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Control of the surface areas of the calcined zirconium() oxides arises from the extent of equilibration permitted between the

hydrolysed zirconyl oxychloride and the surfactant prior to calcination. The properties of the zirconia–surfactant materials, which
are formed by a scaffolding and controlled drying mechanism, and the subsequent oxides obtained on calcination depend more on
the times allowed for equilibration than on the ratios of zirconia:surfactant. During the equilibration over ca. 24 hr between the

hydrolysing zirconium oxychloride and CTAB, the small, unstable zirconium oxide particles mix intimately with the surfactant.
These particles recrystallise (and loosely aggregate) on calcination to give tetragonal zirconias of intermediate surface areas

(50 m2 g−1 ). Equilibration over 90 h gives thermally stable (up to 450 °C), small (<100 Å) tetragonal zirconia nanoparticles which
maintain their integrity after calcination to give high surface area materials.

subsequent calcination, led to a stable mesoporous material,Introduction
from which a tetragonal form developed at about 600 °C.9 The

Zirconium oxide itself is known to have useful ion exchange stability of the tetragonal zirconia appears to be driven by
properties but there is a requirement to improve its thermal particle size.10–12 Thus the apparent discrepancies between the
stability.1,2 In addition, zirconium oxide finds wide application studies may simply be a question of the particle sizes prior to
both as a catalyst support and as a catalyst when sulfated.3–5 calcination. At 500 °C, particles with diameters greater than
However, in order to improve the catalytic and general proper- 16 nm appear to undergo the tetragonal to monoclinic trans-
ties particularly of zirconias, high surface area pure zirconias, formation.13 Those with smaller particle sizes remain in the
which do not have additional stabilisers such as yttrias, phos- tetragonal phase. Cohydrolysis of silicon and zirconium alkox-
phates, silicas or sulfates, are required. In a previous publi- ides in the presence of surfactants allows the formation of
cation, we have shown that high-surface-area, mesoporous mesoporous oxides in which the zirconia is an integral part of
zirconium() oxides may be prepared by the equilibration of the structure.14 However, the additional oxide (or anion)
zirconium oxychloride with cationic surfactants such as cetyl- changes the properties of the zirconium oxide itself. For
trimethylammonium bromide (CTAB) followed by calci- example, it has been shown that incorporation of zirconium
nation.6 The BET surface areas of the calcined materials varied oxides in silicas produces materials which are catalysts for
from 240–360 m2 g−1 and compared favourably with those of liquid phase peroxidations. However, the oxide itself is not
calcined aerogels. The overall mechanism for the preparation catalytically active, either because the micropores are too small
of these materials suggested that the surfactant reduces the or because of the proximity of the zirconium atoms in the
surface tension differences between the inorganic and organic oxide itself.15 There is clearly an urgent requirement to prepare
phases and also serves as a controlled drying and scaffolding pure zirconias of controlled surface areas, which do not contain
agent (i.e. a support for the inorganic framework) at tempera- additional anions or oxides that modify the properties of the
tures below 570 K prior to the calcination between 723 and pure zirconias.
973 K. However, in this earlier study, the nature of the
zirconia–surfactant material and the possibilities of controlling

Experimentalthe surface areas of the zirconium–surfactant materials and
the calcined zirconias were not studied. The above scaffolding Preparation
mechanism has been extended to include the synthesis of

