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High-surface-area zirconia can be prepared by precipitation from
zirconium salts. The initial product from precipitation is a hydrous
zirconia of composition ZrO(OH),. The properties of the final prod-
uct, zirconia, are affected by digestion of the hydrous zirconia.
Hence, the aim of this study is to investigate the effects of diges-
tion on this hydrous zirconia. It was found that hydrous oxides
digested at 100°C were thermally more stable than undigested ones
or samples aged in the mother liquor at room temperature. There-
fore, the high surface area of the digested hydrous oxides could
be retained in the resulting zirconia. The digested samples had
larger pores and higher porosity than the undigested hydrous ox-
ide. Digestion at high pH results in thicker walls in the mesoporous
material, which enhances thermal stability. The higher solubility
of the hydrous zirconia at pH 14 as compared to pH 9 results in
faster Ostwald ripening, by which the initially amorphous samples
were transformed into a crystalline material. Upon digestion at pH
14, the hydrous oxide became more dehydrated with only 0.3 to
0.5 moles of water per ZrO,. Samples digested at pH 9 did not lose
structural water. The water loss leads to a material with consider-
able (long range) order. The increased order manifests itself in the
absence of a “glow exotherm” that is otherwise observed when the
energy-rich amorphous hydrous oxide transforms on heating into
a crystalline material.  © 1998 Academic Press

INTRODUCTION

Zirconium oxide (zirconia) is attracting interest in catal-
ysis as a support material as well as a catalyst (1). For a
number of reactions, the use of zirconia as a support has
been reported to give good activity and selectivity. Simi-
lar to alumina, zirconia has amphoteric properties. In many
cases, better selectivity or activity has been reported when
comparisons are made. For example, copper supported on
zirconia gives a higher yield of methanol from CO, and H;
than oxides such as alumina, silica, titania, chromium oxide,
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and zinc oxide (2). Chromium oxide supported on zirconia
has very high activity for CO oxidation by molecular oxygen
and nitrous oxide. In contrast, chromium oxide supported
on silica or alumina supports was significantly less active
(1). Zirconia-supported nickel prepared by coprecipitation
is a good catalyst for Fischer—Tropsch synthesis. Compared
with traditional supports, it exhibits a greater selectivity
for higher hydrocarbons, especially olefins (3). Zirconia-
supported metal oxides show higher activity for methanol
oxidation than alumina- and silica-supported oxides (4).
Sulfated zirconia is a solid superacid that can promote the
isomerization of hydrocarbons (5-8).

Among the desired properties of a support, high surface
area and thermal stability rank very high. Common sup-
ports like silica and alumina can be prepared with surface
areas of 100-600 m?/g. In contrast, commercially available
zirconia has typically less than 50 m?/g. Moreover, silica
and alumina maintain their high surface area up to tem-
peratures around 1000°C while the surface area of zirconia
generally drops when the material is heated above 500°C.
Like alumina or silica, zirconia shows polymorphism.
Below 1100°C, the thermodynamically stable form is the
monoclinic modification. However, at room temperature,
zirconia is usually found in the metastable tetragonal form
or as a mixture of the monoclinic and the tetragonal mod-
ifications. The transformation of the metastable tetragonal
modification into the monoclinic formis generally complete
by 650 to 700°C. Zirconiaisarather “new” support material
and the effect of the crystal structure on catalytic activity
has not yet been fully studied. Comelli et al. (9) attempted to
investigate the influence of the crystal structures of sulfated
zirconiaon butane isomerization. However, despite starting
with different crystalline zirconia, only the tetragonal phase
could be obtained after sulfating and calcination. Hence,
such studies are frequently hampered by the fact that the
presence of foreign ions generally favors the formation
of the metastable tetragonal structure. Transformation to
the monoclinic phase occurs over a range of temperatures,
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often in the regime of catalytic interest. The availability
of phase-pure, stable high surface area zirconia will be
very helpful for studies correlating crystal structure and
catalytic activity.

Zirconium hydroxide or “hydrous zirconia” is the key in-
termediate in the preparation of zirconia. It can be formed
using various salts such as zirconium chloride and nitrate
or from alkoxides. By changing the pH during formation
(10, 11), rate of addition of base (12), use of hydrother-
mal conditions (13, 14), presence of surfactants (15-17),
and addition of other cations or anions (18-21), zirconia
with different physical and structural properties is obtained.
While there are many reports on the properties of zirconia,
only limited studies have been carried out on the hydrous
oxide. This is because the hydrous oxide usually exists in
an amorphous state. Clearfield (22) was the first to report
crystalline hydrous zirconia formed by refluxing zirconyl
chloride solution or a slurry of freshly precipitated zirco-
nia. He obtained X-ray diffraction patterns that indicate
that the crystalline hydrous oxides were structurally almost
identical to the calcined zirconia. The basic unit of the hy-
drous oxide is believed to be the tetrameric polycation,
[Zr(OH); - 4H20]§+. Hydrous zirconia forms by polymeri-
zation of these tetrameric species via olation (OH group
linked to two metal atoms) to form two-dimensional sheets.
These evolve into three-dimensional particles via oxolation.
The rate of addition of the base, pH, and temperature are
believed to affect the degree of order within the sheets.

