conversion process. The main use of synthesis gas
is in the production of transportation fuels. Hydrocarbons may be formed using
the Fischer - Tropsch process (Equation 1) or depending on the stoichiometry,

alcohols may be produced (Equations 2 and 3).
(1)  nCO + (2n + 1)H2-> CrH(2n+2)+ nH20
(2) CO +2H2-> CH30H

(3)  2CO + 4H2-> C2H50H + H20
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In a study of zirconia as a catalyst for the synthesis of methanol 60, 6it was
observed that methanol was formed from hydrogen and carbon monoxide, in the
presence of water vapour, at low and high temperatures. The use of zirconia, as a
support, with impregnated copper as the active catalyst was investigated 626364
Denise6 observed that the Cu/Zr02 catalyst with a 1-2% Cu loading produced
more methanol, per gram of copper, than the conventional CuO/ZnO/AlI20 3
catalyst, which used 40 - 50 % copper. Amenomiya showed that 40% Cu/Zr02
gave the highest carbon conversion and best selectivity to methanol, for the

different loadings of copper used.

Ichikawa 67, produced ethanol using a rhodium on zirconia catalyst. The rhodium
was deposited as a carbonyl cluster onto the oxide. The selectivity to ethanol was
53% , 27% to methanol and 17% to methane. The conversion of carbon monoxide
was 12% and the reaction temperature was 210°C. This system was developed by

B.P.&8using a Rh/Zr02Si02K catalyst to produce ethanol.

Shell have developed a catalyst for the Fischer - Tropsch process incorporating
zirconia 69. The traditional catalysts used were iron, or cobalt on silica, in
comparison to the new catalyst which comprises cobalt on silica and zirconia.
Zirconia was introduced to increase the activity of the catalyst without changing
the high level of selectivity to higher hydrocarbons. The effect of adding 15% by
weight of zirconia to a cobalt silica catalyst was an increase in the activity of more
than threefold. The catalyst was prepared by impregnating zirconium
tetrapropoxide, by an incipient wetness technique. The sample was then calcined
at 500°C, prior to impregnation of the cobalt nitrate solution, followed by

calcination.
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1.5.3 Pollution Control

The removal of nitrogen oxides from stack gases is important in environmental
protection. Ammonia was added to the stack gases to react with the NOx to
produce water and nitrogen. A catalyst containing zirconia, vanadium pentoxide
and cobalt (IIT) oxide was tested in the above reaction . At atmospheric pressure
and a temperature of 380°C, the catalyst was used to treat a flue gas containing
NOxand CO. The catalyst reduced the concentration of both CO and NOx by 90%.
Hydrated zirconia has been used in the removal of atmospheric sulfur . High

conversions ofthe sulfur-containing compounds were obtained.

1.5.4 Sulfated Zirconia-Superacidic Catalysis

The interest in zirconia, modified with small quantities of sulfate ions, has
increased greatly in the past few years, due to the exhibition of super acidic
properties of zirconia catalysts. In a recent publication, Davis " reviews the use of
sulfated zirconia as a hydrocarbon conversion catalyst. It was concluded that
platinum containing sulfated zirconia was a more active catalyst for hydrocarbon
isomerisation and cracking than most zeolite cracking catalysts. Therefore, there
has been a great interest in these catalysts. The preparation technique, initial
calcination and final catalyst treatment played an important role in determining
the catalyst activity. Nascimento et al. 73 found that the sulfur content of the
catalysts depended upon the calcination temperature and the concentration of acid
used to prepare the catalyst. Garin 4 and Hosoi75 observed an increase in activity
for hydrocarbon isomerisation when platinum was added as opposed to sulfated
zirconia. Identification ofthe nature ofthe acidity was unsuccessful, however, the
data indicated Bnjmsted acidity to be more likely. Nitta 76 found that sulfated

zirconia exhibited high activity and selectivity for the conversion of methanol into
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hydrocarbons. The activity and selectivity were found to be comparable to those

obtained with a HZSM-5 catalyst.

Summary

From the literature, it can be observed that there is a desire for a single phase
(either monoclinic or tetragonal) , high surface area zirconia catalyst support. The
use of dopants provides the best way of stabilising the surface area and phase of
zirconia. A full characterisation of these materials is required for its use as a

catalyst support. The work in this thesis will try to satisfy the above points.
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2. Experimental

2.1 Surface Area Determination

The use ofnitrogen adsorption combined with applying the Brunauer, Emmett and
Teller equation has been used to determine the surface areas of the zirconia and
doped =zirconia samples. The surface area and porosity of a solid play
complementary roles in the adsorption phenomena. The measurement of the
adsorption of gases or vapours yields information on the surface area and pore
structure of the samples. The specific surface area is directly proportional to the
monolayer coverage of the adsorbed species. The monolayer coverage is defined
as the quantity of'the adsorbate which can be accommodated in a completely filled
single layer of molecules on the surface of the solid. On applying the BET
equation to a relevant isotherm, the monolayer coverage can be determined. The
surface area of the sample can be determined from knowledge of the size of an
adsorbed molecule. From the BDDT classification of isotherms | there are five

isotherms and the BET equation can be applied only to types II and IV.

The BET Equation

p 1 (C-1)P
+
V(PO-P) Vec V CP,
P equilibrium pressure
v volume of gas adsorbed at equilibrium pressure

volume necessary to form a monolayer

saturated vapour pressure ofthe adsorbed gas at temperature of

measurement

C constant
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A straight line is obtained by plotting P/V(P0-P) against P/P0O. The gradient is
given by (C-1)/VnLC and the intercept by 1/Vn. The surface area can be derived
from Vm The BET equation is only valid for the range 0.05 < P/PQ< 0.30, since

the isotherm is linear in this range.

The sample was outgassed overnight, over the temperature range 100 to 200°C,
until a final pressure of 6 x 10" Torr was reached. Helium was used to calibrate
the sample volume and nitrogen was used as the adsorbate. The computer

controlled system calculated the surface area, monolayer coverage and C constant.

2.2 X - Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is used for the quantitative analysis of the
surface composition of the sample >3 The origin ofthe characterisation is derived
from the photoelectric effect. X- rays, usually Ka Al ( hv = 1486 eV ) or KaMg
(hv = 1254 eV ) bombard the sample, where the photoelectrons are emitted from
the near surface region ( < 10 run) of the sample. The kinetic energy of the
electrons leaving the sample produces features in the energy spectrum which
correspond to the ionisation from core orbitals. These features are characteristic of
the elements present near the surface of the material. From the following

relationship the binding energies are determined.

Ex = hv EB 0
hv = X-ray energy
EB —  electron binding energyof a particular core level ofthe atom
Ex = photoelectron kinetic energy
+ = work function

All the elements except for H and He give rise to a photoelectric spectrum in this

way.
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Emitted* electron

a hv =1486 eV

2s

Is

Representation of an incoming X-ray to remove an electron from the Is level of

the atom, where a is the Fermi level.

The x-rays are produced by high energy electron bombardment of the anode ( Al
or Mg ). The bombardment produces a Is core hole in the Al or Mg atom which is
then filled by a 2p to Is transition and the emission of the x-ray. The emitted
electrons from the sample are analysed using hemispherical electrostatic deflectors

with final electron collection onto a channel electron multiplier.

The electrons emitted can travel only short distances before losing energy in
collisions with atoms. This inelastic scattering process gives rise to the surface
sensitivity of XPS. This also relates to the notion of escape depth, which is
defined as the thickness of material for which the probability of electron
transmission without energy loss is 1/e. The intensity I of elastically transmitted

electrons depends exponentially on the thickness d,
I = 10exp(-d/A,)

This has been expressed in terms of a universal escape depth curve, where the

mean free path of an electron is plotted as a function ofkinetic energy.
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The binding energy for the core level of an atom varies only by +/- 2%. However,
for an atom in different chemical environments, the binding energy is not
constant. The binding energy for carbon Is may vary up to 5eV for different
carbon environments in a polymer. The binding energy increases with increasing

charge.

The main use for XPS in this project was to determine the quantity of the dopant
at the catalyst surface. This was achieved by comparing the relative peak areas for
the most intense bands ofthe dopant and the zirconia. The results obtained refer to

a distribution that is homogeneous with depth. The following equation was used:

Na
X X
NB
I area under peak corrected for number of scans
NA/NB = surface ratio of element A to B
5 photoionisation cross sectional area4
E kinetic energy
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X-ray excited electron spectra were recorded with a YG ESCA3. The powder
samples were attached to the probe using double sided tape. Mg Ka (1254 eV )
and Al Ka ( 1486 eV) radiation was used . The vacuum in the analyser chamber
was kept at < 10'8 Torr. Carbon Is BE = 285 eV was used as the reference for all

the samples.

2.3 Fourier transform infrared spectroscopy (FTIR)

Pyridine adsorption combined with infrared spectroscopy was undertaken on the

silica doped zirconia samples, to investigate the acidic nature ofthe catalysts.

FTIR spectrometers employ an interferometer to generate the spectrum 5. The
interferometer consists of a moving mirror, fixed mirror and a beam splitter. The
infrared source is collimated with slits and the resultant beam is divided in two,
with half passing to the fixed mirror and the other half reflected to the moving
mirror. After reflection the two beams recombine at the beam splitter and
constructively or destructively interfere, depending on the optical paths of the two
arms of the interferometer. Part of the beam passes through the sample and is
focused onto the detector, which records the interferogram. The interferogram is

converted to a spectrum using a Fourier transform mathematical function.

Interferometer Optical System

Stationary Mirror

Infrared Source

Moving Mirror Beam Splitter

Detector
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The experimental setup consisted of a vacuum system for sample treatment, mass
spectrometer to record the desorption of the adsorbed species and the infra red
spectrometer for the measurement of the adsorbed species on the sample. The
vacuum system, built in stainless steel, contained a dosing section and a cell, which
sat in the infra red beam. The cell was equipped with two calcium fluoride (CaF2)
windows, defining a spectral region of 1200 cm"1to 4000 cm'l. The sample was
pressed into a self supporting thin wafer and housed in a gold sample holder, which
sat directly in the infra red beam. The sample holder could be heated to 600°C.
Thus all the sample treatments could be performed in situ. The system was
evacuated using a rotary pump and a turbo molecular pump (<10"6 mbar). The
pressure was measured with a cathode gauge in the high vacuum region, and a

Baratron capacitance manometer in the low vacuum range.

The sample was pretreated in vacuum at 400°C, for one hour, before the dosing of
pyridine took place at 40°C. The pyridine was admitted into the system via a
dosing valve. The adsorbed species were detected using infrared spectroscopy on a
Bruker IFS 88 Fourier transform spectrometer equipped with a Mercury Cadmium
Telluride detector. The spectra were recorded with a spectral resolution of4 cm'L
All the spectra were recorded in the transmission mode and the empty cell was

used to provide the reference spectra.

Pyridine was dosed over a pressure range of 103to 1 mbar. Spectra were recorded
until equilibrium was reached at each pressure. The system was then evacuated to
10'6 mbar, where upon the temperature programmed desorption of the adsorbed

species was recorded by the infra red spectrometer and the mass spectrometer.
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Schematic diagram ofthe infrared experimental set up.

FTIR GAS INLET

IR BEAM TURBO PUMP TURBO PUMP

2.4 Powder X-ray Diffraction

X-ray diffraction (XRD) is a technique used to identify the crystalline phases
present in materials and to measure structural properties of the phases such as
strain, crystallite size, epitaxy, preferred orientation and defect structure 6 7 8.
XRD is non destructive. Materials composed of any element can be studied with
XRD, but XRD is most sensitive to elements with high atomic numbers.
Amorphous materials have diffraction patterns devoid of the sharp peaks
characteristic of crystals and consist of broad features, however, quantitative
analysis of the amorphous material is complicated but provides information on
local atomic structure. Since, the diffraction pattern from amorphous materials

may be weak, thick samples or synchrotron radiation is necessary.

Monochromatic x-rays, produced by bombardment of high energy electrons onto

the source, commonly copper, are diffracted by the powder sample in accordance

with the Bragg Law.

nX = 2dsin9
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b
I

wavelength ofthe x-ray source

d = distance between planes

20 diffracted angle from incidence

Basicfeatures ofan XRD experiment

Sample 20

Diffracted Beam to detector

Incident Beam from x-ray source

The intensity of the diffracted x-rays are detected by a position sensitive detector
over the desired range for 20. Phase identification from the recorded XRD pattern
is obtained by comparing the measured d-spacing and the integrated intensities
with known standards in the JCPDS Powder Diffraction File. This identification is
primary in the zirconia and doped zirconia samples to distinguish between the

monoclinic and tetragonal phases.

2.4.1 Determination of phase composition

The determination of the phase composition of the samples was undertaken by
comparing the relative ratios for the tetragonal (111) line and the monoclinic (111)
and (-111) lines 9. The volume fraction (Vm) ofthe monoclinic zirconia phase was
calculated from the integrated intensity ratio Xm Powder x-ray diffraction of the
samples was taken in detail over the range 26° < 20 <33°, since the main

monoclinic and tetragonal lines are observed in this region.
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im(-ni)+im(iii)

Im(-111) + In(1 XI) + 1,(111)

and using the non linear relationship proposed by Toraya

PXm

I+(P-1)Xm

where P is a constant with the value 1.31.

2.4.2 Determination of strain and crystallite size

The strain and crystallite size of the sample can be determined from the line
broadening of the tetragonal (111) or the monoclinic (111) peak. The width of the
peak is affected by the radiation source, instrumental broadening, crystallite size
and strain 10. The Voightl5 12 13 function, which is a convolution of a Cauchy and
Gaussian function, has been used to investigate the line broadening effects due to
strain and size. The Cauchy component of the function relates to the crystallite
size and the Gaussian function relates to the strain. The Cauchy and Gaussian
components are found from the ratio of the full width half maximum (FWHM) of
the broadened profile to its integral breadth, which is the area under the peak
divided by the intensity. The above literature lead to a procedure for determination
of crystallite size strain for zirconia powders l4. The diffraction patterns are
collected and the peak area of the desired line is determined. Then a series of
subtractions are performed. The Ka2 component of the x-ray, which adds to the
line broadening, and the background are subtracted, where upon the half height
width and peak height are measured. This allows the integral breadth to be

calculated. The Cauchy and Gaussian components can then be determined from
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equations containing half height breadth and the integral breadth i5. Both the
Cauchy and Gaussian functions are corrected for instrumental broadening. The
crystallite size and the strain of the system can then be calculated using the

following equations

Determination of apparent crystallite size free of strain.

X
(3ccos0

pc = line broadening due to crystallite size
0 = Bragg angle
X = X-ray wavelength,A
Determination of strain

PG

e =

4tan0
PG = line broadening due to strain
0 = Bragg angle

The Scherrer equation was also used to determine the crystallite size from the line

broadening , for a comparison.
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D = crystallite size

B = line broadening (radians)
0 = Bragg angle
X = x-ray wavelength, A

The diffraction patterns, for the finely ground zirconia and doped zirconia samples
were recorded on a Siemens D500 XRD apparatus. The scan range was 26° < 20 <
33° with a step size of 0.01° and a step time of 5 seconds. The tetragonal (111)
line appears at 30° whereas, the monoclinic (111) appear at 31° and (-111) at 28°,

using copper as the x-ray source.

2.5 Microreactor studies

A microreactor has been designed and constructed, with an on line gas
chromatograph (GC), to investigate the decomposition of propan-2-ol. The main

decomposition routes are:

(1) The dehydration reaction ofpropan-2-ol to propene and water. This reaction is

acid catalysed.

CH3CH(OH)CH3 -> CH3CH=CH2 + H20

(2) The dehydrogenation reaction ofpropan-2-ol to acetone and hydrogen. This

reaction is base catalysed.

CH3CH(OH)CH3 CH3COCH3 + H2
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2.5.1 Reactor Design

The microreactor was constructed from 1/4” stainless steel tubing (see schematic
below). The gas line, which contained nitrogen as the diluent, consisted of, in
order, a tap, pressure gauge, filter, mass flow controller connected to a Brooks
controller and a non return valve. The line was then connected to the 1/2” reactor
tube, made of stainless steel, which was housed in a Carbolite furnace controlled
by an Eurotherm 818 controller. The liquid feed was admitted to the system, using
a Kontron 420 high performance liquid chromatography pump (HPLC), at a
junction before the furnace and after the non return valve. At the junction of the
gas line and the liquid feed, the trace heating of the lines began, to keep the
propan-2-ol in the gaseous state. The lines were heated with Isopad heating tape
and controlled by Variacs. The trace heated lines continued from the reactor tube
to the Varian Star 3400 GC, where the products were analysed. The GC was
controlled by an Opus 486 computer. Air actuated Valeo valves were used for
automated injections of the products, with a Porapak Q column being used for the
separation of the products. The carrier gas through the column was nitrogen. The
products were detected using a flame ionisation detector (FID). The advantages of
using a FID detector are; (1) it has a high sensitivity to virtually all organic
compounds, (2) it has little or no response to the inert carrier gases commonly
used such as nitrogen or helium, (3) it gives a stable base line and it is not
significantly affected by fluctuations in temperature, carrier gas flow rate or

pressure, and (4) it has a good linearity over a wide sample concentration range 16

One gram of catalyst was used in the microreactor. After calcining at the desired
temperature, the material was pelleted between 0.6 and 1.0 mm. The sample was
held in the reactor tube using silica wool. The sample was activated at 400°C for
one hour. The gaseous flow of IPA was Sml/min. which was diluted with a 40
ml/min. flow ofnitrogen, equivalent to a liquid hourly space velocity (LHSV) = 1.
The temperature range of the reaction was approximately 70°. This temperature
range provided sufficient to determine accurately the activation energy for the

production of propene from propan-2-ol, using the Arrhenius equation.
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Schematic diagram o fthe microreactor.