The general scheme for the preparation of the calcined oxidesmesoporous zirconias with anionic surfactants.7
has been previously described by Hudson and Knowles6Frequently, in order to prepare mesoporous zirconias, an
Typically, to an aqueous solution of ZrOCl2·8H2O (0.1 mol l−1additional anion such as phosphate or sulfate must be present.
in zirconium, 100 cm3 , Aldrich) was added an aqueous solutionCalcination of precursors without such anions often leads to
of cetyltrimethylammonium bromide (CTAB) (25% by mass,a disordered zirconia of low surface area. It has been shown,
100 cm3 , Aldrich) leading to a zirconium oxide:surfactant ratiofor example, that mesoporous zirconia, which contains phos-
of 1510. This combined solution was then stirred for 15 minphate as the structure-building anion, may be prepared by
(pH=1.15) and then NaOH (1 , Aldrich) was added untilhydrolysis of zirconium propoxide in the presence of
the pH reached 11.6 at which the mixture was maintainedC12H25OP(OH)2 and subsequent calcination. The authors
throughout. The mixture was then stirred at room temperatureclaim that the particle diameters, 4–10 mm, did not appear to
for 60 min in a closed polypropylene bottle and then placedinfluence the sintering stage during calcination. The corre-
in a thermostatically controlled water-bath at 363 K. Thesponding sulfate analogue did not yield a mesoporous material
reaction mixture was allowed to equilibrate for either 24 h orsince calcination caused the conversion of the tetragonal form
for 90 h, and then after this time, the mixture was allowed toto the monoclinic phase.8 This is in contrast with the obser-
cool, the solid was filtered off under suction and washedvations by Sachtler and coworkers who found that sulfation

of the precursor formed using acidified primary amine, and extensively with distilled water until free of unbound surfactant
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Table 1 Samples prepared in this work

(ZrO2 ;0.1;90) (ZrO2 ;2;90) (ZrO2 ;0.1;24)a (ZrO2 ;2;24)a

Zr/CTAB 1510 251 1510 251
molar
ratio

reaction 90 90 24 24
time/h

aOther materials equilibrated for 6 and 18 h, for example, had very
similar properties.

Fig. 1 Adsorption isotherms of nitrogen at 77 K on the uncalcinedand sodium ions. The white powder was oven dried at 353 K
samplesfor 5 h. The concentration of the cetyltrimethylammonium

bromide (CTAB) was altered in some experiments to
0.1 mol l−1 , leading to a zirconia–surfactant ratio of 251. The Zirconia–surfactant (uncalcined) materials
differences between four typical syntheses are summarised in

Equilibration of the hydrolysed zirconyl chloride and thethe Table 1. As indicated in the text and the captions, other
CTAB produced zirconia–surfactant materials, which hadtimes of equilibration have been investigated.
interesting properties in their own rights. Fig. 1 shows the
adsorption isotherms of nitrogen at 77 K for these uncalcined

Calcination of the materials materials. The shapes of all these curves are of type IV
according to the IUPAC classification indicating mesoporos-The materials were calcined in static air up to 773 K for 5 h
ity.20 The hysteresis loops are, in each case, at high relativeat a ramp rate of 5 K min−1 . The ramp-rate (1–15 K min−1)
pressures indicating a rather wide range of pore diameters.did not appear to have a significant effect on the properties of

The saturation plateaux at high relative pressures (e.g.the calcined materials. After calcination, the materials were
p/p°>0.9 for samples ZrO2 ;2;24 and ZrO2 ;0.1,24) are wellallowed to cool in the furnace itself until room temperature
defined but suggest that the mesoporosity could arise betweenwas reached. Chemical analysis showed that there was no
particles. The specific surface areas, the CBET parameters and(<0.1%) sodium, carbon or silica in the samples discussed.
the total pore volumes are reported in Table 2.

Interestingly, the two uncalcined materials from the 24 h
Characterisation equilibration (together with materials prepared over 6 or 18 h)

