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Abstract

A kind of mesoporous Zr–P–Al materials was synthesized by a three-step method, in which a hexagonal zirconium oxide–sulfate com-
posite was prepared and subsequently treated with a phosphoric acid solution followed by the treatment with AlCl3 solutions. These
materials had ordered cylindrical pores, and their textual data depended on the amount of AlCl3 and calcination temperature. Small
amount of Al incorporation (Al/Zr = 0.49) leaded to a microporous material with a Brunauer–Emmett–Teller (BET) specific surface
area of 314 m2/g and a pore size of 0.6 nm. Increasing the Al/Zr ratio resulted in mesoporous materials with higher BET specific surface
area. The mesoporous Zr–P–Al material exhibited a BET specific surface area of 462 m2/g and a pore size of 2.9 nm after calcination at
773 K. 973 K calcination led to a BET specific surface area of 416 m2/g and a pore size of 2.7 nm. Even after calcination at 1073 K, a
BET specific surface area of 227 m2/g and a pore size of 3.2 nm could still be observed. The pentacoordinated aluminium species seemed
to be indispensable for the synthesis of mesoporous Zr–P–Al materials because of their effective reduction of the lattice contraction.
NMR results showed that a hexacoordinated aluminium layer, a (HO)2P(O–Zr)2 layer and a Zr(OH) layer combined with each other
were formed after AlCl3 treatment. Upon calcination, the layers of Al2O3, (Zr–O)2PO2 and ZrO2 formed the walls of the mesoporous
Zr–P–Al materials. This unique structure was suggested to be responsible for the high thermal stability (up to 1073 K).
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Non-siliceous mesoporous materials have been studied a
great lot over the last decade for their potential applica-
tions as heterogeneous catalysts and sorbents [1]. Mesopor-
ous zirconium oxide seems to be the most attractive
non-siliceous mesoporous materials since crystalline ZrO2

has been used extensively in chemical and petrochemical
processes [2,3]. Much effort has been devoted to the synthe-
sis of mesoporous zirconium oxides [4–13]. However, most
of these mesostructures collapsed after removal of the sur-
factant through calcination, with only few exceptions.
Knowles et al. [9,10] prepared the first thermally stable
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mesoporous zirconium oxide after calcination at 773 K.
Yang et al. [11,12] synthesized another through a block
copolymer route, which was proved to be stable until
723 K. Recently, Suh et al. [13] reported the synthesis of
a mesoporous zirconium oxide by an atrane route and
the material remained stable at 773 K.

Several methods have been employed to improve the
thermal stability of zirconium oxide mesostructures. One
is to use anionic surfactants as the template, such as Na
lauryl sulfate and monododecyl phosphate (P12). Fripiat
et al. [14–16] reported that the calcination temperature of
the resulted mesoporous materials could reach 773 K, but
these materials showed disordered pore systems. Another
method is to add secondary metal source directly to the
gel system. For example, binary Ti–Zr [17], Y–Zr [18,19],
Ce–Zr [19] and Sn–Zr [20] mesoporous materials were
reported to be stable also to 773 K. Besides these two
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methods, treating the uncalcined zirconium oxide in
Na2CrO4 [21], NH3 Æ H2O [22], H2SO4 [23] or H3PO4 solu-
tions [24–32] was effective to improve the thermal stability.
With post-synthetic treatment with H3PO4 solution, the
obtained Zr–P materials retained ordered up to 773–
873 K [27–32]. However, even with these improvements,
the strong lattice contractions of 31% [27] or 27% [30] upon
773 K calcination transferred the Zr–P to microporous
materials, which restricted their applications in reactions
where mesopores are needed. Synthesis of zirconium
oxide-based materials with well-ordered mesopores and
thermal stability higher than 773 K is still difficult and mer-
its further effort. The work in the field of mesoporous
metal–Zr–Y materials provided a possible way for synthe-
sizing thermally stable trinary materials [33,34]. This also
predicts a possible way to reduce the lattice contraction
and preserve the mesopores of Zr–P by adding a third ele-
ment after calcination. Taking into account of the well-
known interaction between P and Al, element Al is the
appropriate candidate. The thermal stability enhancement
for Zr–S materials by the Al incorporation had already
been proved [35], but adding Al source directly to the zir-
conium containing gel system resulted in only disordered
pore systems.

In this study, we try to synthesize a kind of ordered mes-
oporous Zr–P–Al materials with enhanced thermal stability
by a three-step method, in which a hexagonal zirconium
oxide–sulfate composite is prepared and subsequently trea-
ted with a phosphoric acid solution followed by the treat-
ment with AlCl3 solutions. The textual properties of these
materials are characterized and the thermal stability is
investigated in detail. A possible scheme for the formation
of these structures is also presented.