Mamott et al. (23) used a dynamic diffraction technique
to show that the pH of the liquid in contact with the hydrous
oxide precipitate affects the temperature and rate at which
the amorphous precursor transforms to crystalline zirco-
nia. A temperature of 450°C was observed for 50% crys-
tallization when the zirconium hydroxide was prepared at
pH 9.8, while this temperature was 610°C for material pre-
pared at pH 8.1. The transformation of the initially formed
metastable tetragonal to the monoclinic phase was also
found to depend on the pH of preparation, with a higher
pH effecting an earlier and more complete transformation.
The authors proposed that a higher pH promotes a faster
polymerization of the tetrameric units. The resulting ma-
terial is amorphous but contains numerous small units of
two- or three-dimensional ordered assemblages. These act
as nuclei for crystallization of the oxide. Using neutron
thermodiffractometry, the high scattering/diffraction back-
ground due to incoherent scattering by hydrogen was used
to monitor the chemical composition of the hydroxide dur-
ing calcination to form zirconia (24). A cooperative process
was observed in hydroxides precipitated at high pH, where
simultaneous oxolation of the residual OH bridges occurs
at ~500°C, resulting in rapid crystallite growth.

We have previously reported that digestion of hydrous
zirconia in the mother liquor improved several properties
of the calcined product, zirconia (25, 26). These include

increased surface area, improved thermal stability, prefer-
ential formation of the metastable tetragonal phase, and
a shift to higher temperature for the tetragonal to mono-
clinic phase transformation. Zirconia was formed by pre-
cipitation of zirconium chloride at pH between 9-14. The
surface area and crystal phase of the zirconia were found to
depend on the base used. With NH4OH, a longer digestion
time brought about an increase in the amount of the tetrag-
onal phase. In KOH, a mixture of tetragonal and monoclinic
phases (~80% : 20%) was obtained, while with NaOH, the
zirconia obtained was purely tetragonal. The surface area
of zirconia prepared in NH,OH increased with digestion
time and showed no maximum up to 192 h. If zirconia was
prepared by digestion of the hydrous oxide at pH 14, a max-
imum in the surface area was found for digestion times of
12-24 h.

In order to understand how the properties of the final
zirconia depend on the preparation method, it is necessary
to investigate the effects of the preparation method on the
hydrous oxide. Hence, we have focused our attention on the
hydrous oxide. The structures of the hydrous oxide formed
with NH,OH, KOH, and NaOH as precipitating agents are
compared. To determine if the crystal phase of the resulting
zirconiaisalready decided at the time of precipitation or if it
can be changed by the post-precipitation treatment, exper-
iments were made to separate the effect of the precipitating
agent from the subsequent treatment of the hydrous oxide.

METHODS

Batch 1—Influence of Precipitating Agent
and Digestion Time

The preparation of hydrous zirconia by the hydrolysis
of zirconium chloride with excess base has been described
previously (25). A 10% solution of zirconium chloride was
slowly added with a peristaltic pump to the well-stirred pre-
cipitating solution (NH,OH, KOH, or NaOH; 5 M, ca. 50%
excess base) at room temperature. After the addition of all
the zirconium chloride, the base concentration is 0.55 M.
One portion of the precipitate (0 h) was immediately re-
moved. The rest was placed in a round-bottomed Pyrex
flask and refluxed at 100°C in the supernatant liquid. Sam-
ples were removed after 12, 24, 48, 96, and 192 h. For KOH
and NaOH, and pH during digestion was close to 14 (calcu-
lated pH 13.7) whereas with NH,OH as precipitating agent,
the pH was initially 11, but decreased to 9.4 at the end of the
reaction. The influence of the cation—sodium, potassium,
and ammonium—on the hydrous zirconia can be assessed
from this batch.

Batch 2—Influence of Postprecipitation Treatment

Hydrous zirconia was formed by precipitation of zirco-
nium chloride with excess 5 M NH4OH. It was divided into
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four portions. One portion was kept in the mother liquor
(pH 9.4) while the remainder was washed with dilute am-
monium nitrate solution. When no more chloride was de-
tected in the washings (silver nitrate test), the precipitate
was rinsed with deionized water. The absence of chloride in
the precipitate was confirmed by X-ray fluorescence (Link
XR200). The precipitate was then divided into three por-
tions (~10 g each) and redispersed in 250 ml of 5 M NH,OH
(pH 11), KOH, and NaOH (pH 14.7), respectively. One
sample from each portion was left to age at room temper-
ature for 192 h while the rest was subjected to digestion at
100°C for various lengths of time. This experiment will give
an insight into whether the observed crystallographic prop-
erties of the resulting zirconia are primarily determined by
the precipitation step or whether they can be altered by
subsequent treatment. In the former case, the same crystal
structure should be observed in the hydrous oxide, irrespec-
tive of the digestion/aging medium. The effect of chloride
can be studied by comparing with the hydrous oxides di-
gested in the chloride-containing mother liquor (Batch 1 or
2-NH3/Cl-series).

After digestion, the solids of Batch 1 were recovered and
washed free of chloride. For Batch 2 samples that were al-
ready free of chloride, the same amount of ammonium ni-
trate solution was used as for the chloride-containing sam-
ples. The samples were then dried overnight at 100°C. The
thermal stability of the hydrous oxides was assessed in terms
of achange in surface area after heating in a muffle furnace
to temperatures between 100 and 500°C for 1 h. To trans-
form the precursors to zirconia, the hydrous oxides were
calcined at 500°C for 12 h. A heating rate of 1°C/min was
used in all cases to reach the final temperature. Samples
were cooled to 100°C at 20°C/min.

The following codes are used to identify the hydrous zir-
conia from the two batches. For Batch 1, the code is 1-X-y-P
with X = NHj3, K, or Na for precipitation/digestion medium
of NH,OH, KOH, or NaOH, respectively; y the digestion
time in hours; and P for precursor. For Batch 2, the code is
2-X-AP, where X = NH3/Cl, NH3, K, or Na and refers to the
post-precipitation treatment in the mother liquor, or 5 M
of pure NH,OH, KOH, or NaOH, respectively; and AP
identifies the precursor aged for 192 h at room temperature.
Hydrous oxides that were digested at 100°C are referred to
as 2-X-y-P with y the digestion time in hours.