have similar high surface areas, pore volumes and type IVBoth uncalcined and calcined materials were heated to 413 K
adsorption isotherms but which are quite different from thosefor 2 h under nitrogen flow in order to remove the physisorbed
obtained after 90 h equilibration. Clearly, the dominant factorwater prior to nitrogen adsorption measurements. The nitrogen
here is the length of the time of equilibration rather than theadsorption isotherms were determined at 77 K by means of a
ratio of the zirconia to the surfactant used. The CBET values,Micromeritics Gemini 2370 surface area analyser. All adsorp-
which relate to the interaction between the adsorbate nitrogention experiments were performed at least in duplicate. Surface
and the adsorbent, are rather similar, however, but are allareas were derived from the BET equation16 in the relative
lower than would be expected for mesoporous inorganic oxidepressure range 0.05–0.35 assuming a cross-sectional area of
materials, values for which have been found to be in the range0.162 nm2 for the nitrogen molecule. The mesopore size distri-
70–100. The values confirm a close interaction between thebutions were calculated from the desorption branch by the
zirconia and the surfactant, and suggest that the hydrophobicBJH method.17 The water adsorption isotherms were deter-
surfactant coating of the particles leads to weaker interactionsmined at 298 K by means of a magnetic compensation adsorp-
with the nitrogen molecules than is the case with the calcinedtion balance which was made in Marseille. All of the gas
materials. The uncalcined materials obtained after 90 h equili-volumes quoted have been corrected to standard temperature
bration each have surface areas in the region of 145–220 m2and pressure. The samples were also studied using X-ray
g−1 which, whilst still high, are lower than those values forpowder diffraction (XRD) with a Spectrolab CPS Series 3000
the materials obtained after 24 h equilibration.120, using Ni-filtered Cu-Ka radiation. For the tetragonal

Fig. 2 shows BJH pore size distribution plots for thephase, the details were (111) 30.29°; (200) 35.22°; (220) 50.43°;
uncalcined materials calculated from the desorption branch of(310) 60.31°; (222) 81.91°; (400) 95.36°. There was never
the adsorption isotherms. The results for experiments in whichany evidence for a monoclinic phase. Thermogravimetry–
the shorter times of 8, 12 and 24 h were similar to each otherdifferential thermal analysis (TG–DTA) was carried out using
but different from those with longer equilibration time 90 ha Stanton-Redcroft STA 1000 instrument with lidless, platinum
material. The pore size distributions may be attributed to apans, with recalcined alumina as the DTA reference.
percolation effect of the nitrogen molecules between particlesTransmission electron micrographs were recorded on a JEOL-
of different sizes at relative pressures down to 0.42. AlthoughJEM 200 CX instrument at 200 kV.
the pore distributions are not sharp, the peaks are reasonably
well defined in the mesoporous range. Such porosities are not
evident in the mesophases for the (ordered) templated MCMResults and Discussion
materials but are characteristic of the ‘scaffolded’ (more dis-
ordered) zirconia-surfactant intermediates. Nevertheless, it isThe hydrolysis of zirconyl oxychloride has been previously

studied in the absence of surfactants. It has been shown, for interesting that all of these materials are mesoporous and of
high surface area so that they have potential for applicationexample, that the principal hydrolysing species is the tetramer

[Zr(OH)2·4H2O]48+ .18 The mechanisms involving the tetra- as sorbents for hydrophobic substances, which could lead to
efficient remediation of contaminated effluent streams.21mer have been confirmed by electron microscopic studies of

the hydrolysis of zirconyl chloride.19 With respect to the Fig. 3 shows typical TG–DTA (thermogravimetry and
differential thermal analysis) curves obtained with each of theformation of the tetragonal phase, the platelets derived from

the tetramer stack in a regular manner (see Fig. 9). zirconia–surfactant materials. It is possible to identify the
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Table 2 Specific surface areas (SBET), CBET and total pore volumes for the uncalcined materials (unc) and the calcined materials (cal)

ZrO2 ;0.1;90 ZrO2 ;2;90 ZrO2 ;0.1;24a ZrO2 ;2;24a

material unc cal unc cal unc cal unc cal

SBET/m2 g−1 145 266 217 326 450 40 415 47
CBET 50 55 30 70 50 (1000) 45 (500)
Vp/cm3 g−1 0.23 0.32 0.42 0.56 1.08 0.28 1.09 0.28

aAlso 8 and 12 h; estimated values are given in parentheses.