2. Experimental

2.1. Synthesis

A mixture of hexadecyltrimethylammonium bromide
(CTAB) and Zr(SO4)2 Æ 4H2O was dispersed in deionized
water with a molar composition of Zr(SO4)2:CTAB:H2O =
1:0.27:240. After being stirred at 353 K for 2 h, the resulting
suspension was crystallized at 373 K for 48 h. The precipi-
tate was centrifuged, washed with deionized water and dried
at 373 K. The resulting sample was designated as MZ. Sub-
sequently, 10 g of MZ was stirred in 200 ml of 0.25 M phos-
phoric acid solution for 2 h at room temperature. The
sample was recovered after being centrifuged and dried,
and was designated as MZP. One gram of MZP was stirred
in 100 ml of 0.1 M ethylamine solution at ambient tempera-
ture for 24 h, then different volume of 0.2 M AlCl3 Æ 6H2O
solutions were added to the suspension, and finally, 0.2 M
NaOH was slowly dropped in until pH = 4.2. These
mixtures were refluxed at 368 K for 24 h, then the solids
were separated, washed and dried to form the Zr–P–Al
materials, which were denoted as MZPAlx (x = 0.7–14),
where x is the mass ratio of AlCl3 Æ 6H2O to MZP.
Calcinations were carried out in air at given tempera-
tures for 6 h. In order to distinguish the samples calcined
or not, we used the compound expression ‘‘as-synthesized’’
to refer to the samples containing CTAB and without cal-
cinations, as has been used extensively in the field of mate-
rial synthesis.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were recorded
on a D/Max-b X-ray diffractometer with CuKa radiation.
Chemical compositions were obtained by X-ray fluores-
cence (XRF) method on a Philips Magix X spectrometer.
Fourier transform infrared spectroscopy (FTIR) studies
were performed on a Bruker EQUINOX 55 spectrometer
by KBr pellet method. Transmission electron microscopy
(TEM) studies were carried out with a JEOL JEM-
2000Ex electron microscope. The textural data were
obtained by nitrogen adsorption measurement using a
Micromeritics 2010 BET analyzer. Prior to the measure-
ments, the samples were outgassed at 623 K for at least
4 h. Solid-state 31P MAS NMR spectra were obtained on
a Varian InfinityPlus 400 spectrometer equipped with a
5 mm zirconia rotor (6 kHz spin rate) operating at
161.97 MHz and 8.0 s of pulse delay with a spectral width
of 50.0 kHz. Solid-state 27Al MAS NMR spectra were
obtained on a Varian InfinityPlus 300 spectrometer
equipped with a 4 mm zirconia rotor (12 kHz spin rate)
operating at 78.12 MHz and 8.0 s of pulse delay with
a spectral width of 50.0 kHz. The chemical shifts of 31P
and 27Al (in ppm) were externally referenced to
85% H3PO4 and [Al(H2O)6]3+ aqueous solutions, respec-
tively.

3. Results and discussion

As shown in Fig. 1, all the XRD patterns of the as-syn-
thesized samples exhibit diffraction peaks in low angle
region, indicating the mesostructural property. MZ shows
three characteristic diffraction peaks corresponding to d

spacings of 4.19, 2.40 and 2.09 nm (Fig. 1A), which are
similar to those reported previously and are indexed as
(10 0), (110) and (20 0) of a hexagonal mesostructure with
a lattice constant a0 of 4.84 nm (a0 ¼ 2dð1 0 0Þ=

ffiffiffi

3
p

) [27].
After the phosphoric acid treatment, the hexagonal struc-
ture retains completely and the pore array becomes even
more ordered (Fig. 1B). A slight increase in the intensity
of the (100) diffraction is also observed. The a0 of MZP
is almost the same as that of MZ (Table 1), which is differ-
ent from the report of Ciesla et al. [27], who obtained an
enlarged a0 with H3PO4 treatment. After treating MZP
with AlCl3, the intensities of (100) peaks change little from
MZPAl0.7 to MZPAl7 (Fig. 1C–E) but that of MZPAl14 is
enhanced greatly (Fig. 1F). Compared to that of MZP, the
a0 of MZPAl0.7 reduces a little as indicated by the (100)
diffraction shifting to higher angles, while the a0 of
MZPAlx increases with the increase of x value.
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Fig. 1. XRD patterns of as-synthesized (A) MZ, (B) MZP, (C) MZPAl0.7,
(D) MZPAl1.8, (E) MZPAl7 and (F) MZPAl14.