Characterization

Thermogravimetric analysis (Dupont SDT 2960) and dif-
ferential scanning calorimetry (Dupont DSC 2920) were
performed on the hydrous oxides. A heating rate of
20°C/min was used for both TGA and DSC analyses with
a gas flow of 80 ml/min of air and nitrogen, respectively.
To ensure that the sample was thoroughly dry and free of
physically bound water, each sample was held isothermally
at 100°C for 30 min before ramping up to 600 or 900°C

during the DSC to TGA run, respectively. The dry weight
of the sample was determined at the end of the DSC mea-
surement and used in the calculation for the specific heat
evolved.

Surface areas were determined using a Micromeritics
Flowsorb 2300. Nitrogen adsorption/desorption isotherms
and the pore volumes were measured with a Quantachrome
NOVA 2000. Very careful degassing of the samples is nec-
essary so that all water is removed from the pores but phys-
ical changes to the sample are avoided. The incomplete re-
moval of physisorbed water will result in a low surface area
or an erroneous pore size measurement. Degassing of the
hydrous zirconiafor about 50 min at 100°C in a flow of nitro-
gen or nitrogen/helium mixture is found to be sufficient for
the removal of physically adsorbed water. X-ray diffrac-
tograms were measured using a Siemens D5005 diffrac-
tometer (Cu anode) equipped with variable primary and
secondary beam slits. Crystallite sizes were estimated using
the Debye-Scherrer equation,

0.9x

Dha = ——
K Bhki - COS 6

[1]
where Dy is the crystallite size, A is the wavelength of the
CuK,, radiation, B is the peak width corrected for instru-
mental broadening, and 6 is the Bragg diffraction angle.

RESULTS

Elemental Analysis

During digestion, the hydrous oxides are in contact with
excess precipitating agent. Adsorbed/absorbed cations and
anions may affect the microstructural and morphological
properties of the material. In Batch 1, the anions were hy-
droxide and chloride while the cation—potassium, sodium,
orammonium—differed for the different precipitants used.
Elemental analysis showed that sodium and some potas-
sium ions were present in the hydrous oxides only after
digestion at around pH 14 (Table 1). Freshly precipitated
materials could be washed free of the monovalent cations.
The hydrous oxides digested in NaOH (1-Na-series) con-
tained 0.75 to 1.36 wt% sodium with negligible amounts of
potassium. Sodium was also present in the KOH-digested
samples (1-K-series). The probable source of sodium isasan
impurity (0.5 wt%) with the KOH. For Batch 2, no chloride
was present in the digestion medium of the 2-NHs-, 2-K-,
and 2-Na-series. However, the concentration of hydroxide
ions was higher than in the 2-NH5/Cl-series or Batch 1 as
the mother liquor had been substituted with 5 M of the
pure base. The digested samples of the 2-K-series contained
0.48-0.76 wt% sodium, which is higher than the ~0.25 wt%
detected in the 1-K-series. The 2-Na-digested hydrous ox-
ides contained 0.67-1.1 wt% sodium, similar to that of the
1-Na-series. The aged hydrous oxides, 2-K-AP and 2-Na-
AP, contained 0.17 and 0.24 wt% sodium, respectively.



MORPHOLOGY AND MICROSTRUCTURE OF HYDROUS ZIRCONIA 83

TABLE 1

Sodium and Potassium Concentration in Hydrous Zirconia
from Batches 1 and 2

Sample  Na (wt%) K (wt%)  Sample Na (wt%) K (wt%)
1-K-0-P 0.002 0.002 1-Na-0-P 0.018 0.000
1-K-12-P 0.24 0.064 1-Na-12-P 0.75 0.020
1-K-24-P 0.26 0.070 1-Na-24-P 0.80 0.020
1-K-48-P 0.25 0.094 1-Na-48-P 0.88 0.026
1-K-96-P 0.26 0.16 1-Na-96-P 0.97 0.001
1-K-192-P 0.25 0.55 1-Na-192-P 1.36 0.001
2-K-AP 0.17 0.021 2-Na-AP 0.24 0.002
2-K-12-P 0.48 0.025 2-Na-12-P 0.67 0.001
2-K-24-P 0.55 0.081 2-Na-24-P 0.74 0.007
2-K-48-P 0.65 0.080 2-Na-48-P 0.86 0.025
2-K-96-P 0.75 0.082  2-Na-96-P 0.98 0.020
2-K-192-P 0.77 0.078 2-Na-192-P 111 0.040

Crystallinity of Hydrous Zirconia

Irrespective of the precipitating agent, the undigested hy-
drous zirconia was X-ray amorphous. Only after digestion
in KOH or NaOH did crystallinity develop in the hydrous
oxides (26). In Batch 1, the hydrous zirconia digested in
KOH was a mixture of the tetragonal and monoclinic phase,
with 75-85% tetragonal (Table 2). The crystallites of both
phases were very small, 30-60 A. Hydrous oxides that were
digested in NaOH were purely tetragonal, with crystallites
around 40-50 A. Despite calcination to 500°C, no change
in the crystal phase or crystallite size was observed in the
digested samples from the 1-K- and 1-Na-series. In con-
trast, the digested hydrous oxides from the 1-NHj3-series
remained X-ray amorphous even after digestion for 192 h.
However, the effects of digestion on these hydrous oxides
became apparent in the crystalline material that is obtained
after calcination at 500°C. Zirconia from the undigested