Fig. 2 BJH pore size distribution plots for the uncalcined materials
Fig. 4 Adsorption isotherms of nitrogen at 77 K for the calcinedcalculated from the desorption branch of the adsorption isotherms
materials

has not changed significantly. In effect, the structure was
stabilised during the controlled drying during the longer
equilibration time probably involving dehydroxylation reac-
tions within and between the layers. Such dehydroxylation
reactions have been shown to proceed below 100 °C.23 The
affinities of nitrogen for the two samples is similar, as is
evidenced by the position of the ‘knees’, the initial slopes and
similar CBET values, Table 2. The specific surface areas are also
much higher than those previously obtained for the precipi-
tation of zirconia in the absence of the surfactant by Gimblett
et al.24 The values also compare favourably with those obtained
for calcined materials obtained from aerogels.24 Further infor-
mation may be gleaned from the isotherms. For example,

Fig. 3 Typical TG–DTA (thermogravimetry and differential thermal
mesoporous compounds have been obtained by the hydrolysisanalysis) curves obtained with each of the zirconia–surfactant materials
of zirconyl chloride in the presence of sodium hydrogencarbon-
ate at pH 7 and out-gassing at 450–660 °C. The isotherms for

removal of water between 50 and 100 °C from the endotherm
these materials are very similar to those considered here.

on the DTA curve. There is a steady removal of water up to
Narrow mesopores were formed by the loss of water at low

250 °C, consistent with a controlled drying mechanism. From
temperatures and wider mesopores were formed above 300 °C

250–500 °C, the degradation of the zirconia–surfactant material
by the decomposition of the carbonate.25 These materials,

takes place in several steps with the main decomposition
therefore, contain narrow and wide mesopores. Capillary con-

corresponding to oxidation of the surfactant being at 350 °C.
densation occurs in both sets of mesopores, but for the wider

The ‘pore’ hydroxyl groups are removed from the structure by
pores occurs at higher relative pressures.26 For the materials

dehydroxylation as shown by the clear endotherm at 320 °C.
under study here, the surfactant controls the dehydration and

These results are consistent with TG–DTA studies on silicas
the scaffolding such that the amount of small pores is greatly

such as Spherosil, which are known to have internal hydroxyl
restricted. The principal part of the mesopores is formed when

groups that are involved in dehydroxylation reactions at
decomposition of the surfactant occurs at 320–370 °C. Pores

similar temperatures.22 An important feature to note is that
are essentially present in the structure but are blocked by the

the structure of the inorganic part is fixed by 320 °C, i.e. prior
surfactant.

to removal of the surfactant and the subsequent calcination at
The shapes of the adsorption isotherms for the samples

450 °C. Thus the overall morphology of the subsequently
equilibrated for only 24 h, however, are quite different before

calcined material is largely governed by that of the inorganic
and after calcination. For the calcined materials, the hysteresis

part in the zirconia–surfactant material prior to calcination.
loops occur at high relative pressures of ca. 0.9, but still may
be attributed to the filling of mesopores because of the flat

Calcined zirconias
plateau between p/p0=0.90 and p/p0=0.99. The loop is sharp
and steeply inclined suggesting a wide range of mesopores.Fig. 4 shows the adsorption isotherms of nitrogen at 77 K for

the calcined materials. In both of the samples heated for 90 h, The surface areas decreased significantly upon calcination
owing, as discussed later, to the formation of tetragonalthe shapes of the two adsorption isotherms are similar to those

previously determined for the inorganic–organic intermediates zirconia. Although the CBET values are difficult to quantify, it
is clear that they are significantly increased suggesting, whenprior to calcination, suggesting that the mechanism involving

the percolation of nitrogen during adsorption and desorption coupled with decreased pore volumes, that a significant amount
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Fig. 5 Pore size distributions according to the BJH method calculated
Fig. 7 Adsorption isotherms of water at 295 K for the uncalcined andfrom the desorption branches for the calcined materials
calcined (ZrO2 ;2;90) material

of crystallisation of the compound occurred during calci-
amount of recrystallisation that is allowed. The equilibrationnation, Table 2.
time at the first stage permits a convenient control over theFig. 5 shows the pore size distributions according to the
ordering of the platelets. At no time was the monoclinic phaseBJH method calculated from the desorption branches for the
observed suggesting that, even though there was some agglo-calcined materials. The samples calcined after 90 h equili-
meration of particles (Fig. 8), the particle sizes were belowbration show clearly defined pores of ca. 5 and 7 nm (50 and
16 mm.1870 Å). The calcined materials obtained after 24 h equilibration