Table 1
Molar ratios of MZPAlx calculated from XRF results and structure
parameters from XRD patterns

Sample S/Zr ratio P/Zr ratio Al/Zr ratio d(100) (nm) a0 (nm)

MZ 0.92 –a –a 4.19 4.84
MZP 0.29 0.53 –a 4.14 4.78
MZPAl0.7 0.20 0.66 0.49 4.01 4.63
MZPAl1.8 0.22 0.86 1.57 4.16 4.80
MZPAl7 0.34 1.06 2.57 4.46 5.15
MZPAl14 0.35 1.49 3.16 4.57 5.28

a No P or Al could be detected.
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Fig. 2. IR spectra of as-synthesized (A) MZP, (B) ethylamine treated
MZP, (C) MZPAl0.7, (D) MZPAl1.8 and (E) MZPAl14.
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Table 1 shows that for MZ sample only S and Zr can be
detected and the ratio of S/Zr is 0.92. Once MZ is treated
by H3PO4, the S/Zr ratio decreases to 0.29 and P/Zr ratio
increases to 0.53 for MZP, indicating that sulfate species
have been replaced partly by phosphate species for their
difference in complexing ability (a = 50% for Zr–P and
a = 32% for Zr–S) [36]. The existence of part of sulfate spe-
cies in MZP shows that there is equilibrium between the
Zr–S and Zr–P, so a fraction of zirconium is not available
to react with H3PO4. For Zr–P synthesis, Zr(SO4)2 and
ZrOCl2 were both used as the precursors at the beginning
of our study. ZrOCl2 was not as successful a precursor as
Zr(SO4)2, and only amorphous products were obtained
from it. In literatures, some mesoporous ZrO2 have been
synthesized from sulphate-free zirconium precursors, such
as ZrCl4 [11,12], Zr(n-OPr)4 [23,37] or Zr(i-OPr) [7], but
no Zr–P materials were reported except those using P12

as surfactant, and the Zr–P materials obtained by this
way were disordered [15,16]. It is still difficult or even
impossible to synthesize ordered Zr–P materials from sul-
phate-free zirconium precursors up to now. As listed in
Table 1, the P/Zr ratio of MZP is far below 2, indicating
that part of Zr(OH) may still exist in the sample [30]. After
treatments with AlCl3, the S/Zr, P/Zr and Al/Zr ratios all
increase from MZPAl0.7 to MZPAl14. The increase of Al/
Zr ratio is caused by the Al incorporation, while the
increasing S/Zr and P/Zr ratio demonstrate that some Zr
atoms were lost during the AlCl3 treatment since no S
and P sources were added at this step. Since the S/Zr ratio
changes slightly while phosphate groups do not affect a0

obviously as mentioned above, the evident a0 enlargement
of MZPAlx should be related to more Al incorporation.

FTIR spectra of the as-synthesized samples are given in
Fig. 2. For MZP sample (Fig. 2A), the broad bands at
about 3500 and 1640 cm�1 stem from the absorbed water
on the surface while the bands centered at 1000–
1100 cm�1 should be attributed to the stretching vibration
of phosphate groups [26,29]. The bands at 3000–2800 and
1477 cm�1 that originated from the stretching and defor-
mation vibrations of C–H of surfactant CTAB are also
observed. Fig. 2B shows that no obvious changes occur
after the ethylamine treatment, implying the still existence
of CTAB. When Al is incorporated into MZP (Fig. 2C–
E), the bands at 3000–2800 cm�1 disappear and the bands
at 1477 cm�1 weaken greatly for all MZPAlx samples, indi-
cating that majority of the surfactant has been removed
after the post-synthetic treatment with AlCl3. We speculate
that the Al3+ ions gather between the CTAB micelle and



Fig. 3. TEM images of as-synthesized (A) MZP, (B) MZPAl0.7, (C)
MZPAl1.8 and (D) MZPAl14.
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the P species of MZP. The Al3+ will repel the CTA+ ions
because they are much positively charged and have high
tendency to react with P species. Thus most of CTAB is
removed in this step. Usually, the removal of the surfactant
will reduce the a0 of mesostructures, as in the case of
MCM-41 [38]. But no a0 reduction occurs except MZPAl0.7

when compared to MZP (Table 1). In our study, ethyla-
mine solution was used before the AlCl3 treatment, which
is effective for a0 enlargement [39]. In fact the ethylamine
treated MZP showed an enlarged a0 of 5.37 nm. In the sub-
sequent removal of CTAB by the AlCl3 treatment, some
contraction of the enlarged a0 can be observed when less
Al was incorporated (x = 0.7, 1.8) while the contraction
becomes neglectable for MZPAlx with more Al incorpora-
tion (x = 7, 14). The AlCl3 treatment reduces the contrac-
tion, which accounts for the a0 enlargement of MZPAlx.