TABLE 2

Crystalline Phase of the Hydrous Oxide Precursors
from Batches 1 and 2

Sample Tetragonal (%) Sample Tetragonal (%)
1-K-0-P Amorphous 1-Na-0-P Amorphous
1-K-12-P 75.2 1-Na-12-P 100
1-K-24-P 82,5 1-Na-24-P 100
1-K-48-P 84.9 1-Na-48-P 100
1-K-96-P 75.3 1-Na-96-P 100
1-K-192-P 80.8 1-Na-192-P 100
2-K-AP Amorphous 2-Na-AP Amorphous
2-K-12-P 100 2-Na-12-P 100
2-K-24-P 100 2-Na-24-P 100
2-K-48-P 100 2-Na-48-P 100
2-K-96-P 100 2-Na-96-P 100
2-K-192-P 100 2-Na-192-P 100

Note. 1-NH3-, 2-NH3/Cl-, and 2-NHs;-hydrous oxides were all amor-
phous.
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FIG. 1. Crystallite sizes of the monoclinic and tetragonal phase in

zirconia calcined at 500°C from the 1-NHjs-series.

precursor was predominantly monoclinic, 84%. The mono-
clinic crystallites were ~127 A while the tetragonal crystal-
lites were much smaller, ~43 A. With increasing digestion
time, the proportion of tetragonal phase increased; how-
ever, the crystallite size decreased (Fig. 1). The size of the
tetragonal crystallites in 1-NH3-12-500 was ~100 A, butin
1-NH;3-96-500, it was only 63 A. 1-NH3-192-500 remained
X-ray amorphous even after a calcination time of 12 h.

Despite the long aging time of 192 h, the aged hydrous
oxides from Batch 2 remained X-ray amorphous with the
exception of 2-Na-AP. The X-ray diffraction pattern of
2-Na-AP showed a very broad peak centered at 26 ~30°,
indicating a certain degree of crystallinity (Fig. 2). After
calcination of the hydrous oxides, both 2-NH3/CI-AP and
2-NH3-AP transformed to mostly monoclinic zirconia. The
tetragonal phase constitutes only 14.3 and 15.8%, respec-
tively. The distribution of the crystalline phases was similar
in zirconia prepared from the freshly precipitated precur-
sor, where the tetragonal phase amounted to 16.2%. Thus,
aging at pH 9-11 did not cause much change in the structure
of the hydroxide. In contrast, aging at room temperature in
strong base, KOH and NaOH, led to a remarkable increase
in the proportion of tetragonal crystals in the calcined zir-
conia, to 87.5 and 90.0%, respectively. Although the ini-
tial precipitate was the same in all cases, the presence of
strong alkalis had significantly altered the hydrous oxide so
that the resulting zirconia crystallizes preferentially in the
tetragonal phase.
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FIG.2. XRD of aged hydrous oxides and the resulting zirconia cal-
cined at 500°C. The curves have been offset for clarity.

Digestion of the hydrous oxides in the chloride-free bases
at 100°C gave rather similar results to that of Batch 1.
Both the 2-K- and 2-Na-hydrous oxides became crystalline
showing only the tetragonal phase. In contrast, the 1-K-
samples contained a small proportion of monoclinic crys-
tallites. The 2-NH3/Cl- and 2-NH3-hydrous oxides remained
X-ray amorphous even after digestion. A comparison with
the aged hydrous oxides shows that heating at 100°C speeds
the reaction so that crystallization is observed in a shorter
time. After calcination to 500°C, the crystal phase of the
zirconia from 2-Na- and 2-K-series remained purely tetrag-
onal. Similar to Batch 1, zirconia from the 2-NH3/Cl- and
2-NHs-series showed an increasing proportion of the tetrag-
onal phase with digestion time; the latter had a higher frac-
tion of the tetragonal form. Hence, the results show that the
crystal structure formed after precipitation can be altered
by exposure to different pH.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) and DSC measure-
ments were performed on the hydrous zirconia. The ob-
served weight loss is entirely due to the removal of water
(27). 1-K-0-P, 1-Na-0-P, and 1-NH3-0-P lost approximately
1 mole water per ZrO; (Table 3). Therefore, the undigested
hydrous oxides have the formula ZrO; - H,O or ZrO(OH)s,.
However, hydrous oxides of the 1-K- and 1-Na-series which

had been digested at 100°C lost less water during TGA.
The water content in these samples was between 0.33 and
0.55 H,0 per ZrO,, irrespective of the length of digestion.
In contrast, precursors from the 1-NHs-series lost about
1 mole water per ZrO, during TGA to 500°C whether they
had been digested or not.

The DSC curves show a continuous broad endotherm
from room temperature to about 300°C. This is due to the
water loss from the hydrous precursor (12). Between 400
and 500°C, a large exothermic peak known as the glow
exotherm (28, 29) is frequently observed in the DSC of
hydrous zirconia. For Batch 1, both 1-K-0-P and 1-Na-0-P
exhibit this phenomenon. The enthalpy, AH, was 17.4 and
17.0 kd/mole ZrO, for 1-K-0-P and 1-Na-0-P, respectively.
Digested samples of the 1-K- and 1-Na-series did not show
any glow exotherm even when heated to 600°C. For the
1-NHg3-series, the glow exotherm was observed in 1-NH3-
0-P, 1-NH3-12-P, 1-NH3-24-P, and 1-NH3-48-P (Fig. 3). How-
ever, the peak maximum moved to increasingly higher tem-
peratures while the enthalpy decreased from 19.7 kJ/mole
in 1-NH3-0-P to 12.7 kJ/mole in 1-NHj3-48-P. Samples di-
gested for more than 48 h did not show any exotherm up to
600°C (the instrumental limit of the equipment).