Computer controlled GC

Pressure gauge

Reactor tube in furnace

Pressure gauge
Nitrogen gas flow

Tap Filter Non return valve HPLC

Mass flow controller

2.6 Gravimetric Anafysis

The progress of many important physical processes can be followed through
observation of associated weight changes 17,18. Adsorption , desorption, oxidation,
reduction and evaporation can be studied. A microbalance is a highly responsive
instrument capable of detecting very small changes in the mass of the specimen.
The versatility ofusing microbalance techniques for the measurement of small mass
changes in situ has been recognised and it is certain that the mass change observed
is actually occurring on the specimen under examination.

Investigating the adsorption of gases on a sample under evacuation, the following
processes may occur: (1) chemisorption, where the mass change will be irreversible
with a subsequent decrease in pressure and will not proceed beyond a monolayer,

(2) physisorption, where the process will be reversible with pressure at constant

39



temperatures. [fthe substrate is porous the mass change will be much larger due to
the considerable internal surface area.

A C. L. Microbalance was used for the adsorption experiments. The microbalance
was connected to a vacuum line and pump by diffusion and rotary pumps. Pyridine
was admitted to the system via a dosing valve. The adsorption took place in a
static mode, where the gas was admitted into the microbalance region and the
system was left to equilibrate. The mass uptake of pyridine was measured as a
function of pressure. The system was allowed to equilibrate over a necessary time
period (.30 minutes)The sample was outgassed at 400°C for and hour before the
experiment began. The pyridine adsorption experiments were performed at room
temperature, the same temperature as the adsorption of pyridine was undertaken in

the infrared experiments.
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3. Zirconia and Lanthana Doped Zirconia

3.1 Preparation of zirconium oxide.

Zirconium oxide was prepared from two precursors, zirconium hydroxide and
zirconium basic carbonate, both supplied by MEL Chemicals. The zirconium
hydroxide, XZ0631/01 batch 93/165/01 had the following specification, 0.01%
Na, <0.01% Cl, 0.04% S03 and 0.02% Si02. Zirconium basic carbonate (ZBC)
with the following specification, 0.13% Si02, 0.13% Ti02, 0.16% S03 and
<0.01% Na, was used as a precursor to the zirconium hydroxide. The hydroxide
was prepared from the basic carbonate via two similar routes. The zirconium basic
carbonate was added to an equal volume mixture of 36% hydrochloric acid and
distilled water. Carbon dioxide was evolved and zirconium oxychloride was

produced.

ZBC + HC1 ZrOCl12 + Co02 + H20

In a similar manner, the ZBC was added to an equal volume mixture of

concentrated nitric acid and water, to produce zirconium oxynitrate.

ZBC + HNO3 ZtO(NOs)2  + Cco2 + H20

Zirconium hydroxide was produced by precipitation. Ammonium hydroxide (28-
30% NH3in H20)was added dropwise to the solutions, to reach a final pH of 10.0.
The zirconium hydroxide precipitated out over the pH range 4 to 10. The mixture

was stirred, filtered, washed with distilled water and dried at 110°C overnight.
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Zirconium oxide was produced by calcination of the dried hydroxides, over a

range of temperatures from 400 to 900°C, in static air for two hours.

3.2 Preparation of lanthana doped zirconia

3.2.1 Coprecipitation

Lanthanum carbonate (La(C03)3) 99.9% Molycorp was used as the lanthanum
source. Initial experiments were to produce 3 mole % lanthana zirconia samples.
Lanthanum carbonate was added to an equal volume mixture of concentrated

nitric acid and distilled water, to produce lanthanum nitrate.

La2CO)3 + 6HNO3 -> 2La(NO03)3 + 3H20 + 3C02

Lanthanum nitrate was mixed with zirconium oxychloride, in the required
concentrations. A constant pH method was used for the coprecipitation of lanthana
and zirconia. The lanthanum nitrate and zirconium oxychloride were added
dropwise to an ammonium hydroxide solution at pH 10. The pH of reaction was
maintained at 10 by constant addition of ammonia solution. Upon coprecipitation,
the reaction mixture was stirred, filtered, washed with distilled water and dried at

110°C overnight. The samples were calcined in static air to give the mixed oxide.
La(N03)3 + 3NH3  + 3H20 La(OH)3 + 3NH4N 03

ZrOCI2 + 2NH3 + 3H20 > Zr(OH)4 + 2NHA4C1

The preparation of 3 mole % lanthana zirconia samples was repeated using a fixed
pH of 11.0 and 11.3. The pH of 11.3 was the maximum pH obtained when using

28-30% NH3 in H20. Preparation of 3 mole % lanthana zirconia at constant pH
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8.0 was undertaken as well as preparation of 6 mole % lanthana zirconia at

constant pH 11.3.

3.2.2 Impregnation

An incipient wetness technique was used to impregnate lanthana on the zirconia to
give 3 mole % La20 3¥Zr02. The sample was assumed to be 3mole% from the
preparation method. Lanthana was introduced as lanthanum nitrate and
impregnated on zirconia, previously calcined at 500°C. The sample was dried at

110°C ready for further calcination.

3.3 Surface Area Results

3.3.1 Zirconia BET results

The initial characterisation of the samples was surface area analysis obtained by
applying the BET equation L The zirconia samples were calcined over a range of
temperatures 400 to 900°C for 2 hours in static air. The error in all the BET results

is less than +/- 5%.

Table 3.3.1 zirconia surface area.

Calcination Zr02(Chloride) Zr02(MEL)
Temperature / °C /m2g' /m2g’1
400 109 119
550 60 40
700 26 19
900 15 -
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Figure 3.3.1 Surface Areafor zirconia
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From the above results it can be noticed that the MEL zirconia had a slightly
larger surface area initially. However, at the highest temperature the MEL oxide
had less than half the surface area of the zirconia from the oxychloride. Over the
500°C temperature range, the surface area dropped to a seventh of its original

value. Preparation methods of the zirconia play an important role in determining

the surface area.

3.3.2 Lanthana doped zirconia BET results

The below results show that the final pH of precipitation played an important role
in the stabilisation of the surface area of zirconia. The highest pH of precipitation
gives the highest surface area, from 700°C upwards. Below this temperature, pH
11.3 showed similar results to pH 11.0. These two samples were initially greater
that the pH 10.0 sample, but at 900°C, pH 10.0 had a marginally higher surface
area than pH 11.0. All the samples over the full range of calcination temperatures
stabilise the surface area compared to the undoped zirconias. The stabilisation was
greater at the higher calcination temperatures, with pH 11.3 giving a surface area

two and a half times larger than the zirconia prepared from the oxychloride at

900°C
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Table 3. 3. 2 .1 surface area resultsfor coprecipitated lanthana doped zirconia

Calcination 3mole%La20 3 3mole%La20 3 3mole%La20 3
Temperature /C /Zx02(pH 10.0) /Zx02(pH 11.0) /Zr02(pH 11.3)
2-1 2 -1 2 -1
m g m g m g
400 118 173 170
550 70 94 92
700 40 60 71
900 25 22 18
1050 - - 14

Figure 3.3.2 Coprecipitated lanthana doped zirconia surface area.

Lanthana Doped Zirconia Surface Area
200

150

art

300 400 500 600 700 800 900 1000 1100

Temperature/ C

46



Investigation into 6 mole % La20 ¥Zr02 at precipitation pH 11.3 gave a surface
area of 19 m2g 1 and 3 mole % La20 3¥Zr02pH 8 had a surface areca of 21 m2g'!, at
900°C.

Table 3. 3. 2. 2. Surface areafor impregnated lanthana doped zirconia

Temperature /°C  Surface area m g"'

550 85
700 91
900 35
1050 15

The impregnation preparation stabilised the surface area of zirconia to a similiar

extent as the coprecipitation preparation.

3.4 Powder X-Ray Diffraction (XRD) resuits

3.4.1 Zirconia XRD

XRD patterns were obtained for Zr02 (oxychloride) and Zr02 (MEL), over the
temperature range 400 to 900°C. For both samples, at 400°C the spectra were

broad and tetragonal but at higher temperatures, the main phase observed was

monoclinic.
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3.4.1 Table 1 Zr02 (MEL) results.

Temperature  Monoclinic crystallite = Monoclinic

/°C size nm (Scherrer) phase %
400 - 0
550 16 54
700 15 84
9200 - 98

The monoclinic phase content increased with temperature, to almost 100%
monoclinic at 900°C. The phase composition results agree with those reported

previously 2.

3.4.1 Table 2 Zr02 (oxychloride) XRD results.

Temperature / °C ~ Monoclinic crystallite = Monoclinic

size nm (Scherrer) phase %
400 - 0
550 11 90
700 14 89
900 22 95

The phase content was approximately 90% monoclinic at 550°C. As expected the
increase in crystallite size with calcination temperature was accompanied by a
decrease in surface area. The above samples were further investigated to

determine the strain and apparent crystallite size3.
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3.4.1 Table 3 Zr02 (oxychloride) XRD results.

Temperature Apparent crystallite  Theoretical Crystallite size  Strain

from surface area nm

/°C size nm

550 32 18 11.9
700 51 41 8.5
900 28 72 4.3

The strain, which is a measure of the defective nature of the sample relative to a
pure defect free sample, decreased with increasing temperature. The sample at
high temperatures has fewer defects and becomes more crystalline upon sintering.
The drop in the crystallite size at 900°C can possibly be explained due to twinning
of'the monoclinic zirconia. Twinning 4 occurs in some crystals in which they have
two parts symmetrically related to one another. They are called twinned crystals.
The relationship between the two parts of the twinned crystal is described by a
symmetry operation bringing one part into coincidence with the other or with an
extension of the other. The two main kinds of twinning are distinguished
depending on whether the symmetry operation is 180° rotation about an axis
called the twin axis, or reflection across a plane, called the twin plane. The plane
on which the two parts of a twinned crystal are united is called the composition
plane. Therefore, the measured result is not a true result since only part of the
crystal and not the full crystal is participating in the broadening. The crystallite

size of twimied crystals cannot be determined accurately using powder XRD.
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3.4.1 Graph 1 Powder XRD ofZr02 (oxychloride) over range 26° < 26 < 33°.

The monoclinic peaks appear at 29 = 28° (-111) and 31.5° (111), whereas, the
tetragonal peak appears at 30° (111) 5. The counts observed increased with

calcination temperature, indicating increasing sample crystallinity.
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3.4.2 Lanthana XRD results

3.4.2 Table 1 The Crystallite size, calculatedfrom the Scherrer equation ¢ and

the monoclinic percentage ,yfor lanthana doped zirconia coprecipitated samples.

Temp. 3mol%  La203Zr02 3mol%  La20 ¥Zr02 3mol% La203Zr02
/°C pH 10.0 pH 11.0 pH 11.3
Size nm % Size nm % Size nm %
monoclinic monoclinic monoclinic
550 22 0 10 0 11 0
700 22 0 12 0 13 0
900 18 0 19 16 16 Trace
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All the samples show a high concentration of the tetragonal phase. Generally, the
crystallite size increases with calcination temperature. The pH 11.3 samples were

investigated further for the strain and apparent crystallite size.

3.4.2 Graph 1 Powder XRD of3mol% La20 3Zr02pH 11.3
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3.2.4 Table 2 Size and strain 8 9 ffor pH 11.3 lanthana zirconia samples.

Temperature / °C Apparent crystallite Strain
size nm
550 14 8.7
700 18 8.0
900 26 6.5
1050 25 33

The strain of the samples decreased with increasing calcination temperature. The
sample contained oxygen vacancies due to the charge imbalance of using a +3
oxide. The oxygen vacancy concentration decreases with increasing temperature

due to the sample sintering. Comparing the lanthana strain results to the zirconia

51
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results, it was observed that at 900°C the zirconia had less strain than in the

lanthana system. This was attributed to the oxygen vacancies in the latter.

The crystallite size of La20 3¥Zr02 pH 11.3 calcined at 1050°C was lower than at
900°C. This was due to the tetragonal particles which increased in size above
30nm transforming to the monoclinic phase n. Subsequently the number of
tetragonal crystallites decreased. Therefore, the shift in the size distribution of the
tetragonal crystallites caused the average tetragonal crystallite size to decrease.
Tetragonal crystallite sizes were not been observed over 30 nm, in agreement with

. 12
Garvie’s theory .

From the surface area data, the theoretical crystallite size was calculated using the
following equation. The equation can be applied to cubic non porous crystallites1l.
The density of tetragonal zirconia was taken as 6.10 g cm"” and 5.56 g cm” for

monoclinic zirconia 13.

6
S.A. =
pD
— 2,1
SA. = surface aream g
p = density of tetragonal zitconia gm'
D = cubic size

3.4.2 Table 3 Calculated crystallite sizefor 3mol%La20 3Zr02pH 11.3

Measured surface  Measured crystallite Calculated size from

area/ m2g 1 size /nm surface area /nm
92 14 11
71 18 14
38 26 26
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From the data it was observed that that the determination of crystallite size from
the line broadening method slightly over estimated the size, in comparison to the

theoretical size. However, there is reasonable agreement.

The impregnation preparation stabilised the monoclinic phase up to 700°C, with
approximately 50% monoclinic at 900°C and 100% tetragonal at 1050°C. This
stabilisation of the monoclinic phase by the impregnation preparation is in

agreement with Mercera’s work 14
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3.5 X-ray Photoelectron Spectroscopy (XPS)

The spectra showed only carbon as an impurity in the samples. The main peaks

observed were Zr 3d, La 3d, O Is and C Is15

78S
0.000

1001.00

Binding Energy eV

The peaks in the above spectrum of 3mol% La20 3Zr02 calcined at 550°C were

assigned as below.
Assignment

Zr 3d

Zr 3p32 3pl2
O Is Auger
C Is

La 3ds2 3d32

Binding Energy eV

184
333 348
531 976
285
837 855
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3.5.1 Coprecipitated XPS results

3.5.1 Table 1 binding energies and LaJZr surface ratiofor 3 mole % La203Zr02
pH 11.3

Calcination Binding Energy eV La/Zr Surface Ratio

(o]
Temperature / °C Zr 3d La 3d

400 184.5 838.6, 856.1 0.056
550 184.5 836.4, 855.4 0.064
700 184.8 837.2, 854.1 0.069
900 184.4 837.1,857.9 0.129
1050 187.3 841.0, 857.9 0.145

The La/Zr surface ratio increased with calcination temperature. Dopant
enrichment at the surface was observed upon sintering, with the greatest increase
in the surface dopant occurring over the temperature range 700 to 900°C. At,
1050°C, the surface ratio was almost five times greater than if an homogeneous
mix of the oxides was obtained (3mol%). Even at the lowest temperature, the
surface ratio is twice that of an homogeneous mix. The coprecipitation method
was used to investigate the possibility of an homogeneous preparation of doped
zirconia. XPS provided an excellent tool for the investigation of the

inhomogeneity ofthe system.

3.5.2 The effect of pH of preparation on La/Zr surface ratio

Preparation pH’s 8.0, 10.0 and 11.3 calcined at 900°C were used to investigate the

effect of pH on surface concentration.
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Table 3.5.1 Surface ratiofor varyingp H preparationsfor 3 mole % La20 3Zr(2

pH Binding Energies eV La/Zr Surface Ratio
Zr 3d La3d

8.0 184.6  839.1, 854.2 0.166

10.0 184.7  838.5,854.9 0.153

11.3 184.4  837.1,853.7 0.129

Increasing the pH of coprecipitation decreases the surface ratio of lanthana to

zirconia.

3.5.3 XPS results of impregnated samples
By the nature of the preparation, the impregnated samples were expected to have

larger La/Zr surface ratios and this was indeed observed.

Table 3.5.3 Lanthana impregnated XPS results.