Fig. 7 refers to the adsorption isotherms of water at 295 Kare quite different since there is a small peak at ca. 17 nm that
for the uncalcined and calcined (ZrO2 ;2;90) material. Prior tocan be related to the percolation effect suggesting that there is
calcination, the material shows an isotherm which is clearlyan aggregation of small particles.
not related to a well defined mesoporous material, being
essentially related to the hydrophobic regions of the surfactant.XRD powder diffraction
On the other hand, the isotherm for the calcined material is

The lower two curves in Fig. 6 show the XRD powder rather similar to that for nitrogen and may be classified as a
diffraction patterns for the uncalcined samples. For each sample type IV isotherm typical of mesoporous materials with a wide
there is a broad single peak (2h=2.3, which corresponds to a
distance of 38–40 Å), which could be ascribed to a hexagonal
arrangement as seen in an MCM-41-type material. However,
there could also be a regular arrangement of wormholes within
the particles. Assemblies of mesoporous molecular sieves have
been prepared which contain wormhole structures with uni-
form channel diameters over a range comparable to M41S
materials.27 These structures lack regular channel packing.

Fig. 6 also shows, in the upper two curves, the XRD powder
patterns for the calcined samples. For the samples obtained
after the longer (90 h) equilibration, there is little change in
the pattern from that of the uncalcined materials. However,
those materials obtained after only 24 h equilibration had
XRD powder patterns after calcination which were character-
istic of tetragonal zirconia. This observation is consistent with
the high values of CBET for these materials and the significant
lowering of the surface areas. The degree of lowering of the
surface areas for these materials may be related to the extent
of recrystallisation to form the tetragonal phase, suggesting
that the surface areas may be controlled according to the

Fig. 6 The lower two curves show the XRD powder diffraction

ZrO2;2;90

ZrO2;2;24

Fig. 8 Scanning electron micrographs for the calcined ZrO2;2;90 andpatterns for the uncalcined samples; the upper two curves show the
XRD powder patterns for the calcined samples the ZrO2 ;2;24 material
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Fig. 9 Two transmission electron micrographs of the calcined ZrO2 ;2;90 material

range of pores. There is probably some rehydroxylation factant allow some degree of control of the surface areas not
between the water and the zirconia since the hysteresis curve only of the zirconia–surfactant materials but also the sub-
is not closed. sequent calcined materials. Equilibration for 8, 12 and 24 h

The top micrograph in Fig. 8 shows the scanning electron leads to mesoporous zirconia–surfactant materials of high
micrographs for the calcined ZrO252590 material; it can be surface areas and pore volumes. These contain zirconia par-
seen that there are irregular (loosely bound) aggregates ranging ticles, which are unstable on calcination, so that they recrystal-
from 1–100 mm. On the other hand, the ZrO2 ;2;24 material, lise and aggregate to form tetragonal zirconias of lower surface
for example, has much larger aggregates, typically 300–500 mm. areas. Over longer times of equilibration (90 h), the small
Thus the extent of aggregation of the particles resulting from particles (<100 Å) formed lead to high surface area, tetragonal
the calcination is related to the equilibration times. zirconias on calcination.

Fig. 9 shows two transmission electron micrographs of the
calcined ZrO2 ;2;90 material. Small particles of <100 Å can be

We wish to thank the European Commission under theidentified in the left hand image. Interestingly, in the right
Training and Mobility of Researchers (TMR) Programme forhand image (a magnification of the left hand image), there are
funding this work under grant number ERB FM RX 960084.clearly some crystalline regions which could correspond to the

tetragonal phase observed for the ZrO2 ;2;24 material. Thus
the apparent lack of XRD peaks for this material is related to
the very small particles size and not to an amorphous nature.
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