From the weight loss, the stoichiometry of the aged hy-
drous oxides, 2-NH3/CI-AP and 2-NH3-AP, was determined

TABLE 3
TGA and DSC of Hydrous Zirconia

Glow exotherm

Amount of

water lost AH Temper-

[mole/mole  [kd/mole  ature E.? E. + AH

Sample ZrO; formed] ZrOj] [°C] [kJ/mole] [kd/mole]

1-K-0-P 1.07 17.4 435 176 193
1-K-12-P 0.33 — — — —
1-K-24-P 0.35 — — — —
1-K-48-P 0.38 — — — —
1-K-96-P 0.44 — — — —
1-K-192-P 0.40 — — — —
1-Na-0-P 0.89 17.0 420 172 189
1-Na-12-P 0.40 — — — —
1-Na-24-P 0.39 — — — —
1-Na-48-P 0.42 — — — —
1-Na-96-P 0.55 — — — —
1-Na-192-P 0.45 — — — —
1-NH;3-0-P 0.90 19.7 450 180 200
1-NH3z-12-P 0.92 18.0 489 189 207
1-NH;3-24-P 0.85 17.2 517 197 214
1-NH3-48-P 0.82 12.7 563 209 222
1-NH3-96-P 0.89 — — — —
1-NH3-192-P 0.79 — — — —
2-NH3/CI-AP 1.16 225 450 180 200
2-NH3z-AP 1.13 17.4 450 180 197
2-K-AP 0.86 11.3 411 170 181
2-Na-AP 0.84 4.31 412 170 174

2 Calculated from Redhead equation.
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FIG. 3. DSC scans of hydrous oxides (a) 1-NH3-0-P, (b) 1-NH3-12-P,

(c) 1-NH3-24-P, and (d) 1-NH3-48-P.

as ZrO; - H,O, similar to that of the freshly precipitated
material. However, after aging in 5 M KOH or NaOH, the
water content of the hydrous oxide was reduced to ~0.85
mole per ZrO,. Therefore, at pH 14.7, the condensation of
hydroxyl groups with elimination of water appears to oc-
cur to a higher degree. A glow exotherm was observed for
all the aged precursors (Fig. 4); however, the heat evolved
was highest for 2-NH3/CI-AP and 2-NHs-AP with 22.5 and
17.4 kJ/mole, respectively. The precursor aged in KOH
had an exotherm of 11.3 kJ/mole while 2-Na-AP showed
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FIG. 4. DSC scans of hydrous oxides (a) 2-NH3/CI-AP, (b) 2-NH3-AP,
(c) 2-K-AP, and (d) 2-Na-AP.
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FIG.5. Surface area of the hydrous oxides from Batch 1 versus time
of digestion.

an exotherm of only 4.30 kJ/mole. The maximum of the
exotherm moved from 450°C in the NH3z-aged samples to
411°C for hydrous oxides aged at pH 14.

Thermal Stability of the Hydrous Oxide

The undigested hydrous oxide, 1-K-0-P, had a surface
area of 291 m?/g. The surface area decreased with diges-
tion time, so that 1-K-192-P had only 151 m%g (Fig. 5).
Figure 6 shows the surface area of the hydrous oxides from
the 1-K-series as a function of drying temperature up to
500°C. Digested hydrous oxides did not suffer any signifi-
cant loss in surface area. The surface area of these samples
remained unchanged even after the heating time at 500°C
was extended from 1to 12 h. The undigested hydrous oxide,
however, lost surface area rapidly with temperature, espe-
cially above 300°C. After 1 h at 500°C, the surface area was
only 65.4 m?g and decreased further to 39.8 m?/g when cal-
cined for 12 h. Both 1-K-12-P and 1-K-24-P formed zirconia
with the highest surface area, 195 m?/g, after calcination at
500°C for 12 h.

The 1-Na-hydrous oxides (Fig. 7) showed a similar be-
havior to that of the 1-K-series, although the surface areas
of all digested hydrous oxides were higher (220-268 m?/g).
The surface area of the digested samples remained stable
up to 500°C but the undigested sample, 1-Na-0-P, lost its sur-
face area rapidly. The maximum surface area in the result-
ing zirconia (250 m?/g) was obtained from hydrous oxides
that had been digested between 12 and 24 h. The surface
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area decreased for longer digested samples and was only
160 m?/g for 1-Na-192-500.

The NHjs-precipitated sample, 1-NH3-0-P, had a surface
area of 264 m?/g after drying at 100°C. Digestion at pH 9
resulted in an increase in the surface area of the hydrous
oxides to 370-430 m?/g. However, when these samples were
heated, they lost their high surface area whereas the corre-
sponding samples from the 1-K- or 1-Na-series were much
more stable (Fig. 8). The degree of surface area loss de-
pends on the length of time to which the samples had been
digested: longer-digested samples were thermally more
stable than those digested for shorter times. Consequently,
the surface area of the resulting zirconia in the NH3-series
increased with the digestion time of the hydrous oxide.
1-NH3-0-500 had a surface area of only 42.8 m?/g but
1-NH5-192-500 had a very high surface area of 240 m?/g.
With the three precipitants, different digestion times are
required in order to obtain zirconia with maximum surface
area. A shorter digestion time of 12 to 24 h is sufficient
when KOH or NaOH is used, but a much longer time is
needed with NH,OH.