Temperature /°C  La/Zr surface ratio

550 0.14
700 0.16
900 0.15
1050 0.21

The temperature range 550 to 900°C had little effect on the surface ratio. The ratio
was approximately five times higher than the homogeneous mix of 3 mole %. This
ratio was equivalent to the coprecipitated sample calcined at 1050°C. The ratio did

increase at the highest temperature to seven times the homogeneous mix.
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3.6 Discussion

The surface area of zirconia is stabilised against sintering by the addition of
dopants 16, and the method of preparation affects the stabilfsation 7. A high
surface area monoclinic zirconia was produced by impregnation, whereas, a high
surface area tetragonal zirconia system was achieved by coprecipitation.

Therefore, a tailored material can be achieved by dopant addition.

From the BET results for the coprecipitated samples, increasing the pH of
precipitation produces an increase in the surface area of the calcined catalysts. If
the pH of precipitation could be increased beyond 11.3 an increased surface area
might be achieved. The pH of coprecipitation can be increased by using a different
base, such as sodium hydroxide or potassium hydroxide. The use of potassium and
sodium hydroxides have been used to investigate the precipitation of zirconia up
to final pH’s of 13 and 14 18. However, using such bases, problems can arise in
ensuring all the alkali metals are removed from the samples. Alkali impurities
may affect the oxide and may detract from the properties ofthe introduced dopant.

The stabilisation may be affected by the impurities.
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From the work of Franklin 2 on the coprecipitation of lanthana and zirconia, it was
observed that at 700°C, 4 and 8 mol% La20 3Zr02 had surface arcas of 58 and 74
m2g 1 respectively. These coincide with the above experimental results, where at
700°C the 3 mol% La20 3¥Zr02 coprecipitated sample had a surface area of 71

m2y!

The impregnated preparation surface area results gave similar surface area results
to coprecipitation results. However, the monoclinic phase was stabilised as
opposed to the tetragonal phase. The stabilisation of the monoclinic phase by
dopants was observed by Mercera 14 He showed that 4 mol% La015/Zr02 was
greater than 90% monoclinic at 900°C with a surface area of 37m2g‘l. The above

results at 900°C show only 50% monoclinic with a surface area of 35m2g 1.

Of the two preparation methods, the impregnation route readily stabilised the
surface area but did not fully stabilise a single phase, whereas the coprecipitation
method stabilised a single phase. Using the coprecipitation preparation method,
the dopant in the bulk must stabilise the tetragonal phase and from the

impregnation method the dopant on the surface must stabilise the surface area.

The addition of dopants retards the crystallisation of zirconia, which starts usually
around 400°C 19. From the powder x-ray diffraction results, at 400°C for the
zirconia sample prepared from the oxychloride precursor, the sample phase was
mainly tetragonal, giving a broad diffraction pattern. However, for 3mol. %
La20 3Zr02 coprecipitated sample at pH 11.3, the phase was not identifiable and
the sample was amorphous. However at, 550°C the coprecipitated sample is
tetragonal, with the crystallisation of the zirconia retarded up to 150°C. The
crystallite size limit of detectability using XRD is approximately 3 nm with small
particles not being observed 2. Therefore, in the coprecipitated sample, the effect
of the dopant keeps the particles sufficiently small so as not to be detected by
XRD. However, at 400°C, the particle size in pure Zr02 was already starting to
increase. This is in line with the surface areca of the doped sample (170 m2g*])
being much larger than the surface area than that of pure zirconia (109 m2g"l), as a

consequence ofthis increased crystallite size.
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Ozawa n, records the retardation of the crystallisation of amorphous zirconia by
the addition of lanthana and other rare earth oxides. The effect of the retardation
was found to increase with increasing dopant concentration. A number of rare
earth oxides were investigated and it was found that increasing the ionic radius of
the metal increased the retardation of the crystallite phase. Lanthana retarded the
crystallisation to the greatest extent since it had the largest ionic radius studied.
This led to the conclusion that crystallisation by the diffusion of ions in the
precursor was inhibited more greatly by doping with rare earth cations with large
ionic radii. From Ozawa’s results, 10 mol% La20 3Zr02 retarded the
crystallisation of zirconia to approximately 500°C from 400°C for undoped

zirconia. These results are in agreement with the above experimental results.

The results of determining the crystallite size for the measured surface area,
assuming cubic non-porous samples, showed good agreement for the
coprecipitated lanthana samples at pH 11.3. This suggested that the coprecipitated
samples were non porous and the surface area was solely related to the crystallite
size. However, for the monoclinic zirconia prepared from the oxychloride
precursor, the results were not concurrent with a non porous system (3.4.1 Table
3), suggesting the samples had some porosity. The crystallite size, determined
from XRD by removing the line broadening due to the strain from the monoclinic
(111) peak, would give a much smaller surface area of less than 40 m g than the
measured area of 60 m2g"1, if non porous at 550°C. Therefore, the sample showed
some degree of porosity. Upon calcination at 700°C, the crystallite size
determined from XRD and the theoretical size determined from the surface area
measurement, became closer, suggesting that the porosity was reduced upon heat
treatment. Therefore, sintering took place and the crystallite size played a more
dominant role in determining the surface area. Mercera 7 records that undoped
monoclinic zirconia contained meso and macro pores. From Mercera’s BET
results the absence of micropores was indicated. The specific pore volume was
found to decrease with increasing calcination temperature. Agreement is found

between Mercera and the above results.
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The crystallite sizes for the tetragonal coprecipitated lanthana zirconia lie below
the limit of Garvie’s 4critical crystallite size for tetragonal zirconia, which states
that the crystallite size must be below 30 nm. None of the tetragonal samples
investigated had sizes larger than 30 nm. The monoclinic zirconia sample at
550°C, had a crystallite size of 32 nm and the tetragonal zirconia sample, at
550°C, had a crystallite size of 14 nm. Monoclinic zirconia had an initial

crystallite size greater than that required for the tetragonal phase.

From the XPS experiments, it was observed that the ratio of lanthana to zirconia
in the surface region was greater than that of the bulk ratio of 3mol%. The near
surface region can be determined for the individual atoms from the relationship of
the kinetic energy of the emitted electron with its escape depth, which can be
estimated from the universal curve 20. The near surface region is usually in the
order of a few atomic layers.The dopant enrichment at the surface was expected in
the impregnation technique, due to the nature of the preparation. However, the
coprecipitation technique might have been expected to provide a homogeneous
method of preparation, but initially at 400°C, the surface ratio was twice that
expected from the bulk ratio. Migration of the dopant to the surface occurred at
the lowest calcination temperature. For the coprecipitated samples, the surface
ratio remains approximately constant up to 700°C, but over the temperature range

700 to 900°C the ratio increased to approximately 13 %.

These results are in contrast with the impregnated samples, whose surface ratio
remained constant, at approximately 16%, until 900°C. However, over the
temperature range 900 to 1050°C , the ratio increases to 21%. The increases in
surface ratios were not easily explainable. For the coprecipitated sample over the
temperature range 700 to 900°C, the surface area decreased form 71 to 38 m2g‘],
the crystallite size increased from 18 to 26 nm and the phase remained tetragonal.
The increase in surface ratio was not accompanied by any drastic change in the
physical properties measured for the coprecipitated sample. For the impregnated
sample over the temperature range 900 to 1050°C, the surface area drops from 35
to 15 ng71 and the phase changes from approximately 50% monoclinic to the

majority of the phase being tetragonal. The impregnated sample surface ratio
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increase may be related to the increasing amount of the tetragonal phase. The
temperature increase must be the dominant role in the increased surface lanthana

to zirconia ratio due to the large surface ratio of La/Zr at high temperatures.

Migration of the dopant to the surface or near surface region, due to the effect of
temperature, was accompanied by an increased crystallite size and a reduced
surface area. The increase in dopant concentration at the surface, due to
temperature, has been observed by Ingo *' where he investigated the impurities
silicon and sodium in a Ce02/Y20 ¥Zr02 mixed oxide system. The surface ratios
of silicon to zirconium and sodium to zirconium were found to increase over the
temperature range 910 to 1460°C. The enrichments at the surface were many times

the bulk values.

Varying the pH of coprecipitation for the preparation of 3mol. % La203/Zr02
from 8.0 to 11.3 gave an increase in surface area when the samples were calcined
at 900°C. The increase in surface area was accompanied by a decrease in the

lanthana to zirconia surface ratio.

3.6 Table 1 Surface area and surface ratio resultsfor varyingpH ofpreparation

for 3mol% La20 3Zr02 calcined at 900°C.

pH Surface Area m"g"l  La/Zr surface Ratio

8.0 21 0.166
10.0 25 0.153
11.3 38 0.129

The inverse relationship between the surface ratio and surface area was found to

be linear.

Using the above result to design a zirconia mixed oxide with high surface area, the
pH of coprecipitation must be as high as possible but the surface content of the
dopant must be kept low. The pH of preparation can be increased by the use of

sodium or potassium hydroxide and the lanthana to zirconium surface ratio can be
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reduced by using less dopant. However, a minimum amount of dopant is required
to stabilise the tetragonal phase. Franklin 1prepared Imol% La20 3Zr02 which

was only 33% tetragonal at 700°C.

2
3.6 Graph 1 Surface area against surface area with variation ofpH. R factor =

0.98.
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3.7 Characterisation Conclusions

From the full characterisation of the physical properties of the mixed oxides, the

following conclusions may be drawn;
(1) the addition of 3 mol% La20 3to Zr02 stabilises the surface area.

(2) the monoclinic or tetragonal phase of zirconia can be stabilised depending on

the preparation method.

(3) the addition ofa rare earth cation retards the crystallisation of zirconia.



(4) Garvie’s criteria for critical crystallite size for tetragonal zirconia are met.

(5) a design for a high surface area mixed oxide has been discussed including the

pH of preparation and surface dopant to zirconia ratio.
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4. Silica doped zirconia

4.1 Preparation of silica doped zirconia

4.1.1 Coprecipitation

The addition of silica to zirconia using a coprecipitation technique was investigated.
Parameters ofthe preparation method were varied to give a detailed analysis on the effect
of preparation on the stabilisation of the surface area of the doped zirconia. Two
coprecipitation methods were used as well as two final pH’s of precipitation. Therefore,
four sets of samples were prepared. The two methods used were a constant pH and a
rising pH, with the final required pH’s of 10.0 and 11.3. The constant pH method
maintained the pH during precipitation, whereas the rising method gradually increased

the pH to the final desired pH.

The silica source used was tetraethylorthosilicate (TEOS Si(OC2H5)4 Aldrich 99%) and
the dopant concentration was 3.5 wt%. Tetraethylorthosilicate was mixed with the
zirconium oxynitrate, which was prepared from zirconium basic carbonate. Depending on
the preparation method used, ammonia solution was added to the reaction mixture
dropwise, or the reaction mixture was added to the ammonia solution dropwise. When
ammonia was added to the reaction mixture, this constituted the rising pH method. The
products started to precipitate out at pH approximately 4 and the coprecipitation
continued to final pH’s of 10.0 and 11.3. When the reaction mixture was added to the
ammonia solution, this constituted the constant pH method. The ammonia solution was
initially set at either pH 10.0 or 11.3, where coprecipitation occurred instantly. The
desired pH was maintained by constant addition of ammonia solution during the reaction.
Upon reaching the desired pH the products were stirred, filtered, washed with distilled
water and dried at 110°C overnight. Calcination took place in static air for two hours in

the temperature range 400 to 1050°C.
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4.1.2 Impregnation

The samples were prepared using the incipient wetness technique. Zirconium hydroxide
was precipitated from zirconium oxynitrate solution using ammonium hydroxide to a
final pH of 10.0. The hydroxide was filtered, washed and dried in the oven overnight at
110°C. The hydroxide was calcined at 500°C for two hours to give the oxide.
Tetraethylorthosilicate in ethanol was used to impregnate the zirconium hydroxide. The
sample was stirred and then dried in the oven at 110°C. Calcination took place in static air
for two hours over the temperature range 550 to 1050°C. 3.5wt% Si102/Zr02and 5wt%
Si102Z1r02 were prepared by impregnation. Volume ratios of ethanol to TEOS of 1: 0.45
and 1: 0.79 were used to give 3.5 and 5wt% Si02Zr02respectively

4.2 Surface Area Results

The surface area of the silica doped zirconia catalysts were performed using nitrogen

adsorption and applying the BET method .

4.2 Table 1 3.5wt% Si02Zr02coprecipitated samples.

Calcination pH =113 pH = 10.0 pH=113 pH = 10.0
Temperature /°C  constant/m 2g_1 constant /m2g*l rising /m2g 1 rising /m2g1
400 157 174 159 169
550 88 120 92 102
700 52 79 79 79
900 27 26 37 38
1050 9 4 6 13

The addition ofsilica stabilised the surface area of zirconia (4.2 Table 1 and 2) relative to
pure zirconia (Chapter 3 3.3.1 table 1). The variation in coprecipitation methods affected

the final results, with the rising pH method stabilising the surface area to a greater extent



than the constant pH method. This became mostly evident in the higher calcination
temperatures of 900 and 1050°C. The impregnation preparation stabilised the surface area
to a greater extent up to 900°C, but above this temperature the surface areca dropped to a
similar level as the coprecipitation results. The increase in dopant concentration stabilised
the surface area to a greater extent . The method of preparation played a dominant role in

the surface area stabilisation3.

4.2 Table 2 Impregnated silica samples surface areas.

Calcination 3.5wt% Si02Zr02 S5wt%Si02Zr02
Temperature /°C /ng'l ng'l
550 98 96
700 90 99
900 74 88
1050 9 16

4.2 Graph 1 Silica doped zirconia coprecipitated surface area results.

Coprecipitated silica/zirconia surface areas
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4.2 Graph 2 Impregnated silica zirconia surface area resullts.
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4.3 Powder x-ray diffraction resuits
Powder x-ray diffraction studies were performed to determine the phase composition 4

and crystallite size 5ofthe doped zirconia systems.

4.3.1 Coprecipitated XRD results

4.3 Table 1 4.3 Table 2
3.5wt%Si02Zr02p HI 0 rising 3.5wt%Si0/Zr02pH 11.3 rising
Temp. Crystal Phase Strain Temp. Crystal Phase  Strain

rc Size/ nm [°C Size /nm
400 A 400 A
550 14 T 10.3 550 12 T 5.6
700 14 T 9.0 700 13 T 6.0
9200 20 T 7.6 900 14 T 4.7
1050 27 T 4.1 1050 35 T+m 4.0



4.3 Table 3 4.3 Table 4

3.5wt% Si02Zr02pH 10 constant 3.5wt%Si0/Zr0pHI 1.3 constant
Temp. Crystal Phase Strain Temp. Crystal  Phase
/°C Size/ nm [°C Size /nm
400 A 400 A+t
550 10 T 7.1 550 11 T
700 14 T 8.4 700 12 T
900 19 T 6.3 900 17 T

Where, A —amorphous, T —tetragonal, M —monoclinic and lower case relates to trace

amounts o fphase.

The coprecipitation method of preparation stabilised the tetragonal phase of zirconia.
From the powder XRD pattern only the tetragonal (111) peak was observed over the
range 28°< 20 <31° and peaks for the monoclinic phase were not observed. At 1050°C,
the phase was 100% tetragonal (4.3 Graph 1). However, the sample did not become
crystalline until 550°C. The crystallite sizes for the four sets of samples were similar at
the respective calcination temperatures, and increased with temperature. This correlates
with the surface areas being similar at the same calcination temperatures, since there is a
relationship between surface area and crystallite size. The strain decreased with

increasing temperature, indicating fewer defects in the larger crystallites.
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4.3 Graph 1 Powder XRD patternsfor 3.5wt% Si0fZr02pH 10 rising

3.5wt% Si02Zr02cppt. pH 10 rising
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From inspection of the powder XRD pattern, the increased crystallinity can be observed
with temperature. The tetragonal (111) peak increases and becomes sharper, indicating a

crystallite size increase derived from the application ofthe Scherrer equation6

4.3.2 XRD results for impregnated samples

4.3 Table 5 3.5wt% Si02Zr02

Calcination Monoclinic Crystallite Monoclinic Phase
Temperature /°C Size /nm Content /%
550 9.6 94
700 9.4 92
900 10.7 89
1050 16.9 35
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4.3 Table 6 5wt% Si02Zr02

Calcination Monoclinic Crystallite = Monoclinic Phase
Temperature °C Size/nm Content %
550 9.1 96
700 10.2 98
900 9.9 91
1050 14.8 26

The impregnation preparation technique stabilised the monoclinic phase of zirconia. The
phase was stable up to 900°C, however, at 1050°C the main phase was tetragonal (4.3
Graph 2). This series was not calcined at 400°C since the precursor to the impregnated
sample was zirconium hydroxide which had already been calcined at 500°C to give
zirconia.