Auged hydrous oxides had surface areas similar to those of
the freshly precipitated material, in the range 240-280 m?/g
(Table 4). After calcination at 500°C for 12 h, the zirconia
formed had low surface areas, similar to those formed from
the freshly precipitated precursor. We conclude that aging
of the hydrous oxide at room temperature does not help to
achieve a higher surface area in the resulting zirconia.
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TABLE 4

Surface Area of Aged Hydrous Oxides and the Resulting Zirconia

Sample Surface area [m?/g]

Hydrous zirconia, aged

2-NH3/CI-AP 242
2-NH3-AP 283
2-K-AP 258
2-Na-AP 270
Zirconia, calcined at 500°C
2-NH3/CI-500 40.2
2-NH3-500 446
2-K-500 52.2
2-Na-500 55.9

The surface area of the digested hydrous oxides from
Batch 2 showed a dependence on digestion time similar to
that shown by the Batch 1 samples. The zirconia formed
from the digested hydrous oxides were better stabilized
against loss of surface area during calcination and hence
had up to 250 m?/g depending on the alkali of the digestion
medium and the digestion time.

Pore Structure

Nitrogen adsorption/desorption isotherms were mea-
sured for the hydrous zirconia. The isotherms of the undi-
gested samples are similar in shape, regardless of the pre-
cipitant, to the hysteresis loop resembling that of type H2 of
the IUPAC nomenclature (Fig. 9). Such isotherms are char-
acteristic for systems with open or closed pores of variable
radius (30). They have also been associated with ink-bottle
pores where the entrance to the pores is narrower than the
body. As a consequence of digestion, the shape of the ad-
sorption/desorption isotherms gradually changed from type
H2, which was observed for samples digested up to 12 h, to
one resembling a H1-type. The type H1 loop is typical for
agglomerates or compacts of spherical particles with fairly
uniform size or for open-ended cylindrical pores.

The pore size distribution is calculated by the Barrett—
Joyner-Halenda (BJH) method (30). For digested samples,
the desorption branch of the isotherm was used for the
calculations whereas the adsorption branch was used for
undigested samples. For type H2 isotherms, the desorption
of nitrogen is limited by the narrow neck of the pore and in-
formation about the body of the pore can only be obtained
from an analysis of the adsorption isotherm. In all undi-
gested samples, including those aged at room temperature
from Batch 2, the average pore diameter was ~25 A. No
maximum was noted in the curves (Fig. 10).

Mesopores developed only after digestion. In 1-K-12-P,
the pores had an average diameter of ~56 A (Table 5). The
size increased with longer digestion so that 1-K-192-P had
pores in the range 60 to 500 A with the average around

240 A. The distribution curve also broadens with diges-
tion time. A similar effect was also observed for digested
hydrous oxides of the NaOH-series. For the 1-NHs-series,
all the digested samples had very similar pore diameters
(Fig. 11). A slight increase from 80 A in 1-NH3-24-P to
100 A in 1-NH3-192-P was observed.

The total pore volume, V;, has been determined from the
amount of nitrogen adsorbed at a relative pressure close
to unity, based on the assumption that the pores are then
filled with liquid adsorbate (Gurvitsch Rule). The results
are shown in Table 5. The pore volume of the undigested
precursors is around 0.18-0.19 ml/g. This value is similar to
that found by Mercera et al. (31) for their hydrous oxide
which had been aged in the mother liquor at pH 10 for
65 h. Digestion brought about a significant increase in the
pore volume. For the 1-K- and 1-Na-series, the pore volume
increased by more than threefold after 192 h digestion. In
the NHj3-series, the pore volume increased to 0.81 ml/g in
1-NH5-192-P.
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FIG.9. N adsorption/desorption isotherms at 77 K for 1-K-0-P and
1-K-24-P.
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Based on the pore volume and the mean pore radius,
an estimate was made of the wall thickness in the hydrous
zirconia (Table 5). For a model of a long cylinder (length )
with uniform pore size (radius r) and a wall thickness dr,
the following equations apply,

TABLE 5

Pore Volume, Mean Pore Diameter, and Calculated Wall
Thickness for Hydrous Zirconia

Estimated wall

Pore volume Mean pore ¢ thickness 2dr

Sample [ml/g] [Al [Al
1-K-0-P 0.1800 24.6 24.1
1-K-12-P 0.2279 56.4 46.0
1-K-24-P 0.2822 67.0 46.2
1-K-48-P 0.4238 93.3 46.2
1-K-96-P 0.4858 121 53.4
1-K-192-P 0.6714 235 78.5
1-Na-0-P 0.1886 25.2 23.8
1-Na-12-P 0.3111 51.6 32.9
1-Na-24-P 0.4391 65.3 314
1-Na-48-P 0.5086 95.4 40.5
1-Na-96-P 0.5282 120 49.3
1-Na-192-P 0.6319 153 53.9
1-NH;-0-P 0.1906 30.4 28.5
1-NH3-24-P 0.6379 81.0 28.3
1-NH;-48-P 0.6403 81.0 28.2
1-NH3-96-P 0.7689 99.9 29.6
1-NH3-192-P 0.8116 104 29.4
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FIG. 11. Pore size distribution curves for hydrous oxides digested in
NH,OH.
| = Vp/nr? [2]
Veolia =1 -7 - [(r +dr)? —r’] = 1/p, [3]

where the density of zirconia is taken as 6.0 g/ml.
Equating | from the two equations, we have

mr?
LAY 4
+ 4]

As the hydrous zirconia exists as particles rather than as a
single long cylinder, the wall thickness between the pores
is 2dr. For 1-K-0-P, a wall thickness of 24 A is obtained, but
this increased with digestion to 78 Ain 1-K-192-P. A similar
trend is observed for the NaOH-series where the wall thick-
ness increased from 24 A in 1-Na-0-P to 54 A in 1-Na-192-P.
However, for the 1-NH3s-series, no significant change in wall
thickness was observed for the digested samples (28-30 A)
as compared to 1-NH3-0-P (29 A). For the digested samples
that were crystalline, the crystallite size determined using
X-ray diffraction agrees well with the calculated wall thick-
ness (Table 5).