The crystallite sizes for the two dopant concentrations remained constant and were
similar up to 900°C. Over the temperature range 900 to 1050°C, the crystallite size
increased, in line with the decrease in surface area at the highest calcination temperature.
From inspection of4.3 Graph 2, the phase transformation can be clearly observed. The

three monoclinic patterns look similar and not very crystalline.
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4.3 Graph 2 3.5 wt% Impregnated Si0/Zr02

Powder X.R.D. 3.5wt% Si02Zr02 imp.
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4.3.3 Milled silica zirconia samples

3.5 wt% Si02Zr02pH 10.0 rising samples calcined at 550, 700 and 900°C were milled to
investigate the tetragonal to monoclinic phase change. The samples were milled for one
hour then the powder XRD pattern was recorded. It can be clearly seen that the effect of
milling produced a transformation to the monoclinic phase but with the major phase

remaining tetragonal
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4.3 Graph 3 3.5wt% Si02Zr02pH 10 rising milled samples.

3.5wt% Si02Zr02 milled
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4.4 X-ray photoelectron spectroscopy results

XPS was used to determine the ratio of silicon to zirconium at the catalyst surface " The
aim of the investigation was to correlate the effect of preparation method and calcination
temperature with the amount of dopant at the surface or near surface region. The main

peaks observed were Zr 3d, C Is, O Is, Si‘ 2p and Si 2s 8. Carbon was present as an

impurity.

Standard XPS spectrum of silica doped zirconia.

CD

598

0.000 1001.00

Binding Energy eV

The peaks in the above spectrum of 3.5wt% Si02Zr02 coprecipitated and calcined at
1050°C are assigned below.
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Assignment

Zr 3d

Zr 3p32 3p12
O Is Auger
C Is

Si 2p 2s

Binding Energy eV

184
333 348
531 976
285
104 155

4.4 Table 1 Surface Si/Zr ratiosfor coprecipitated samples.

Temperature
/° ¢
Precursor
550
700
900
1050

The precursors were the mixed hydroxides of silicon and zirconium before calcination.

The concentration of dopant at the surface or near surface region increased with
calcination temperature (4.4 Graph 1). The surface enrichment of the dopant increased
only gradually to 900°C. Over the temperature range 900 to 1050°C the dopant
concentration at the surface increased by the greatest extent. The theoretical bulk ratio for
3.5wt% Si02/Zr02 was 0.075. Therefore, the observed surface ratios are all above the
theoretical bulk ratio. However, the majority of the ratios for the precursor materials are
lower than the theoretical bulk ratio, indicating that the preparation method allows the

sample to go into the bulk and the temperature effect causes migration of the dopant to

pH = 10.0 pH =113 pH = 10.0
rising rising constant
0.05 0.07 0.10
0.09 0.10 0.14
0.11 0.10 0.14
0.27 0.14 0.18
0.31 0.32 0.40
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the surface, or the dopant is in big discrite separate particles and spreads on the effect of

calcination.

4.4 Table 2 Surface Si/Zrfor impregnated samples.

Calcination Si/Zr Si/Zr
Temperature °C Swt% 3.5wt%
Precursor 0.19 0.13
550 0.17 0.11
700 0.16 0.12
900 0.17 0.11
1050 0.41 0.36

For the impregnated samples, the surface or near surface concentration of dopant remains
constant up to 900°C. The surface ratios were larger than the theoretical bulk ratios, as
was expected from the nature of the preparation. The theoretical bulk ratio for 5wt%
Si02/Zr02 was 0.11. Over the temperature range 900 to 1050°C, a dramatic increase in
surface dopant enrichment was observed (4.4 Graph 2 ). The ratios at this high
temperature were similar to those from the coprecipitation preparation.

4.4 Graph 1 Surface ratio Si/Zrfor coprecipitated 3.5wt% Si02Zr(02

Si/Zr coprecipitated samples
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4.4 Graph 2 Surface ratio Si/Zr impregnated 3.5 and 5 wt% Si02/Zr02.
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4.4 Table 3 Binding energiesfor Zr 3d and Si 2pfor coprecipitated samples.
Temperature pH 10 rising pH 10 con. pH 11.2 rising pH 11.2 con. !
rec
BEeV BE eV BEeV BE ev
Zr3d Si2p Zr3d Si2p Zr3d Si2p Zr3d Si2p

Precursor 183.6 1024 184.6 1040 183.8 102.8 183.2  103.5

550 183.6  103.0 1839 1034  183.7 104.8 183.2 103.0
700 184.1 103.9 1839 103.2 1835 102.9 183.8  103.8
900 183.7 103.8 184.6 103.3 1852 104.2 184.5 103.5
1050 1844 103.9 183.5 1047 184.0 103.8 183.7 104.2

The binding energies for silicon 2p and zirconium 3d were similar and within
experimental error, indicating that the zirconium and silicon were in fixed oxidation

states over the calcination temperature range. Both metals were in the +4 oxidation state

77



and consistent with the literature values 9. The binding energies were calculated by

calibrating for C Is at B.E. = 285 eV.

4.5 Discussion of Characterisation

The surface area of zirconia is stabilised by the addition of silica as a dopant 10. The
method of preparation played an important role in determining the stabilisation3.
Tetragonal high surface area zirconia is produced by coprecipitation whereas, monoclinic
high surface area zirconia is produced by impregnation 1. A higher surface area zirconia
can be prepared, relative to pure zirconia, in either the tetragonal or monoclinic phase by

predetermining the preparation method.

For the coprecipitation preparations, the rising pH method improves the surface area to a
greater extent than the constant pH method. With the constant pH method, the products
precipitated immediately on contact with the high pH ammonia solution. However, the

rising method produced a gradual coprecipitation over a range of pH’s.

The surface areas for 3.5wt% Si02/Zr02pH 10.0 rising at 550 and 900°C are 102 and 38
ngi" , whereas the Zr02 surface areas at the two temperatures are 60 and 15 ng'j. This
shows a significant stabilisation by the dopant. However, the silica doped zirconia at pH
10.0 rising has very similar, almost identical surface area results to those of 3mol%
La20 3Zr02 constant pH 11.3 (Chapter 3). Each dopant has its individual preparation
method to maximise the surface area but the stabilised surface areas remained similar for
the different dopants. As in the case of lanthana coprecipitated zirconia, silica

coprecipitated zirconia stabilises the tetragonal phase 100%.

The impregnation preparation method for doping zirconia with silica gives extremely
high surface areas up to 900°C. For 3.5wt% Si02Zr02, the surface area is 74 m2g‘!,
which is double the coprecipitated results for either silica or lanthana as the dopant, and

five times greater than that of zirconia at 900°C. However, over the temperature range
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900 to 1050°C it is observed that the surface area dropped to a similar value as for the
coprecipitation preparation. The surface area is increased by increasing the loading of the
dopant up to 5wt%, but the drop in the surface area still occurred over the range 900 to

1050°C.

The monoclinic phase of zirconia is stabilised up to 900°C by the impregnated dopant,
but at 1050°C the phase is mainly tetragonal. The change in phase coincides with the drop
in surface area , over the temperature range 900 to 1050°C. These silica doped zirconia
results contradict the work of Soled ]2, who prepared various dopant concentration of
silica zirconia samples by bulk preparation and surface impregnation. He concluded that
the surface areas of zirconium silicon oxides were essentially independent of the
preparation method. Whereas the above results show the importance of the preparation
methods in determining the surface areas of zirconia. Soled investigated the samples at
only one calcination temperature of 500°C, where he found that 5 atomic % silica
zirconia prepared by impregnation or bulk substitution stabilised the tetragonal phase in
contrast to the above results, which show the impregnation technique stabilising the
monoclinic phase. For both preparations Soled observed that for 1 atomic % silica, the
phase was monoclinic indicating that there was a minimum amount of dopant required to

stabilise the tetragonal phase (i.e. > 1%).

The addition of the dopant to zirconia, using the coprecipitation method, retards the
crystallisation of zirconia. Pure zirconia gives the powder XRD pattern of tetragonal
zirconia at 400°C, whereas the coprecipitated samples after calcination at 400°C are x-ray
amorphous. Powder XRD patterns for tetragonal zirconia are observed at 550°C for the

doped materials 13 as was also the case for lanthana doped zirconia 4

The crystallite size was determined by separating the influence of strain from the line
broadeningl5 16 12.The coprecipitated samples showed increasing crystallite size with
increasing calcination temperature. This is of course expected due to sample sintering in
conjunction with loss of surface area. Calculating ( see Chapter 3) the theoretical surface

areas (4.5 graph 1) from the crystallite sizes shows that at the initial low calcination
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temperatures, the theoretical surface area is smaller than the measured indicating the
presence of porosity 18 However, at high calcination temperatures, the theoretical surface
area is greater than the measured surface area . This discrepancy is possibly due to the
development of an internal surface area in the powder, inaccessible to nitrogen
adsorption, owing to sintering when the sample is heated 19 or more likely due to particle

aggregation.

The impregnated samples with monoclinic phases have similar crystallite sizes of 10 mn
and surface areas of approximately 90 m2g™" up to 900°C. The theoretical surface area for

monoclinic 10 nm non porous cubic or spherical crystallites is 100 ng' "

4.2 Graph 1 Theoretical surface areafrom crystallite size for non porous spherical or

cubic crystallites.

Theoretical Surface Area

250 r * —
i® S.A.m2/g
I 200 * is Actual S.A.
+
I 150 - R
¢
*
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Surface Area m2g-1

Garvie’s ** criterion for the observation of tetragonal zirconia is not met in all the silica
doped zirconia samples. One silica coprecipitated zirconia (3.5wt% Si02/Zr02pH 11.3
rising calcined 1050°C) has a 100% tetragonal phase with a crystallite size of 35 nm. This
is larger than Garvie’s maximum crystallite size for tetragonal zirconia of 30 nm, where
above this crystallite size the tetragonal crystallites transformed to monoclinic

crystallites. However, Garvie’s experiments were performed on pure zirconia and not on



doped systems. The dopant effect stabilising the phase and surface area may extend to the

crystallite size.

The surface ratios for silicon to zirconium were calculated from XPS characterisation, to
investigate the effect of temperature on the dopant enrichment at the surface or near
surface region. For the coprecipitated samples, the precursors to the oxides gave similar
ratios to the theoretical bulk ratio from the preparation criteria. However, the surface
enrichment increases gradually with calcination temperature to 900°C. Over the
temperature range 900 to 1050°C, the surface ratio increases by the greatest amount to
over approximately 1/3 of the surface being the dopant. The coprecipitation preparation
of the precursors (Si(OH)4Zr(OH)4) provides a homogeneous mix of the dopant in the

bulk before calcination.

Samples prepared by impregnation show a constant surface ratio from the precursors to
900°C. However, at 1050°C, the surface area increases dramatically to over a 1/3 dopant
coverage, as was the case with the coprecipitated samples. The high coverage of dopant at
1050°C can be explained by including the crystallite size and surface area of the samples.
At low calcination temperatures, the samples have small crystallite sizes and large surface
areas with a known surface dopant concentration, from the impregnation preparation.
However, at a high calcination temperature, the crystallites grow and the surface area
decreases but the amount of dopant at the surface remains constant. The increase in
crystallite size and decrease in surface area means that the same amount of dopant gives a
low Si/Zr ratio at 400°C but gives a high surface ratio, at 1050°C due to the decrease in
surface area. For example assume a non porous cube has length 1 unit and a silicon
surface coverage of 1 surface unit per cube. When the temperature is increased and 8
cubes sinter to form one large cube of length 2 units then the surface area for the 8
individual cubes drops from 48 units to 24 units. Assuming all the silica that was on the
surface ofthe original cubes migrates to the surface ofthe new larger cube then 8 units of
silica are on the surface. Therefore in the small individual cubes the surface ratio was 1
silica unit to 6 surface area units and in the large cube the surface ratio is 8 silica units to

24 surface are units. The drop in surface area and increase in crystallite size is
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accompanied by an increase in the surface silicon to zirconium surface ratio. This allows
the possibility of phase separation but there must be some interaction between the silica

and zirconia due to the acidity at the highest calcination temperatures.
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4.6 Infrared spectroscopy combined with pyridine adsorption to

investigate the acidic nature of the surface

The use of pyridine adsorption on silica impregnated zirconia combined with infrared
spectroscopy has been undertaken to investigate the nature of the acidity of the mixed
oxide surface. The infrared spectrum of pure zirconium dioxide is opaque below 800 cm"1

and exhibits no distinct features between 800 and approximately 3650 cm"'*'

. However,
bands observed at 3775, 3680 and 3670 cm"lare characteristic of hydroxyl groups on the
surface of zirconia. The bands at 3775 and 3670 cm’l are characteristic of hydroxyls
associated with monoclinic zirconia, whereas, the band at 3680 c¢cm"1 is associated with
hydroxyls on tetragonal zirconia 22. The nature of the hydroxyl band at 3775 cm'l was
originally thought to be a singularly coordinated OH species on monoclinic zirconia and
the two bands close together at 3680 and 3670 cm’l for tetragonal and monoclinic
zirconia respectively, related to triply coordinated OH groups 23. However, a more recent
investigation by Knozinger 24 suggested that there were two surface hydroxyl species.
One is related to tetragonally coordinated O” anions and the other hydroxyl is related to
trigonally coordinated O2' anions. Since only the monoclinic phase has trigonally
coordinated 02"‘ anions, the higher wavenumber hydroxyl group at 3775 cm’1 was
associated to the monoclinic phase. However, both monoclinic and tetragonal zirconia
have tetragonally coordinated OQW anions. Therefore, the two similar wavenumber

hydroxyls at 3680 and 3670 cm'l were associated with the hydroxyl related to the

tetragonally coordinated O ' anion.

The spectrum of pure silica is dominated by an intense sharp peak at 3747 cm’1 due to

isolated noninteracting surface silanol groups ( singular SIOH and geminal Si(OH)2)2L.

Pyridine has been used as a probe molecule to study the acid sites of oxide surfaces 25.
Pyridine is used as an acidic probe since it posses a lone pair of electrons on the nitrogen
which is available for donation to other species during bonding and also pyridine can

accept a proton from another species. Pyridine bonds to the surface in three different
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modes; (1) involving a transfer of a proton from a surface hydroxyl to the pyridine
molecule and occurs, with the surface acting as a Bnjmsted acid, (2) involving
coordination of the pyridine molecule through the electron lone pair to the metal of the
oxide and takes place with the solid acting as a Lewis acid. This bonding can also be
classed as a-bonding due to the pair of electrons in the bond being entirely donated by the
pyridine molecule (3) and finally hydrogen bonding occurring through the interaction of
the nitrogen atom with the hydroxyl group on the surface. Hydrogen bonding is the
weakest form of interaction 26, and can be removed by pumping the system or heating at

approximately 470K.

The interaction ofthe lone pair on the nitrogen of pyridine with a Lewis site results in the
8a normal vibrational mode of pyridine being observed in the range 1590 to 1615 cm’1
while the 19b normal mode is found between 1440 and 1465 cm’197. Further , less intense
Lewis bands are observed at approximately 1490 and 1576 cm'l28The interaction of
pyridine with a proton of a Bnjmsted site results in the formation of a pyridinium ion with
bands in the regions 1638-1642 cm’1and 1535-1540 cm'l. Hydrogen bonded bands are
observed over the range 1580-1590 cm’1.

The samples investigated were Zr02 calcined 500°C, 3.5wt% Si02Zr02 impregnated
calcined 700 and 900°C and 5wt% Si02Zr02 impregnated calcined 700 and 900°C. The
samples proved difficult to press into self supporting thin wafers especially in the case of

pure zirconia, as silica may act as a binder. The samples gave low transmission in the

experiments.
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Spectra 1 Pyridine dosed onto Zr02calcined 500°Cfrom 103 to 1 mbar

Absorbance
Z102 calcined 500C Pyridine adsorption from 10(-3) to 1 mbar
Pressure
1650 1600 1550 1500 1450 1400
Wavenumber (cm )
Pyridine adsorbed on Zr02 calcined 500C at 1mbar
ol
(E)O
Absorbance to
15-
1650 1600 1550 1500 14150 1400

Wavenumber (cm'])

The infra-red spectrum of pure zirconia was featureless, no hydroxyl groups were
observed. However, upon the addition of pyridine to the system two bands appeared at

1604 and 1442 cm"1. These bands correspond to pyridine interacting with Lewis acid sites
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on the oxide surface. The above two bands were the only bands observed up to a pressure

of 1 mbar of pyridine
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Spectra 2 TPD ofpyridine on Zr(02 calcined 500°C

Absorbance
Zr02 pyridine TPD 50 to 550C
-1
Temperature °C

200
300
400
500

1650 1600 1550 1500 1450 1400

Wavenumber (cm'))

During the temperature programmed desorption the intensity of the bands relating to
pyridine at Lewis acid sites gradually decreased. The pyridine was fully removed from
the surface at approximately 400°C. The dosing of pyridine up to a pressure of 1 mbar
produced only two bands at 1443 and 1605 cm'l. These were the bands associated with
Lewis acid sites. Bands for the formation of a pyridinium ion were not observed (1540
and 1640 cm'l. However, this result was expected since hydroxyl groups were not
observed for zirconia at 3775, 3680 or 3670 cm'l. Bands were not observed for hydrogen
bonding of pyridine There were no hydroxyls on the surface for the pyridine to form

hydrogen bonds.