DISCUSSION

Based on the above results, the following model for
the role of digestion on the hydrous zirconia is pro-
posed. Freshly precipitated or aged (at room temperature)
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hydrous zirconia consists of a loose agglomeration of pri-
mary particles with a diameter of ~20 A. In alkaline
solution, these particles are negatively charged and re-
pel each other. During digestion, the higher tempera-
ture leads to increased thermal agitation. Collisions be-
tween the charged particles occur at a higher rate than
at room temperature. This enhances the formation of sur-
face bonds between particles by condensation of surface
hydroxyl groups. Thermogravimetry showed that digested
hydrous oxides were “drier” than the freshly precipitated
hydrous oxide. The loss of water from the hydrous zir-
conia indicates that increasing condensation between hy-
droxyl groups has taken place. It has been proposed by
Clearfield (32, 33) that polymerization of the hydrous zirco-
nia leads to three-dimensional structures with the formula
[ZrOx(OH)4_2« - YH2O]n. Thereby, a network of particles
with higher porosity than in the undigested sample forms.
For both the 1-NHj3- and 1-Na-series, a rapid increase in the
porosity is observed for digestion up to 24 h while for the
1-K-series, the pore volume increased up to 48 h; thereafter,
a smaller increase was observed.

In addition to the network formation by coalescence of
primary particles, another effect of the higher tempera-
ture is the dissolution and reprecipitation of material which
helps in strengthening the network of particles. The local
solubility is smaller at the neck joining two particles than at
the surface of the particle (34). Preferential deposition of
zirconia at the necks leads to thickening in these areas. It
is then possible to remove the water from the pores with-
out collapse of the network structure. Undigested samples
do not form a stabilized network because of electrostatic
repulsion between the charged particles. The pore size dis-
tribution for the undigested samples does not show a maxi-
mum but decreases monotonously from very small to larger
pores. Hence, it can be envisaged that during drying, the co-
agulated particles collapse and form a dense structure. The
pore space then corresponds to the void space between the
(spherical) particles in an almost close packing. The precip-
itates are X-ray amorphous indicating that the size of the
primary particles, R, is smaller than 20-30 A. The pores in
a random packing of such spheres will have radii starting
from ~3 A.

Our results indicate that the dissolution/redeposition is
enhanced at pH ~14 as compared to pH 9. This is in agree-
ment with the thermodynamic calculations of Denkewicz
et al. (14), who showed that the solubility of zirconium hy-
droxide at pH 9 is smaller than at pH 14 by a factor of
10* The wall thickness of samples that had been digested
at pH ~14 increased with digestion time. Before digestion,
the wall thickness of the hydrous oxides was estimated as
only 20-30 A, but after digestion for 192 h, it increased to
about 50-70 A. This increase in wall thickness and average
pore size together with a relatively small increase in pore
volume indicates that walls separating the smaller pores

disappear during digestion and this material is redeposited
on the walls of the bigger pores. Therefore, a decrease in
the internal surface is expected because of digestion. This
is indeed the case for the 1-K- and 1-Na-series, where after
an initial period of 24 h, the surface areas of the hydrous
oxides decreased with longer digestion time. Hydrous ox-
ides digested at the lower pH of 9 do not show thicken-
ing of the walls despite digestion for a long time. Also, the
mean pore size remains essentially unchanged with diges-
tion time. Obviously, dissolution and deposition of material
occur at a slower rate at this pH. The thinner walls in the
1-NHs-series are the cause for the reduced thermal stabil-
ity of these samples compared to the 1-K- and 1-Na-series.
However, even within the 1-NHs-series, the trend is that
the longer-digested samples are better able to withstand
higher temperatures. We assume that this is the result of
greater crystalline perfection in these samples. The most
frequently occurring type of defects in zirconia is Schottky
defects consisting of pairs of cation and anion vacancies
(21). A more defect-free structure is expected as digestion
progresses. Diffusional mass transport will be reduced in
the longer-digested samples so that nucleation and grain
growth are hindered.

Information about the local atomic ordering in the hy-
drous oxide can be deduced from differential scanning
calorimetry. The transformation of the hydrous oxide to zir-
conia is usually accompanied by a highly exothermic peak,
the glow exotherm. Various explanations have been put
forth to explain the origin of this exotherm including the
transformation of an amorphous material to the tetragonal
phase or to the monoclinic structure. Srinivasan et al. (12)
found that irrespective of the final crystal phase obtained,
the exotherm occurred at the same temperature and with
the same enthalpy. We observe the glow exotherms only
in those samples that were initially X-ray amorphous but
transformed to a crystalline state upon calcination, e.g., the
undigested samples. It is absent when a crystalline hydrous
oxide (e.g., hydrous oxides digested at pH 14) transforms
to a crystalline oxide or an amorphous hydrous oxide (e.g.,
long-digested NHs-samples) forms an amorphous zirconia.
Hence, the presence of the exotherm is clearly related to
a change from short-range ordering to long-range order-
ing of the atoms. The measured enthalpy corresponds to
the energy difference between the hydrous oxide and zir-
conia. Since the final state is essentially at the same en-
ergy, a higher enthalpy implies a more disordered precursor
state. The freshly precipitated hydrous oxide is in a state of
high energy due to its random structure. By digestion, local-
ized order sets in, lowering the energy. Thus, the exotherm
decreased with digestion time for a precursor digested at
pH 9 where the material was still X-ray amorphous. We use
the term “glassy” to describe this annealed state. At high
pH, and especially under conditions of digestion, nucleation
and crystal growth lead to long-range order as shown by
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crystalline peaks in the XRD spectra. Hence, these precur-
sors have an even lower energy than those digested at pH 9
and transform to zirconia with no measurable exotherm.