3,2

Filimov and Knozinger * observed hydroxyl groups for zirconia. However, for a
detailed spectroscopic study the zirconia surface was hydroxylated insifu with water
vapour making the bands easier to detect. The surface hydroxyls were removed by
heating in vacuum to over 700°C. This was reversible since at room temperature, the

addition of water rehydroxylated the surface.
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The infra-red spectrum of the silica impregnated zirconia was featureless except for one
band at 3737 c¢nT1 which was due to a hydroxyl group related to silica.The spectrum

below was recorded at room temperature and the silica hydroxyl band can be observed.

3.5wt% impregnated Si02/Zr02 calcined 900C

3-

Absorbance

2-

3700 3600 3500 3400 3300 3200 3100 3000

Wavenumber (cm’])

Spectra 3 3.5wt%Si0/Zr02imp. cal. 700°C Pyridine dose

Absorbance
3.5wt% Si02/Zr02 pyridine dose from 10(-3) to 1 mbar
-3
-2
Pressure
-1
1650 1600 1550 1500 1450 1400

Wavenumber (cm" 1)



3.5wt%Si02/Zr02 imp calcined 700C pyridine adsorbed at Imbar

Absorbance m

to

1650 1600 1550 1500 1450 1400

Wavenumber (cm'l)

The above spectra shows the bands appearing upon dosing of pyridine onto silica zirconia

and produces five bands at a pressure of 1 mbar, 1442, 1489, 1575, 1592 and 1605 ¢cm'l

Spectra 4 3.5wt% Si02/Zr02imp. cal 700°Cpyridine TPD

Absorbance
3.5wt% impregnated Si02/Zr02 pyridine TPD
Temperature °C
200 -A
300\
400 —
1650 1600 1550 1500 1450 1400

Wavenumber (cm* )
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3.5wt%Si02/Zr02 imp calcined 700C pyridine adsorbed at 50C
Absorbance

.3-

1650 1600 1550 1500 1450 1400

Wavenumber (cm'l)

From the above spectra, the pyridine desorbs gradually over the temperature range 50 to
550°C. However, at the start of the desorption experiment after evacuating the system to

10"6mbar only the two Lewis acid site bands remain at 1444 and 1606 cm'L

Spectra 5 3.5wt% Si02Zr02imp. cal 900°Cpyridine dose

Absorbance
3.5wt%Si102/Zr02 impregnated pyridine dose 10(-3) to 1 mbar -5
-4
-3
Pressure -2
1
—-0
1650 1600 1550 1500 1450 1400

Wavenumber (cm *)
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3.5wt%Si102/Zr02 imp calcined 900C pyridine adsorbed atlmbar
S

Absorbance

A-

00

1650 1600 1500 1450 1400
Wavenumber (cm'])

From the above spectra, at low dosing pressures the two main bands were at 1444 and

1605 cm"1. However, at the higher dosing pressures a large band appeared at 1594 cm'],
becoming larger than the band at 1605 cm'L
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Spectra 6 3.5wt%Si0/Zv02imp cal 900°C pyridine TPD

3.5w%Si02/Zr02 imp. cal. 900C pyridine TPD

Temperature °C

16(30 15%50 1500 1450

Wavenumber (cm’])

Absorbance 3.5wt%Si02/Zr02 imp calcined 900C pyridine adsorbed at 50C

.35-

CD

O

CD

1650 1600 1550 1500 1450
Wavenumber (cm )

Absorbance

1460

1400

The dosing of pyridine on 3.5wt% Si102Zr02 impregnated samples calcined at 700 and

900°C produced the main bands associated with Lewis acid centres at approximately

1444 and 1605 cm'l Both samples showed a band at approximately 1593 cm’1relating to

hydrogen bonding between pyridine and the surface. Hydrogen bonding was able to take

place due to silica hydroxyl groups on the surface which were observed at 3737 cm'l
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Bands for a pyridinium ion were not observed indicating the lack of Bnjmsted acidity.
Therefore, the silica hydroxyls do not contribute to Bnjmsted acidity, as was observed by

Dang 21.

The band which corresponds to hydrogen bonding between pyridine and the surface at
1593 cm"], in the sample calcined at 900°C, grew larger than the adjacent Lewis acid
centre band (1605 ¢cm’]) between the lone pair on the nitrogen and the surface. This did
not occur in the sample calcined at 700°C. However, in both systems pumping over a
period of time gave a spectrum containing two bands at approximately 1444 and 1605
cm'l prior to the temperature programmed desorption. These bands gradually decreased
with increasing temperature but were still observed at the final temperature of 550°C,

indicating that pyridine was still adsorbed on the sample.
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Spectra 7

Pressure

1650

Absorbance

1650

Swt%Si02/Zr02 imp. cal. 700°Cpyridine dose

5wt%Si02/Z2r02 imp cal 700C pyridine dose 10(-3) to 1 mbar

1600

Wavenumber (cm'])

1450

Swt%Si102/Z102 imp calcined 700C pyridine adsorbed at 1 mbar

Lo <

o )

co o]
to

co
10

1600

Wavenumber (cm'])

CD

1450

Absorbance

h.6

—40
1400

1400

From the above spectra for Swt% Si02Zr02 impregnated calcined at 700°C, five main

bands appear upon dosing ofpyridine, at 1443, 1489, 1578, 1593 and 1606 cm"1.



Spectra 8 Swt% Si0/Zr02imp. cal. 700°Cpyridine TPD

Absorbance
5wt%Si02/Zr02 imp cal 700C pyridine TPD
Temperature C
1600
Wavenumber (cm" )
Swt%Si02/Zr02 imp calcined 700C pyridine adsorbed at 50C

CD

5. % co
Absorbance
4-
3-
o

2
1650 1600 1550 1500 1450 1400

Wavenumber (cm’1
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From the above spectra, the two bands at 1444 and 1607 cm-1 decrease with increasing

temperature.
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Spectra 9 Swt%Si0/Zr02 imp. cal. 900°Cpyridine TPD

Absorbance
Swt% Si02/Zr02 imp cal 900C pyridine TPD
-.6
-4
Temperature °C
-2
200 .
300
400
500
1650 1600 1550 1500 1450 1400.
Wavenumber (cm"I)
S5wt%Si102/Zr02 imp calcined 900C pyridine adsorbed at 50C
Absorbance
a.
(e
Lo _3-
1650 1600 1550 1500 1450 1400

Wavenumber (cm"1)

Four bands were observed at the start of the TPD for 5wt% Si02Zr02 impregnated
calcined 900°C at 1444, 1491, 1575 and 1607 cm"l The middle two bands disappear

however, pyridine was still adsorbed on the surface at 550°C.
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The dosing of pyridine on 5wt% Si02Zr02 impregnated samples calcined at 700 and
900°C showed bands corresponding to Lewis acid centers and hydrogen bonded pyridine,
as in the 3.5wt% samples. Upon evacuation, the sample calcined at 700°C had two main
peaks at 1606 and 1443 cm'l decreasing with increasing temperature. The sample
calcined at 900°C had four bands related to Lewis acid centres decreasing with
increasing. As in the case of 3.5wt% samples bands for pyridinium ions were not
observed, therefore, Bnjmsted acidity did not occur on the sample and in the presence of
silica hydroxyl groups. Pyridine was observed on the samples at 550°C, indicating strong

Lewis acid centres

Br(|)nsted acid sites have been observed on zirconia and on silica zirconia systems. Hertl
29 using ammonia and pyridine adsorption reactions combined with infra-red
spectroscopy showed that three polymorphs, tetragonal, monoclinic and amorphous
zirconia had both Lewis and Br<|)nsted acid activity. Using the diffuse reflectance infra-
red method, Hertl observed bands due to NH4+and PyH+showing the presence of surface
Bnjmsted acidity. For silica zirconia systems, Anderson 30 only observed the presence of
Bnjmsted acidity when the silica zirconia system was sulfated. Only Lewis acidity was
observed before sulfating the sample. The system was investigated using both pyridine
and ammonia as probe molecules and the characteristic PyH+band at 1540 cm'land NH4+

broad band over the range 1450-1400 cm'lwere observed.

4.6.1 Semiquantification of acid sites on the surface

From the infrared experiments combined with pyridine adsorption, a relationship between
the equilibrium dosing pressure and an area for a given infrared band could be obtained.
The band investigated was at approximately 1443 cm*1and was due to pyridine adsorbed
at a Lewis acid surface site. Increasing the equilibrium dosing pressure increased the band
area. The system was investigated over the pressure range 10" to 1 mbar (see spectra set

7), with the infrared spectrometer. Upon completion of the dosing experiments, the
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system was pumped to 10’6 mbar where upon the temperature programmed desorption of
pyridine began. The decrease of the band area at 1443 cm'l was investigate during

heating.

To quantify the amount of pyridine adsorbed on Lewis acid surface sites a gravimetric
method was employed. A C. I. microbalance connected to a dosing and pumping system
was used in the gravimetric experiments. Silica zirconia samples were activated insifu in
a gravimetric apparatus before pyridine was dosed over the pressure range of 10' to 2
mbar. The experiment was performed in static mode, where the pyridine was dosed into
the microbalance compartment and left to equilibrate. The mass of pyridine adsorbed was
measured as a function of equilibrium pressure. To ensure an accurate calibration
between the infrared and gravimetric experiments, equilibrium pressures used in the
calibration of the amount of pyridine on Lewis acid sites were kept below 10"2 mbar. At
and above the equilibrium pressure of 10' mbar, hydrogen bonding occurs on the surface
which was observed during the infrared spectroscopy experiments. Spectra 10 below
shows the emergence of the band at 1593 cm'lrelating to hydrogen bonding of the
pyridine with the surface. The band started to grow at 102 mbar. Therefore, any mass
uptake in the gravimetric experiments at and above 102 mbar was a combination of
pyridine at Lewis sites and pyridine hydrogen bonding to the surface. For the temperature
programmed desorption experiments only Lewis acid bands appeared therefore, the

calibration must only contain the appropriate adsorption modes of pyridine.
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Spectra 10  5wt%Si02/Zr02 calcined 700°Cpyridine dose.

8.
Swt%Si02/Zr02 imp. cal. 700C Pyridine dose 10(-3) to 1 mbar.
Absorbance
6. o
o
(0 )]
m
4-
1650 1600 1550 1500 1450 1400

Wavenumber (cm’])
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Gravimetric Analysis Results

80.32 mg of Swt% Si02Zr02 impregnated calcined 900°C was used in the
gravimetric experiment. The adsorption experiment was performed at room

temperature and the mass adsorbed mg per sample.

Equilibrium Pressure mbar Mass Adsorbed mg

1x 10-3 0.08
2x 10-3 0.13
5x10-3 0.18
6 x 10-3 0.21
8 x 10-3 0.33
1.0 x 10-2 0.43
1.2 x 10-2 0.52
2.7 x 10-2 0.92
1.6 x 10-1 1.25
3.5x 10-1 1.36
7.6 x 10-1 1.57
1.1 1.69
1.5 1.80

From the gravimetric results at 103 mbar, the number of moles of pyridine on
one gram of catalyst can be calculated, since the above results are in mg per mass
of sample recorded at room temperature. From the use of Avogadro’s number
the number of pyridine molecules adsorbed on one gram of catalyst at 10'3 mbar
is known. Combining these results with the infrared results gives a semiquantitive
analysis ofthe amount of pyridine adsorbed on the catalyst over the temperature

range of room temperature to 550°C. The area under the peak relating to
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pyridine at Lewis acid sites ( 1443 cm*]) at a pressure of 10-3 mbar is known
from the infrared experiments, which varies with temperature and relates to a
mass of pyridine adsorbed from the gravimetric experiments. Therefore, a
semiquantitive calibration can be performed to relate the number of molecules
adsorbed on Lewis acid sites over the temperature programmed desorption range
by following the decrease in the peak area at 1443 cm'l Problems may arise due
to the different pressure transducers used in the two experiments, the infrared
and the gravimetric analysis. The problems arising in the accuracy and the
calibration of the pressure transducers make the calibration only semiquantitive.
The calibration gives an indication of the number of acid sites on the surface of
the samples and their strength as the temperature was raised. The results from
the previous table relate to the number of moles of pyridine adsorbed on one
gram of catalyst at room temperature and from the calibration the number of

moles of pyridine adsorbed at various temperatures can be calculated.

4.6.1 Graph 1 Variation of amount of pyridine on Lewis acid site with

temperature.
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The above graph depicts the decrease in the amount of pyridine on the surface of
the catalysts as a function of temperature. The number of moles of pyridine on
the surface was calculated by using the calibration from the gravimetric
experiments and relating them to the decrease in the peak area ofthe Lewis band
at 1443 cm"l, as a function of temperature. From the lowest temperature (50°C)
on the above graph, the samples calcined at 700°C have a greater concentration
of pyridine adsorbed and therefore a greater number of Lewis sites per gram of
catalyst. However, normalising the results for surface area and converting the
number of moles of pyridine to the number of molecules of pyridine adsorbed per

unit area, gave the following results below.

4.6.1 Table 1 The number of pyridine molecules per nm2 is listed for the

various samples

Temp. IC  5%Si02Zr02 5%Si02Zr02 3.5%Si02Zr02 3.5wt%Si02/Zr02

700°C 900°C 700°C 900°C
50 0.13 0.11 0.13 0.08
250 0.08 0.07 0.09 0.06
550 0.03 0.01 0.03 0.03

The surface area ofthe impregnated samples were known, therefore, the number
of pyridine molecules adsorbed on the surface at the various temperatures were
calculated from the results in 4.6.1 Graph 1. With increasing temperature, the
amount of pyridine adsorbed decreased. At the experimental temperature of
50°C, the number of molecules of pyridine adsorbed was similar for all the
samples. However, upon increasing the experimental temperature, the number of
molecules adsorbed on all the samples became more uniform. This indicated that
the strength of the acid sites at elevated temperatures was similar across the
range of samples. Pyridine remained adsorbed on the surface at 550°C, indicating
strong acid sites as opposed to pure zirconia where no pyridine remained at this
temperature. There were stronger acid sites on silica doped zirconia than on pure

zirconia.
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4.7 Conclusions

(1) The surface area of zirconia is stabilised when silica is used as the dopant.

(2) The tetragonal phase of zirconia was stabilised by doping the system using a
coprecipitation method of preparation, whereas, the monoclinic phase was stabilised

when the impregnation method of preparation was used.

(3) Garvie’s criteria for tetragonal crystallite size was met for the silica doped system in

the majority of cases.

(4) The acidity of the surface of the silica zirconias was investigated and Lewis acid sites

were observed but Bnjmsted acid sites were not.

(5) The impregnated samples investigated using infrared spectroscopy combined with
pyridine adsorption had similar acid site concentrations when normalised for the surface

arca.

(6) The acid sites on the silica doped zirconia were stronger than pure zirconia, since

pyridine remianed adsorbed on the mixed oxide at 550°C, whereas for pure zirconia at

this temperature no pyridine was obsreved.
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5. Ceria doped zirconia.

5.1 Preparation of ceria doped zirconia

5.1.1 Coprecipitation

The addition of ceria to zirconia prepared by coprecipitation was investigated,
with respect to stabilising the surface area of zirconia. Ceria zirconia (Ce02Z1r02)
samples were prepared with 16, 20 and 50wt% ofthe dopant. The ceria source was
cerium carbonate (Aldrich), which was dissolved in equal volumes of
concentrated nitric acid and distilled water, before being added to the zirconium
oxynitrate solution, which was prepared from zirconium basic carbonate. A
second set of samples were prepared with the same % of dopant and in the same
manner but with excess concentrated nitric acid and distilled water being used but
still in equal volumes. These samples are called Ce02Zr02 dilute system. This
was performed to investigate the effect of excess solvent on the surface area of the
samples and to see if a more homogeneous mix of the ceria in the zirconia lattice

could be produced.

The cerium nitrate and zirconium oxynitrate solutions were well mixed before
initiating the coprecipitation. Ammonium hydroxide (28-30% NH3 in H20) was
added dropwise to the solution to begin the coprecipitation and was added
continuously until a final pH of 10.0 was reached. The coprecipitation began at pH
approximately 4 and continued with increasing pH. The mixture was stirred,
filtered, washed with distilled water and dried at 110°C overnight to produce the
hydroxide precursor. Calcination took place in static air for two hours over the

temperature range 550 to 1050°C to produce the binary mixed oxides.

5.1.2 Impregnation

The samples were prepared using the incipient wetness technique. Zirconium
hydroxide was precipitated from zirconium oxynitrate using ammonium

hydroxide (28-30% NH3in H20) to a final pH of 10.0. The hydroxide was stirred
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filtered, washed with distilled water and dried at 110°C overnight to produce the
hydroxide. Cerium nitrate was impregnated onto the hydroxide to give a loading
of 16wt% ceria. The mixture was stirred and dried at 110°C. Calcination took
place in static air for two hours over the temperature range 550 to 1050°C to

produce the binary mixed oxide.

5.2 Surface area results.
The surface area measurements of ceria doped zirconia were performed using

nitrogen adsorption and applying the BET equation 1.

5.2 Table 1 Surface area ng ]for coprecipitated and impregnated ceria doped

zirconia.

Temp./°C 16% cppt. 20% cppt. 50% cppt. 16%imp

550 55 62 39 63
700 20 34 15 26
900 6 10 3 12

5.3 Table 2 Surface area m’g’ for ceria zirconia dilute coprecipitated system.

Temp/°C 16% dil. 20% dil. 50% dil.

550 75 58 53
700 37 29 30
900 19 9 5

1050 4 <3 <3

The effect of excess solvent is to increase the surface areas for the 16 and 50 wt%

sets, however, the 20% results remained similar. The lower the amount of dopant,
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the higher the surface area. The impregnated samples have similar surface areas to

the coprecipitated samples.

5.2 Graph 1 Surface areafor impregnated and coprecipitated ceria zirconia
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5.3 Powder XRD results

Powder XRD was undertaken to determined the crystallite size > and the phase Yof

the samples.

5.3 Table 1 Phase identification for coprecipitated and impregnated ceria

zirconia samples.

Sample 550°C  700°C  900°C 1050°C

16% imp. T T T+m T+m
16% cppt. T T+m T+m T+m
20% cppt. T T+m T+m T+m
50% cppt. T T T T+ m

T = tetragonal, m —monoclinic.

5.3 Table 2 Crystallite size for coprecipitated and impregnated ceria zirconia

samples (nm).

Sample 550°C  700°C  900°C 1050°C

16% imp. 11.5 12.0 15.4 26.6
16% cppt. 10.0 11.5 14.8 23.9
20% cppt. 9.4 10.5 14.9 21.6
50% cppt. 4.5 5.2 7.5 13.6

The crystallite sizes increases with calcination temperature.

The major phase in all cases is tetragonal, with the monoclinic phase being a trace
phase in some of the samples. The concentration of the monoclinic phase did not
exceed 10% even in the samples calcined at the highest temperature, 1050°C. The

phase compositions were determined as discussed in Chapter 2.
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5.3 Graphs 1 -4 Powder XRD patterns for ceria - zirconia coprecipitated and

impregnated samples
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16% Ce02Zr02imp. XRD
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5,3 Table 3 Phase identificationfor ceria zirconia dilute system

Sample 550°C  700°C  900°C 1050°C

16% cppt. T T T T
20% cppt. T T T T
50% cppt. T T T T+m

5.3 Table 4 Ceria zirconia dilute system crystallite size (nm) from powder XRD

Sample 550°C  700°C  900°C 1050°C

16% cppt.  10.9 133 21.0 31.3
20% cppt. 7.9 9.1 15.3 28.5
50% cppt. 5.1 5.5 10.1 18.9

The tetragonal phase is the most dominant.
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5.3 Graphs 5-7 Powder XRD patternsfor ceria zirconia dilute system
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5.4 XPS results

X-ray photoelectron spectroscopy studies were performed to determine the surface
molar ratio of cerium to zirconium for 16, 20 and 50wt% Ce02/Zr02. Ce 3d52 and
Zr 3d 4 peaks were used to determine the surface ratios. The results are expressed

as Ce/Zr surface molar ratio. 16, 20 and 50 wt% Ce02Zr02 are equivalent to 12,

15 and 42 mole % Ce02Zr02.

1155

The above XPS spectrum is of 16wt% Ce02Zr02 coprecipitated and calcined at

1050°C. The main features ofthe spectrum are assigned below.
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5.4 Table 1 Ce/Zr surface ratios

Temperature 16wt% 20wt% S50wt% 16wt%

/°C Cel02Zr02 Ce02Zr02 Ce02Zr02 Ce02Zr02

cppt. cppt. cppt. imp.

Precursor 0.10 0.16 0.41 0.17

550 0.10 0.14 1.14 0.11

700 0.14 0.13 0.95 0.15

9200 0.13 0.19 1.47 0.19

1050 0.22 0.22 1.24 0.21

5.4 Table 2 Ce/Zr surface ratios

Temperature /°C 16wt%dil. 20wt%dil. S50wt%dil.
Ce02Zr02 Ce02Zr02 Ce02Zr02
Precursor 0.10 0.10 0.39
550 0.10 0.21 1.17
700 0.13 0.22 1.18
900 0.19 0.30 0.99
1050 0.28 0.28 0.89

5.5 Discussion

The addition of ceria to zirconia only increases the surface area of pure zirconia ,
over the temperature range 550 to 900°C3in the sample prepared from the dilute
precursor to a weight of 16%. The addition of ceria to zirconia did not stabilise the

surface area to the same extent as when lanthana or silica were used as dopants.
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The addition of 50wt% Ce02to Zr02 decreased the surface area compared to pure
zirconia (Chapter 3). The least amount of dopant used produces the greatest
surface area stabilisation. The nature of the preparation proves to have little effect

on the surface area for ceria doped zirconia.

The surface area results are consistent with the literature, where Settu 5prepared a
10 mole % Ce02Zr02sample which had a low surface area, 7 m2g 1 at 600°C and
2 m2g 1 at 800°C. Using less dopant, Franklin 6 prepared samples with surface
areas around 20 m2g"! at 950°C for 1, 2 and 3 mole % Ce02/Zr02. Therefore,

preparing samples with lower amounts of ceria gives the greater surface areas.

The addition of ceria to zirconia stabilises the tetragonal phase of zirconia. The
dilute preparation samples retards the onset of the monoclinic phase up to 1050°C.
However, the standard coprecipitation prepared samples show trace amounts of
monoclinic zirconia at temperatures as low as 700°C. The dilute preparation may
produce a more disperse dopant in the bulk which can retard the onset of the
tetragonal to monoclinic phase transformation. Impregnating ceria onto uncalcined
zirconia (zirconium hydroxide) stabilises the tetragonal phase. During previous
impregnation preparations of silica and lanthana on zirconia, the dopant was
impregnated onto zirconium oxide and then recalcined to give the monoclinic
phase. Therefore, tailoring the sample precursor before impregnation can

determine the final phase obtained.

As expected the crystallite size of the samples increases with increasing
calcination temperature. The crystallite sizes do not exceed Garvie’s 7 critical
crystallite size of 30 nm, above which the tetragonal crystallites transform to
monoclinic crystallites. For the 50wt% Ce02Zr02 samples, the crystallite sizes
were smaller than the other samples, this may possibly be due to the system
becoming close to a phase boundary or becoming two phases as opposed to simple

nucleation and growth.

The coprecipitation and dilute coprecipitation preparations of ceria / zirconia
produce a homogeneous mix of the dopant with zirconia, as can be observed by

the precursor XPS results. 16, 20 and 50wt% Ce02Zr02relates to 12, 15 and 42
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mole % Ce02Zr02 and from XPS experiments to determine the Ce/Zr surface
ratios for the precursor samples, the following ratios were determined 0.10, 0.16
and 0.41 respectively. Therefore, coprecipitation and dilute coprecipitation appear
to produce a well mixed binary oxide before calcination. However, upon
calcination, surface enrichment of the dopant is observed, as was the case for
silica and lanthana doped zirconia. As was expected, the precursor for the
impregnated 16wt% Ce02Zr02 had a high Ce/Zr surface ratio of 0.17, which

increased with calcination temperature.

5.6 Conclusions

1 The addition of ceria to zirconia does not stabilise the surface area to the same

extent as lanthana and silica as dopants.

2 The addition of silica does stabilise the tetragonal phase of zirconia up to

1050°C.
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6 Reactor Studies

Propan-2-ol decomposition is widely used to characterise the acid-base or redox
properties of catalysts 12.The two main routes of decomposition are to propene

and acetone.

CH3CH(OH)CH3  -> CH3CH=CH2 + H20

CH3CH(OH)CH3 CH3C(0)CH3 + H2

For propene formation three mechanisms are considered; (1) Ej (Bnjmsted H+
site), (2) E2 (acid - base pair site) and (3) E,d (concerted acid - base pair site). For
acetone formation, two mechanisms are considered; (1) an alkoxy intermediate
with abstraction ofthe H on Ca as the rate determining step and (2) the formation
of an enolate intermediate with the abstraction of a H on Cp as the rate

determining step.
6.1 Mechanisms for Decomposition

Ej mechanism

The reacting molecule may undergo elimination reactions in which the formation
AN
of the carbocation is the rate determining step . A stable carbocation is formed

upon the elimination ofthe hydroxyl group.

CH3CH(OH)CH3 -> CH3CH+CH3 r.d.s. Stable Carbocation
AOH + H-CH2CH+CH3 -> CH2=CHCH3 Fast
AOH is a Brcjmsted acid.

Generally it is tertiary alcohols which dehydrate to the alkene via the Ej
mechanism, due to the high stability of the intermediate carbocation. The E/

mechanism requires strong acid sites, usually Bnjmsted sites.
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E2mechanism

Both the reacting molecule and the nucleophile participate in the single step
bimolecular elimination mechanism. A nucleophile removes one group as a group

on the adjacent carbon departs.

OH
|
Nu' + H-CH2-C-CH3-»  CH2=CHCH3 + NuH + OH'

H

The nucleophile is commonly a base which abstracts a proton from Cp to the
hydroxyl group. This works through an acid - base pair site. This E2 mechanism
has been described by Noller 4 as an adsorbed structure on the catalyst surface,

with the reaction taking place at the acid-base pair site.

C-C - Reacting molecule
X
Catalyst surface
© © Acid-base pair site
X is the leaving group.

Elcb mechanism

A base abstracts a H from the Cp to form a carbocation. Then the hydroxyl group

departs to form the alkene. Again this is considered as an acid - base pair

mechanism.
B" + H-CH2CH(OH)CH3-> BH + ‘CH2CH(OH)CH3 -»
CH2=CHCH3 + OH*
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Knozinger 5and Roca 6 investigated the dehydration of alcohols on alumina and
silica in view of the above mechanisms. The Et mechanism was favoured. The
reasons for this were; (1) the samples investigated had a low surface oxygen
basicity which was not strong enough to initiate the proton abstraction from a C-H
bond. This disfavoured the E2 mechanism. (2) the bond dissociation energy for a
heterolytic bond rupture of the C-H bond to form a carbanion (Elcb) was
considerably greater than that for the heterolytic bond breaking of the C-O bond,
which leads to the formation of the carbocation (Ej). (3) the Ej mechanism
requires strong acid sites and Bnjmsted acid sites were observed due to surface

hydroxyls.

Alkoxy intermediate

A base abstracts the H of the hydroxyl group forming the alkoxy intermediate.

Subsequent removal ofthe H from Ca forms the ketone.
B- + CH3CH(OH)CH3 -B> BH + CH3CHCH3

CH3COCH3 +H"

This mechanism has been investigated for the dehydrogenation of alcohols on

chromia ' and the following reaction schemes were proposed for the formation of

acetone.
(D
H3C\ H3C\ // R
HC— O A C
->
R H ‘0 H'
H
Cr3+ 02  Cr3+ cr” 02  Cr3+
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Enolate intermediate

A base abstracts a H from Cpto the hydroxide group, which leads to an enolate

intermediate 8.

B-  + H-CH2CH(OH)CH3 -»  BH + "CH2CH(OH)CH3

CH3COCH3



OH OH (0}

| | |
CH3CHCH2 CH3CHC'H2 + H CH3C=CH2
H Enolate anion
0 0]

* CH3CCH2 + H+ -> CH3CCH3

Enolate anion
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6.2 Binary Metal Oxide Acidity

Binary metal oxides such as Si02-Al120 3 are well known to possess surface acidity
and have great use as solid acid catalysts 9. Many other binary metal oxides may
be expected to possess enhanced surface acidity relative to the single oxides.
Attempts have been made to develop a hypothesis to predict which mixtures of
oxides will form solid acid catalysts. The proposals by Charles Thomas 10,
Tanabe ' and Kung " are the main hypotheses. The latter two hypotheses will be
discussed and they attempt to predict the nature of the acidity, either Br(j)nsted or

Lewis acid sites.

Tanabe’s hypothesis discusses acidity generated in a binary oxide in relation to the
excess of negative or positive charge in the model structure of a binary oxide. The
model structure is pictured according to the two postulates. Firstly, the
coordination number of a positive element of a metal oxide and that of a second
metal oxide are maintained even when mixing. Secondly, the coordination number
of a negative element (oxygen) of a major component oxide is retained for all
oxygens in a binary oxide. The hypothesis examines binary oxide systems
alternating the major oxide, either silica being introduced to the zirconia matrix or
the other way around. An overall excess of positive charge leads to an assumption
of Lewis acidity and an overall negative charge leads to the assumption of
Br())nsted acidity. Summarising Tanabe’s hypothesis gives, the coordination
number of the cation in a mixture remains constant but the anion adapts the

coordination of the host oxide.

For the silica zirconia system assuming initially that zirconia was the major oxide,
the following conclusions from Tanabe’s hypothesis were made 13. The silicon
cation has formal charge of +4 and a coordination number of four with respect to
oxygen. Whilst, the oxygen has a formal charge of -2 shared over four bond,
leading to an overall charge of 4(+4/4-2/4) = +2. The positive charge is associated

with Lewis acidity.
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Si02-Zr02mixed oxide with silicon at zirconium rich site.

For a silica zirconia system assuming silica is the major oxide, the following
conclusions from Tanabe’s hypothesis were made. The zirconium cation has a
valence of +4 shared over eight oxygen bonds. The oxygen has a valence of -2
shared over two bonds. Therefore, the overall charge is 8(+4/8 -2/2) = -4. The
negative charge can be compensated with protons so Bnjmsted acidity might have

been expected.

Si102-Zr02 mixed oxide with zirconium at silicon rich site



Kung’s hypothesis is based on the formation of a dilute solid solution. The basis
of'the model employs both the electrostatic potential at the substituting cation site
and the changes in the matrix necessary to balance the stoichiometry, to explain
the formation and acid strength ofthe sites. The model involves the substitution of
a metal ion A from oxide AOy into the matrix of an oxide BOz The solid solution
is assumed to be so dilute that adjacent A ions are far apart such that in the
calculation ofthe electrostatic potential, the system is approximated by a single A
ion in the BOz matrix. Two outcomes are available related to the stoichiometry of
the oxides. When y = z, there is a minimal effect on the matrix therefore, any new
acidity is directly related to the electrostatic potential at the substituting ion site.
When y / z, the new acidity is related to the changes in the matrix and the

electrostatic potential at the substituting ion site.

The difference in the electrostatic potential AV, of A in the matrix BOzand AQyis

given by

AV z (qAi1)BO - Hg-A™Ao
i i
Where gsequals the charge ofthe ion at distance q from the A site, in the relative
matrices BO and AO. Kung continued to simplify the above equation by assuming
the A site was in a three dimensional infinite solid and qj was taken as the formal
charge qF, the summations were the lattice self potentials VF at the substituting

cation site. Therefore, the above was rewritten as

AV =  (VRji/qBBO - (VRij/qBo

If AV is negative, ion A in BOz experienced a more negative potential than in
AOQy. Therefore, it will be more electrostatically stable and would more readily
accept electrons. It will act as a Lewis acid site. If AV is positive, A will less
readily accept electrons in BOz It will act as a Lewis base site. If q/q* was
similar in the two matrices then the sign of AV is determined by the lattice self
potentials (V ) for the two matrices. Therefore, it will act as a Lewis acid site if

the lattice self potential of AOywas less negative than that of BOz
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The change in the matrix is minimal when y = z. However, when y < z, a
substitution of a B ion by an A ion will result in an excess of oxygen. This excess
can be balanced by the development of anion vacancies or adsorption of hydrogen
at the surface or development of interstitial cation defects. The first two
possibilities can occur if the sample was prepared by aqueous precipitation
forming hydroxyls and upon heating the formation of anion vacancies can lead to
acidity. The development of interstitial cation defects depends on the material

used and is therefore, more difficult to predict.

When y > z. The substitution of a B ion by an A ion will result in a deficiency in
oxygen. This can be removed by adsorption of negatively charged oxygen species
or adsorption of OH" or by the presence of cation vacancies. In the first two cases
new acidity is not expected to develop since adsorbed oxygen and OH- are not
expected to be acidic. However, in the case of cation vacancies, Lewis acid sites

could appear due to electron deficient cation vacancies.
Kung summarised his results in the following table.