The activation energy for crystallization, E,, can be esti-
mated from the peak temperature of the glow exotherm by
using the Redhead equation (35),

Ea = RT[INwT,/8) — 3.64] [5]

where v is taken as 10%* s71, T, is the peak temperature,
is the heating rate, and R is the gas constant. Table 3 shows
that the activation energy of crystallization for the undi-

increasing order in Toozzo:c:os
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initial state energy amorphous

hydrous oxide

nucleation sites and lowers

localized ordering creates +
initial state energy

hydrous oxide

gested hydrous oxide is 172-180 kJ/mole. The activation
energy of hydrous oxide digested in NH,OH increases to
189-209 kJ/mole with digestion time. However, the sum of
the activation energy and enthalpy is not a constant but in-
creased from ~200 kJ/mole in the freshly precipitated sam-
ple to 220 kJ/mole for hydrous oxide digested up to 48 h.
This shows that as the hydrous oxide becomes more sta-
ble with digestion, the energy of the activated complex on
the path toward crystallization to zirconia also increases.
These results indicate the increasing difficulty in forming
nucleation sites in the “glassy” state (Fig. 12a). As a more
defect-free structure is formed by digestion, the atomic

activated
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increasing activation energy
for lattice diffusion through
more defect-free material

zirconia
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FIG. 12. Schematic energy diagrams (a) digestion at pH 9: the glow enthalphy (AH) is reduced but the activation energy for crystallization (E;)
increases with digestion; (b) aging (digestion) at pH 14: both the glow exotherm and activation energy are reduced due to extensive ordering and

nucleation.
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diffusion necessary for nucleation and crystallization be-
comes more difficult. In the extreme case of samples 1-NHs-
96-P and 1-NH3-192-P, no glow exotherm was observed at
all, and these samples were X-ray amorphous even after
calcination at 500°C. The enthalpy of transformation and
the activation energy of crystallization are both reduced for
hydrous oxides kept at pH 14, even at room temperature
(Batch 2). This may be attributed to the more extensive lo-
calized ordering within the polymeric structure in this pH
regime so that more nucleation sites are formed (23). These
hydrous oxides have an energy only slightly above that of
the crystalline zirconia, which results in a very weak glow
exotherm. The activation energy toward crystallization is
also low and reflects more the process of crystal growth
than nucleation (Fig. 12b).

The formation of the metastable tetragonal phase in zir-
conia has been explained by a number of effects such as
lower surface excess energy of the tetragonal than of the
monoclinic phase (35), the adsorption of oxygen at surface
anionic sites initiating the monoclinic to tetragonal trans-
formation (36), etc. The presence of foreign ions such as
sodium is known to cause preferential formation of the
tetragonal phase. We have reported that uptake of sodium
in the hydrous oxide occurs preferentially over potassium
even when the latter is in excess (26). Digested hydrous
oxides from 2-K-series were purely tetragonal while those
from 1-K-series consisted of some 20% monoclinic phase.
This may be related to the higher hydroxide concentration
in the digestion medium of the 2-K-series. It is impossible
to decide whether the hydroxide concentration affects the
crystal phase formation directly or indirectly via increased
adsorption of sodium. It is known that at pH >7, hydrous
zirconia acts as a cation exchanger and the uptake of cations
increases with pH. Indeed, a higher sodium content is mea-
sured for the 2-K-hydrous oxides than for the correspond-
ing Batch 1 samples. Our results also show that the uptake
increases with temperature so that digested hydrous oxides
have a higher cation content than undigested ones. Chlo-
ride ions do not play any significant role at the alkaline pH
of the digestion medium as shown by the similar structural
data for the samples digested in chloride-free and chloride-
containing NaOH or NH,OH.

CONCLUSION

(a) Freshly precipitated hydrous oxides using NH4OH,
KOH, or NaOH are similar in the chemical formula,
ZrO, - H,0. Digestion at pH 14 resulted in loss of water
so that the hydrous oxides have only 0.30-0.5 mole water
per ZrO,. Digestion at pH 9 did not cause any significant
dehydration of the hydrous oxides.

(b) The crystal structure of the resulting zirconia de-
pends on the precipitating agent but can be altered by post-
precipitation treatment (aging or digestion) of the hydrous

oxide. The pH of the digestion medium and/or uptake of
sodium plays arole in the formation of the tetragonal phase.

(c) Samples digested at pH ~14 show only a very small
loss in surface area when heated to 500°C. Hence the high
surface area of the hydrous oxides can be retained in the
resulting zirconia. In the conversion from hydrous oxide to
zirconia, samples that were digested at pH 9 for longer pe-
riods had a smaller loss in surface area than those digested
for shorter times.

(d) The influence of digestion is interpreted in terms of
the enhanced agglomeration of primary particles during
digestion and the strengthening of the network structure
which is then better able to withstand thermal treatment.
Hydrous oxides digested at pH 9 are less thermally stable
than those digested at pH 14.

(e) The decreased enthalpy of the glow exotherm to-
gether with the lack of X-ray crystallinity indicate the for-
mation of a glassy state in hydrous oxides digested at pH 9.
Long range ordering occurred in hydrous oxides digested
at pH 14 and hence, they do not show any glow exotherm.
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