6.2 Table 1 Formation o fnew acid sites.

At Substituting Ion In Matrix
Case Lewis Acid Bn|)nsted Acid Lewis Acid
y<z Yes Yes Possible
y =z Yes* No No
y>z No No Possible

*only if BOzhas a ower lattice self potential than AOv.

For a silica doped zirconia system, Kung’s hypothesis suggests that no acidity
would be generated since silica has a more negative lattice self potential than
zirconia. However, it does predict that zirconia doped silica should form new acid
sites. Tananbe’s model suggested that silica doped zirconia should generate Lewis
acid sites and Thomas’ hypothesis stated that the silica zirconia system would be

acidic but the greatest acidity would occur when Si/Zr ratio was 2.
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6.3 Reactor Studies Results

6.3.1 Zirconia results

The decomposition of propan-2-ol over zirconia catalysts was found to yield
100% selectivity to propene. The temperature range of the decomposition was 190
to 250°C and the conversions were kept below approximately below 10% to allow
the application of differential kinetics and the calculation of activation energies 4

unaffected by mass transfer considerations, for the production of propene.

6.3.1 Graph 1 % conversion topropenefor zirconia catalysts.
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Temperature /C

6.3.1 Table 1 Activation energiesfor the production ofpropenefrom propan-2-

ol.
Temp. / °C Activation Energy kJmol"1 LnA
550 122 17.6
700 123 17.5
900 107 15.0
1050 92 11.2

The activation energy decreases with increasing calcination temperature.
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6.3.1 Table 2 Normalising the conversion to propenefor surface area ofZr(02

Temp. Normalised conversion Normalised Conversion
1°C 220°C 250°C
550 0.008 0.042
700 0.015 0.065
9200 0.093 0.407

Upon normalising for surface area, the conversion to propene increases with

calcination temperature.

The activation energy for the production of propene from propan-2-ol for pure
zirconia, decreases with increasing calcination temperature. The conversion to
propene normalised for surface area increases with increasing calcination
temperature, indicating more activity per unit area. Therefore, there are more
active sites for the dehydration of propan-2-ol per m2 as the calcination

temperature is raised.

6.3.2 Silica Zirconia Coprecipitated Results

The decomposition of isopropanol over silica coprecipitated zirconia produced
propene as the major product, with some acetone being produced in the samples

calcined at the highest temperature.
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6.3.2 Graphs 1, 2, 3 and 4 Conversion to propene for silica coprecipitated

zirconia catalysts.
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3.5wt% Si02Zr02pH 11 constant conversion to propene
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In all four sets of samples, the catalysts calcined at 900°C give the greatest

conversion to propene, as was also the case for pure Zr02.
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6.3.2 Table 1 3.5wt%Si02/Zr02 coprecipitation samples activation energies (kJ
mol') for the dehydration o fpropan-2-ol.

Temperature pH =10.0 pH=11.3 pH = 10.0 pH =11.3
°C rising rising constant constant
550 113 112 107 117
700 99 101 98 103
900 104 102 92 96
1050 93 96 94 91

The activation energies for the decomposition of propan-2-ol to propene generally

decrease with increasing calcination temperature.

6.3.2 Table 2 Normalisation o fconversion to propene at 220°Cfor surface area.

Temperature pH = 10.0 pH=11.3 pH=10.0 pH=11.3
°C rising rising constant constant
550 0.02 0.04 0.02 0.03
700 0.03 0.08 0.12 0.20
900 0.19 0.51 0.72 0.45
1050 0.17 0.54 0.94 1.00

The conversion at 220°C was divided by the BET surface area of the sample, then
the results were normalised to the highest, which was for the catalyst prepared at
pH 11.3 constant and calcined at 1050°C. It can be observed that the normalised

activity increases with calcination temperature as in the case of pure zirconia.

As was observed in the case of pure zirconia, the activation energy for the
production of propene from the dehydration of propan-2-ol, generally decreases
with increasing calcination temperature for 3.5wt% Si02Zr02 samples prepared

by coprecipitation. At the highest calcination temperature, 1050°C, all the samples
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including pure zirconia, have a similar activation energy. However, at the lower
calcination temperatures of 550 and 700°C, pure zirconia has considerable higher

activation energies than the silica-zirconia samples.

Normalising the conversions for surface area, gives an increasing conversion with
sample calcination temperature. Pure zirconia calcined at 900°C, and at the
reaction temperature of 240°C has a conversion to propene less than 5% whereas,
all the silica zirconia samples calcined at 900°C at the same reaction temperature
have a conversion greater than 15%. When these silica-zirconia samples are
corrected for their greater surface area than zirconia, they still have a greater
conversion to propene. Silica zirconia samples calcined at 550°C show greater
conversions to propene than pure zirconia calcined at 900°C over the reaction
temperature range. Therefore, the addition of silica increases the surface acidic

nature of the system.

6.3.3 Silica Impregnated Results,

The decomposition of propan-2-ol over silica impregnated on zirconia resulted in

the production of propene and trace amounts of acetone.

6.3.3 Graphs 1 and 2 Conversion to propemfor siCica impregnatedzirconia sampUs.
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In both sets of samples the conversion to propene remains approximately constant
with respect to calcination temperature up to 900°C. However, at 1050°C the
conversion greatly increases. The S5wt% SiOVZrO, samples show greater
conversions than the lower loading of dopants for the same calcination

temperatures.

6.3.3 Table 1 Activation Energiesfor production ofpropenefor silica impregnatedzirconia

catalysts.

Calcination Temperature °C 3.5 %Si10,/Zr0, S5wt% Si10/Zr0,

550 136 115
700 106 121
900 107 123
1050 97 98

The activation energies generally decrease with increasing calcination

temperature.
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6.3.3 Table 2 Silica impregnatedzirconia normalised conversions at 22(fC after correction

for sutface area.

Calcination Temperature °C 3.5 wt% Swt% Si02Zr02
Si02Zr02
550 0.037 0.097
700 0.041 0.100
900 0.057 0.113
1050 0.780 1.000

The normalised conversions are similar up to 900°C, where a great increase occurs

at 1050°C.

For the silica impregnated zirconia samples, the activation energies for the
production of propene from the dehydration of propan-2-ol generally decrease
with increasing calcination temperature. For the relative amounts of silica doped,
the samples calcined at 700 and 900°C have very similar activation energies.

The conversion to propene remains similar up to 900°C calcination temperature in
both systems, but at the highest calcination temperature, 1050°C, the conversion
increases greatly (see 6.3.3. graphs 1 and 2). This can be related to the properties
of silica impregnated zirconia where, up to 900°C, the surface area, phase,
crystallite size and surface Si/Zr ratio remain constant ( Chapter 4). However, at
1050°C, the surface area decreases, the crystallite size increases, the phase
changes and the Si/Zr surface ratio increases.

Increasing the amount of dopant from 3.5 to 5wt% increases the conversion to
propene. However, the conversion for impregnated silica on zirconia are lower
than for coprecipitated silica zirconia but higher than for pure zirconia. At
reaction temperature of 210°C, 3.5wt% impregnated Si02Zr02 calcined at 900°C
has a conversion to propene of 2.3%, pure zirconia at 900°C has a conversion of
1.4 % and 3.5wt% coprecipitated zirconia at 900°C has a conversion of 10%.
Upon normalising the conversion for surface area, the samples calcined at 1050°C

are far more acidic than the rest, showing high conversions and low surface areas.
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6.3.4 Ceria doped Zirconia Results

The decomposition of propan-2-ol over ceria-zirconia catalysts gave propene as

the major product with trace amounts of acetone and propane being produced.

6.3.4 Table 1 Activation energies (kJ mol') for production ofpropene for ceria-

zirconia catalysts.

Temp./°C  16wt% 16wt% 20wt% 20w% 50wt% S0wt%

dilute dilute dilute
550 121 130 125 137 87 110
700 106 98 107 108 125 125
900 113 107 112 104 113 121

6.3.4 Graphs 1 to 6 Production of propene over varying ceria - zirconia

catalysts.
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20wt% Ce02Zr02cppt dilute conversion to propene
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6.3.4 Graph 2 Conversion to propene normalisedfor surface area for ceria -

zirconia catalysts at reaction temperature of24(fC.

Temp./°C  16wt% 16wt% 20wt% 20wt% S0wt% S0wt%

dilute dilute dilute
550 0.013 0.012 0.014 0.013 0.079 0.009
700 0.203 0.018 0.066 0.024 0.037 0.007
900 0.167 0.097 0.041 0.198 0.042 0.240
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For the Ce02Zr02 prepared from dilute systems, the samples calcined at 900°C
give the greatest conversions to propene. Whereas, for Ce02Zr02 the samples
calcined at 700°C give the greatest conversion except for 50wt% Ce02Zr02 at
which the sample calcined at 550°C gives the greatest conversion. This sample has
a low surface area similar to those calcined at 700°C. It can be noticed from all the
graphs that the conversions by the highest calcination temperature samples,
1050°C, are extremely low. However, these samples have very low surface areas

<3 m2g"! (see Chapter 5).

For the ceria- zirconia system, the samples with the highest conversions have the
lowest activation energies for the production of propene from propan-2~ol.
However, this is not the case for the ceria - zirconia dilute system. The normalised
conversion for the ceria - zirconia dilute system increases with increasing
calcination temperature. However, for the ceria - zirconia system it is the samples

with the largest conversions which also show the largest normalised conversions.

The ceria - zirconia and ceria - zirconia dilute samples are less active in the
dehydration of propan-2-ol to propene than pure zirconia and silica - zirconia

catalysts.

Trace amounts of propane and acetone were observed as minor products in the
decomposition of propan-2-ol. The production of propane occurred in 16% and
20% Ce02Zr02 calcined at 700 and 900°C and 16% and 20% Ce02Zr02 dilute
calcined at 700 and 900°C. The production of acetone releases hydrogen. The
production ofthe hydrogen may be able to reduce the alkene to the alkane in the
presence of the catalyst. Ceria is known to posses redox properties with Ce4+ and
Ce3+being stable !5. Also, ceria can chemisorb hydrogen 16. Therefore, the ceria -
zirconia surface does possess the ability to dehydrogenate propan-2-ol to acetone,

chemisorb hydrogen and possibly hydrogenate propene to propane.
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6.3.5 Impregnated Ceria - Zirconia Results

The decomposition of propan-2-ol over ceria - zirconia samples prepared by

impregnation produced propene only.

6.3.5 Graph 1 Production ofpropene over ceria impregnated zirconia catalysts.
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The conversions to propene are low as in the coprecipitated samples, with the

sample calcined at 550°C showing the greatest conversion.

6.3.5 Table 1 Activation energies and conversions normalisedfor surface areafor

16% ceria impregnated zirconia samples.

Temp./°C Activation Energy kJmol'l Normalised conversion at 240°C

550 145 0.19
700 132 0.36
900 94 1.00
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The activation energies decrease and the normalised conversions increase with

increasing calcination temperature for ceria impregnated zirconia.

6.3.6 Lanthana

The decomposition of propan-2-ol over lanthana - zirconia catalysts produced the
dehydrogenation product acetone as the major product and propene as a minor

productl?

6.3.6 Graph 1 Conversion to acetonefor lanthana zirconia samples
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The sample calcined at 700°C has the greatest conversion to acetone.

6.3.6 Table 1 Activation energies and normalised conversion for lanthana doped

zirconia.

Temp./°C  Activation Energies kJmol'l Normalised conversion at 230°C

550 88 0.18
700 &3 0.39
900 44 0.19
1050 74 1.00
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For lanthana doped zirconia the activation energy decreases and normalised
conversion increases with increasing calcination temperature, except for the
sample calcined at 900°C. The sample calcined at 900°C has a low conversion to
acetone, which does not increase a great deal with temperature, hence the low

activation energy.

6.4 Silica Zirconia Acidity

The addition of silica as a dopant to zirconia has increased the surface acid nature
of the catalyst, as shown in the decomposition of propan-2-ol to propene. From
Kung, Thomas and Tanabe’s hypotheses for the prediction of acidity in mixed
oxides, only one hypothesis did not predict enhanced acidity for silica doped
zirconia. This was Kung’s, however, he predicts enhanced acidity if zirconia is

doped on silica.

From the combined infrared and pyridine adsorption experiments, only Lewis acid
sites were observed on the mixed oxide surface. Br(>nsted acidity was not
observed, indicating the lack of surface hydroxyls involved in the acidity.
Tanabe’s hypothesis predicted the presence of only Lewis acid sites in the silica

zirconia system.

Lewis acid sites on the surface are considered to be exposed metal ions 18 Cox 19
defines Lewis acidity as depending on the existence of exposed metal cations at
the surface, having empty orbitals and positive charges that can interact with filled
orbitals and or negative charges or dipoles of donor molecules. Lewis acid
strength depends upon the ion charge, the degree of coordinative unsaturation and
the availability of empty orbitals. The production of Lewis acid sites is performed

by dehydroxylating the surface 20, removal of OH groups.

The dehydration of propan-2-ol to propene can proceed via three mechanisms, Eh
E2 and Ejcb. The mechanism involves Bnjmsted acid sites. Therefore, in the

case of silica zirconia catalysts from the infrared studies, the Ej mechanism can be
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discarded. The mechanism for dehydration can proceed via E2 and or Eicb, which
both involve acid base pair sites. The two mechanisms are similar with E2 being a

single step dehydration and Elcb being a two step dehydration.

Concluding, the addition of silica to zirconia enhances the surface acidity
compared to the single oxide of zirconia. The nature of the acidity is Lewis acid
sites and the dehydration of propan-2-ol proceeds via the E2 and or Eld

mechanisms.

6.5 Conclusions

(1) Silica as a dopant increases the surface acidity relative to pure zirconia. The
normalised conversions for the production of propene increased with calcination
temperature. The dehydration of propan-2-ol must proceed via an E2 or Eld

mechanism.

(2) Lanthana as a dopant increases the surface basicity relative to pure zirconia.
The normalised conversions for the production of acetone increased with

calcination temperature

(3) Ceria as a dopant suppresses the surface reactivity and has a lower activity

than pure zirconia.
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Appendix  Activation energies and pre-exponential factors

3.5wt% Si02Zr02impregnated activation energies and pre-exponential factors

Temperature °C EakJ mofl LnA

550 136 22.5
700 106 15.4
900 107 15.9
1050 97 14.0

Swt% Si102Zr02impregnated activation energies and pre-exponential factors

Temperature °C  EakJ mol'l LnA

550 115 18.7
700 121 19.8
900 123 203
1050 98 14.7

3mole % La20 ¥Zr02 coprecipitated activation energies and pre-exponential factors

Temperature °C  EakJ mol'l LnA

550 88 11.9
700 83 10.3
900 44 5.0

1050 74 83



3.5wt% Si02Zr02pH =10.0 rising activation energies and pre-exponential factors

Temperature °C EakJ mol4 LnA

550 113 16.8
700 99 14.3
900 104 15.9
1050 93 13.5

3.5wt% Si102Zr02pH =10.0 constant activation energies and pre-exponential factors

Temperature °C  EakJ mof LnA

550 107 15.7
700 98 14.5
900 92 13.4
1050 94 14.1

3,5wt% Si02Zr02pH =11.3 rising activation energies and pre-exponential factors

Temperature °C  EakJ mol'l LnA

550 112 16.8
700 101 14.3
900 102 14.6

1050 96 13.6



3.5wt% Si02Zr02pH =11.3 constant activation energies and pre-exponential factors

Temperature °C  EakJ mol LnA

550 117 18.4
700 103 15.9
900 96 13.4
1050 91 13.2

l6wt% Ce02Zr02 coprecipitated activation energies and pre-exponential factors

Temperature °C EakJ moll LnA

550 121 16.5
700 106 14.8
900 113 15.2

20wt% Ce02Zr02coprecipitated activation energies and pre-exponential factors

Temperature °C EakJ moll LnA

550 125 17.6
700 107 14.5
900 112 14.0

50wt% Ce02Zr02coprecipitated activation energies and pre-exponential factors

Temperature °C EakJ mol4 LnA
550 87 10.0
700 125 17.2
900 113 13.4



16wt% Ce02/Zr02impregnated activation energies and pre-exponential factors

Temperature °C EakJ moll LnA

550 145 22.9
700 132 19.5
900 94 10.9

16wt% Ce02Zr02 dilute coprecipitated activation energies and pre-exponential factors

Temperature °C EakJ moll LnA

550 130 18.8
700 98 11.1
900 107 14.2

20wt% Ce02Zr02 dilute coprecipitated activation energies and pre-exponential factors

Temperature °C  EakJ mol'l LnA

550 137 20.3
700 108 13.6
900 104 13.4

50wt% Ce02Zr02dilute coprecipitated activation energies and pre-exponential factors

Temperature °C  EakJ mol’l LnA

550 110, 13.6 13.6
700 125, 16.4 16.4
900 121, 16.5 16.5

Zirconia activation energies and pre-exponential factors.



Temperature °C EakJmol’l LnA

550 122 17.6
700 123 17.5
900 107 15.0

1050 92 11.2



7. Discussion of characterisation and reactor
studies

The addition of dopants to zirconia is intended to stabilise the surface area of the
oxide. However, upon increasing the calcination temperature the surface area still
decreases as would be expected \ For pure zirconia the surface area drops from 109 to
15 nrig'l over the temperature range 400 to 900°C, whereas the surface area of 3.5
wt% SiCVZrCb drops from 169 to 38 m2g 1 over the same temperature range. For the
majority of samples prepared by coprecipitation, the XRD data shows that increasing
the calcination temperature results in a highly crystalline phase. The crystallite size of
3.5 wt% SiCVZrCb increases from 14 to 27 nm over the temperature range 550 to
1050°C. One exception is 50wt% Ce02/Zr02 where the pattern looks broad and there
is a possibility of phase separation in the system at higher calcination temperatures of
900 to 1050°C. For silica and lanthana, as dopants, no monoclinic phase is observed at
the highest calcination temperatures, whereas at lower calcination temperatures a small
amount of monoclinic phase is observed due to the incomplete stabilisation of the
tetragonal phase. The ceria doped materials contain monoclinic zirconia at high
temperatures, indicating that ceria is not as effective at stabilising the tetragonal phase
as the other dopants used, however the amount of amorphous material does not
exceed 10% at the highest calcination temperature. Generally for the coprecipitation
methods, increasing the calcination temperature increases the crystallinity of the
samples and the amount oftetragonal phase. The increased crystallinity is observed by
the reduction in the amorphous background and increased sharp peak size, indicating
long range order.

For impregnated samples, the monoclinic phase is stabilised up to 900°C when the
dopant is impregnated onto zirconia, as in the case for samples prepared in the
presence of silica and lanthana. Above 900°C the tetragonal phase is dominant. The
monoclinic phase content for 3.5wt% impregnated SiCb/ZrCb decreases from 96 to 26
% over the temperature range 550 to 1050°C. This is due to zirconia calcined at 500°C
already being in the monoclinic phase and when the dopants are impregnated and

recalcined the bulk structure is already formed and is monoclinic. The dopant is on the

144



surface as is observed from the XPS results. However, when the dopant is impregnated
into zirconium hydroxide the tetragonal phase remains the major phase over the
calcination range, but the monoclinic phase can be observed. This applies when ceria is
used as the dopant. Zirconium hydroxide is amorphous and when calcined with the
dopant, the tetragonal phase is stabilised. From the XPS results for 16wt% Ce02/Zr02
prepared by impregnation and coprecipitation, the calcined results are similar, the
surface ratios of Ce/Zr for the impregnated sample increase from 0.11 to 0.21 over the
temperature range 550 to 1050°C, and the coprecipitated sample increases from 0.10
to 0.22 over the same temperature range. Therefore, coprecipitation and impregnation
onto the hydroxide yield the tetragonal phase and have similar surface concentrations
of ceria. The two preparation routes produce similar samples.

For all the doped materials produced by coprecipitation the amount of dopant
observed on the surface, by XPS, increases with calcination temperature. Results for
silica doped zirconia samples can be better understood by referring to the XRD results.
A shift in peak position of an XRD peak is caused by a change in the cell volume. The
cell volume relates to the d-spacing in the system, and from the Bragg equation the d-
spacing is related to the peak position (angle) 2 A dopant metal ion which is not the
same or of similar size to that ofthe zirconia host ion migrating out ofthe lattice to the
surface region causes a change in the bulk cell volume which results in a change in the
position of the peak. For an atom smaller than zirconium (i.e. silicon) the peak shift
will be to lower 20. For pure tetragonal zirconia the measured (111) tetragonal peak is
at 20 = 30.3°, when Cu Ka radiation is used. For the silica doped samples calcined
from 700 to 1050°C, the tetragonal (111) peak shifts from 30.6° to 30.4°. As the
calcination temperature is increased the peak position moves closer to that of pure
zirconia, being at approximately 30.3°. Therefore, the cell volume is becoming closer
to that of pure zirconia, indicating the migration of dopants from the bulk to the
surface ofthe sample, which is consistent with the increasing dopant to zirconium ratio
observed by XPS as the calcination temperature increases.

The addition of dopants to zirconia increase the activity of the decomposition of
propan-2-ol in the cases of silica and lanthana. However, when ceria is used as the

dopant the activity is less than that of pure zirconia.
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In what follows we shall concentrate on the specific rates of reactions, those which
have been corrected for surface area. Relating the ceria doped zirconia reactor studies
to the physical characteristics provides the following conclusions. The conversions of
propan-2-ol to propene, corrected for surface area, are low compared to that of pure
zirconia. The surface areas of the ceria doped zirconia samples are low compared to
pure zirconia itself. Also, the specific rate of reaction of propan-2-ol over the ceria
doped materials is lower than that observed with pure zirconia. The normalised
conversions for the production of propene at 240°C for Zr02 and 16% dilute
Ce02Zr02 both calcined at 900°C is 0.267 and 0.097. Thus addition of ceria both
reduces the surface area, and blocks the zirconia surface which is active in propan-2-ol
dehydration.

For silica coprecipitated zirconia, the specific conversions to propene increase with
increasing calcination temperature, typically from 0.04 to 0.54 over the temperature
range 550 to 1050°C. It is found that both the activation energies (Ea) and the pre-
exponential factors (LnA) generally decrease with increasing calcination temperature 3.
The drop in activation energy for the reaction is the main reason for the rate increase.
The pre-exponential factors also decrease, which rules out an increase in site density as
the calcination temperature increases. Therefore, the sites become more active as the
calcination temperature is increased. Assuming that the coprecipitated silica samples
have Lewis acid sites4, similar to the impregnated samples, which have been described
as having exposed metal ions 5 they must have a greater turnover in the removal of
water from propan-2-ol via the Eicb or E2mechanism as the calcination temperature is
increased. Dzis’ko 6investigated the acidity of silica zirconia materials and noticed that
increasing the silica loading increased the acidity ofthe samples but the acidity dropped
off after a certain loading of silica. This is explained by Soled 7 where at high Si
concentrations Si-Si interactions predominated and the number of acid sites decreased.
The two investigations saw increased acid sites and increased acidity when loadings
were increased. However, we see an increase in acidity due to an increased turnover of
the acid sites with calcination temperature.

The specific conversions to acetone from propan-2-ol for lanthana doped zirconia,
increase from 0.18 to 1.00 with increasing calcination temperature of 550 to 1050°C.

Lanthana is the only dopant investigated to give acetone as the major decomposition
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product. The production of acetone is associated with basicity indicating the addition
of lanthana with its formal +3 valence compared to zirconia and the other dopants
used, produces more active basic sites than acid sites. As with silica , the activation
energies generally decrease, as do the pre-exponential factors3.

For most catalysts, the specific activity for the dehydration or dehydroxylation reaction
increases with calcination temperature. This is also generally followed by a decrease in
the activation energies and a decrease in the pre-exponential factor (Appendix Chapter
6). Ifthe number of active sites increases as the calcination temperature ofthe samples
increases, the activation energies would be similar and the pre-exponential factor
would increase, indicating an increase in the number of active sites for a similar series
of samples. Since the activation energies and pre-exponential factors decrease with
calcination temperature, the number of active sites does not appear to increase but the
sites become more active with increasing calcination temperature. Even though the
dopant concentration increases with calcination temperature, this does not increase the
number of active sites. The drop in activation energies is the contributing factor to the
increase in specific conversions.

In relating the reactor studies for the impregnated silica/zirconia samples with the
combined FTIR and pyridine adsorption experiments for the Swt% Si02Zr02 samples
calcined at 700 and 900°C, the pyridine adsorption data combined with infrared
spectroscopy experiments shows that the two samples have similar numbers of acid
sites 0.13 and 0.11 pyridine molecules adsorbed per nm2. The amount of pyridine
adsorbed at 50°C is similar in both cases upon correcting for surface area. This directly
relates to the test reaction decomposition of propan-2-ol results as the two catalysts
have similar conversions and activation energies (121 and 123 kJmof]) and the pre-
exponential factors are similar (19.8 and 20.3). This information supports the
conclusion that the density ofacid sites does not increase with calcination temperature.
The strength of the acid sites remains similar, as can be seen from increasing the
temperature in the pyridine adsorption experiments. The amount of pyridine on the
surface also remains similar. Both samples contained some strong acid sites as a small
amount of remained pyridine on the surface at 550°C. Infrared spectroscopy shows
that with pure zirconia, pyridine is desorbed from the surface below 400°C. Together,

the pyridine adsorption and combined infrared experiments show that there are strong
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acid sites on doped zirconia as opposed to pure zirconia leading to an increase in
acidity of the doped catalysts compared with the single oxide. This is in direct
agreement with the reactor studies, where the production of propene over silica doped
catalysts is greater than that on pure zirconia.

The reactor studies and the FTIR experiments complement each other. Therefore,
looking at the physical characteristics ofthe Swt% silica impregnated zirconia samples,
it can be observed from the surface area measurements that the sample calcined at
700°C has a larger surface area than the sample calcined at 900°C (99 and 88 m2g 1),
however the difference is not great. The XRD patterns ofthe two samples are similar,
with the monoclinic phase being stabilised. And from the XPS results the two samples
have similar surface ratios of Si/Zr (0.16 and 0.17). Therefore, the effect of
temperature over the range 700 to 900°C has little effect on the catalysts. This is in
contrast to the silica /zirconia coprecipitated samples in which temperature plays an
important role. The infrared investigation of silica impregnated zirconia catalysts
calcined at 1050°C proved difficult since the samples could not be pressed into self
supporting wafers. These results would have given valuable information since the
physical characteristics, such as surface area and surface dopant to zirconium ratio, of
high temperature calcined samples are different to those calcined at lower
temperatures.

From infrared results, only Lewis acid sites are observed. Therefore, the production of
propene on silica doped zirconia takes place through either an E2 or an Ei®
mechanism, neither of which requires the presence of Bnjmsted acid sites. The Lewis
acid sites have a greater turnover after increasing calcination temperatures. The

number of sites does not increase with increasing calcination temperature.
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8 Summary

8.1 Coprecipitated doped zirconia

The surface area of pure zirconia is known to decrease dramatically upon heating
(see graph below). The addition of dopants to pure zirconia has been shown, in this
thesis, to stabilise the surface area of zirconia against sintering. The three dopants
investigated were lanthana, silica and ceria, with ceria proving to be the least active
in surface area stabilisation. The other two dopants stabilised the surface area to a
similar amount from 170 to 38m2z 1 over the temperature range 400 to 900°C,
which was a 78% decrease. The surface area of pure zirconia dropped from 109 to

15 m2g 1 over the temperature range 400 to 900°C, which was an 86% decrease.

Surface Area vs. Calcination Temperature
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The surface area of the samples can be related to the crystallite size and the
porosity of the system. The addition of dopants retards crystallite growth and
sintering. Mercera 1 identified two processes responsible for the changes in the
pore structure and surface area of pure zirconia, which were crystallite growth
accompanied with a phase change and inter crystallite sintering. He proposes that
these occur via a mechanism of surface diffusion. Therefore, thermal stability of
zirconia by the addition of dopants is due to the inhibition of crystallite growth and

inter crystallite sintering.

150



Powder x-ray diffraction was used to determine the phase, phase composition and
crystallite size ofthe catalyst. The phase composition of pure zirconia at 550°C and
above was 100% monoclinic. However, at 400°C a broad tetragonal pattern was
observed. The addition of dopants retarded the crystallisation of the tetragonal
phase of zirconia. The powder XRD pattern at 400°C for the doped samples was
amorphous. However, at 550°C tetragonal zirconia was observed and remained
almost 100% tetragonal up to 1050°C, with trace amounts ofthe monoclinic phase

being observed at the highest calcination temperatures.

Upon increasing the calcination temperature, the crystallite size increased as was
expected from the decrease in surface area. The crystallite sizes generally agreed
with Garvie’s theory 2 that above a crystallite size of 30 nm the tetragonal
crystallites transform to monoclinic crystallites. Therefore, tetragonal crystallites

should not exist above 30 nm.

X - ray photoelectron spectroscopy was employed to determine the surface ratio of
dopant metal to zirconium. The surface ratio increased with increasing calcination
temperature, indicating an enrichment of dopant at the surface or near surface
region, for all the dopants studied. In the study of lanthana doped zirconia,
experiments were performed to relate the surface ratio of La/Zr to the final pH of
coprecipitation. It was observed that increasing the pH of preparation decreased
the La/Zr surface ratio but the surface area increased. Therefore, a certain amount
of dopant is required to stabilise the surface area but too much at the surface can

cause a detrimental effect.

For silica and ceria doped zirconia the surface ratios of Si/Zr and Ce/Zr were
determined for the precursor to the mixed oxide, Si(OH)4/ Zr(OH)4 and Ce(OH)4/
Zr(OH)4. It was found that the surface ratio was approximately equivalent to the
theoretical bulk value for both systems. Therefore, the coprecipitation preparation
method produced a homogeneous mix of the dopant hydroxide and zirconium
hydroxide. However, upon calcination the surface Si/Zr and Ce/Zr ratios increased

due to the migration ofthe dopant to the surface.
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8.2 Impregnated, doped zirconia

Impregnation using lanthana and silica as the dopants stabilised the surface area of
zirconia. The addition of ceria did not enhance the surface area, which remained
similar to that of pure zirconia. Silica stabilised the surface area to the greatest
extent with a decrease from 96 to 16 m2g 1 over the calcination temperature range

550 to 1050°C, an 83% drop.

Impregnated doped zirconia
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The surface areas at the highest calcination temperature of 1050°C are similar to
those of samples prepared by coprecipitation. The highest surface area obtained at
1050°C for all samples and preparations, was for 3 mole% I"CVZrCh

impregnated and was 16 m2g"\

Samples prepared by an impregnation technique showed stabilisation of the
monoclinic phase up to 900°C, if the pure zirconia had been precalcined to 500°C,
but above this calcination temperature mixed phases were observed. However, if
the dopant was impregnated onto zirconium hydroxide, the tetragonal phase was
stabilised to 1050°C. Therefore, a high surface area zirconia can be produced in

either the monoclinic or tetragonal phase depending on the method of
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preparation. The tetragonal phase can be stabilised up to 1050°C using the

coprecipitation technique.

From XPS experiments, the dopant to zirconium ratio was greater for the
impregnated samples than for the coprecipitated samples, as is expected from the
nature of the preparation. The surface ratio of dopant to zirconium remained
essentially constant up to 900°C, but increased when the temperature was raised to

1050°C, as an effect ofincreasing crystallite size.

8.3 Catalytic Studies

The addition of dopants to pure zirconia altered the catalytic properties of the
system in the test reaction of the decomposition of propan-2-ol. The
decomposition can produce two main products, acetone or propene, where the
production of acetone is associated with basic activity and the production of
propene associated with acidic activity. The test reaction is a measure of the acidic
or basic properties of the oxides. Pure zirconia produced propene only, with the
conversion normalised for surface area increasing with increasing calcination
temperature. The sample calcined at the highest temperature, 1050°C, is more
active to the production of propene per unit area than the samples calcined at lower

temperatures.

The addition of lanthana to zirconia brought about the dehydrogenation reaction 3,
as the major reaction, to produce acetone from propan-2-ol, with propene being
formed in trace amounts. As in the case of pure zirconia, the normalised conversion
for surface area increased with increasing calcination temperature. The production

ofacetone was more prevalent, per unit area, in the sample calcined at 1050°C.

Tanabe’s prediction 4 that silica doped zirconia should possess enhanced acidity

relative to the single oxides, is shown to be correct. This hypothesis also predicts
the appearance of Lewis acid sites as opposed to Brcfimsted acid sites, which was

confirmed experimentally using combined FTIR and pyridine adsorption.
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The addition of silica to zirconia produced propene as the major product in the
decomposition of propan-2-ol with, trace amounts of acetone being produced only
in the samples calcined at high temperatures. The normalised conversion for

surface area increased with increasing calcination temperature.

Upon doping zirconia with ceria, the catalytic activity of the system decreased,

with low activities to the production ofpropene.

8.4 Conclusions

Stabilised high surface area zirconia can be prepared by the addition of dopants.
The nature ofthe dopant and the preparation method of the mixed oxides greatly
effect the degree of stabilisation. A zirconia catalyst can be designed with a desired
phase of monoclinic, tetragonal or of a mixed phase of the two, by altering the
preparation method. The surface area can be tailored by the dopant used and the

calcination temperature.

The catalytic properties of the sample can be altered by using various dopants.
Enhanced acidity and basicity , with respect to the pure zirconia, can be achieved

by the addition of'silica and lanthana respectively.
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