Fig. 3 shows typical TEM images of as-synthesized sam-
ples. All the samples exhibit arrays of parallel lines, indicat-
ing the formation of ordered structures. These parallel lines
can be attributed to lamellar structures or cylindrical pores
of hexagonal structures. The latter can be confirmed
because the ordered structures remain even after calcina-
tion at 773 K, as discussed below, while lamellar structures
usually collapse at 623 K [40]. The a0s measured from
TEM are 4.5, 4.2, 4.3 and 4.7 nm for MZP (Fig. 3A),
MZPAl0.7 (Fig. 3B), MZPAl1.8 (Fig. 3C) and MZPAl14

(Fig. 3D), respectively. These results are in agreement with
those detected from XRD.

The samples were calcined at 773 K to remove the sur-
factant completely. All samples remained the (100) reflec-
tions, implying the presence of ordered structures. The
a0s of the calcined samples are listed in Table 2. Compared
with those in Table 1, all the a0s are reduced indicating that
some lattice contractions occur after calcination. The con-
traction of MZP is 23%, while the contraction of
MZPAl0.7–14 is 15%, 4%, 9% and 8%, respectively, which
means that the AlCl3 treatment reduces the lattice contrac-
tions and mesopores may form in this way.

Fig. 4 depicts the effect of AlCl3 Æ 6H2O/MZP ratios (x
values) on the textural properties of 773 K calcined samples.
Obviously, the mesostructure of MZP collapses after calci-
Table 2
Textural data for calcined MZP and MZPAlx

Sample Calcination
temperature (K)

BET specific
surface area (m2/g)

Pore vol
(cm3/g)

MZP 773 8 –a

MZPAl0.7 773 314 0.09
MZPAl1.8 773 393 0.21
MZPAl7 773 453 0.34
MZPAl14 773 462 0.36
MZPAl14 873 412 0.34
MZPAl14 973 416 0.31
MZPAl14 1073 227 0.16
MZPAl14 1173 10 –a

a No mesoporosity could be detected.
b Tetragonal phase.
* Wall thickness = a0 � pore size.
nation (Fig. 4A), as confirmed by the extremely low BET
specific surface area of 8 m2/g in Table 2. After the AlCl3
treatment, MZPAl0.7 shows an isotherm similar to type I

(Fig. 4B), indicating a microporous structure. The BET spe-
cific surface area increases sharply to 314 m2/g and the pore
size distribution is centred at 0.6 nm. This proves that even
small amount of Al incorporation (Al/Zr = 0.49, Table 1)
can enhance the thermal stability of Zr–P. Increasing the
x value to 1.8 results in a type IV isotherm (Fig. 4C), with
a strong uptake of N2 in a relative pressure (p/p0) range
of 0.2–0.4 due to capillary condensation predicting the
formation of mesoporous structure. The adsorption at lower
ume Pore
size (nm)

d(100)

(nm)
a0

(nm)
Wall
thickness* (nm)

–a 3.17 3.66 –a

0.6 3.41 3.94 3.34
2.8 3.98 4.60 1.80
2.9 4.04 4.67 1.77
2.9 4.24 4.90 2.00
3.0 4.07 4.70 1.70
2.7 3.92 4.53 1.83
3.2 3.68 4.25 1.05
–a Tb Tb –a



0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

E

D

B

C

A
ds

or
be

d 
vo

lu
m

e 
(c

m
3 /

g)

A

Relative pressure (p/p0)

Fig. 5. N2 adsorption isotherms of MZPAl14 after calcination at (A)
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Fig. 4. N2 adsorption isotherms of samples calcined at 773 K: (A) MZP,
(B) MZPAl0.7, (C) MZPAl1.8, (D) MZPAl7 and (E) MZPAl14. Inset is the
pore size distribution of (E).
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p/p0 (�60 cm3/g) is most probably due to the monolayer
coverage of the walls and not from the micropores [41].
The sample exhibits a BET specific surface area of 393 m2/
g, a pore volume of 0.21 cm3/g and a pore size of 2.8 nm.
Further increasing to x = 7 also results in a type IV isotherm
from a mesoporous structure (Fig. 4D), but with even higher
BET specific surface area, pore volume and appreciably big-
ger pore size. MZPAl14 exhibits a BET specific surface area
of 462 m2/g and a pore volume of 0.36 cm3/g (Fig. 4E and
Table 2), which are higher than most of the Zr–P materials
[13,27–31]. The uniform pore size distribution of this sample
is centred at 2.9 nm (Fig. 4 Inset). The textural data verify
that AlCl3 treatment contributes to the porosity and
enhances the thermal stability of the Zr–P material. The
pore size of these resulting Zr–P–Al materials can be chan-
ged from microporous (x = 0.7) to mesoporous (x = 1.8–
14) by adjusting the amount of incorporated Al. As for
the mesoporous ones, the almost unchanged pore size may
be related to the increasing a0 and the increasing wall
thickness.

Calcination in temperature range of 773–1173 K was
performed over MZPAl14 to text its thermal stability at
higher temperatures, and N2 adsorption isotherms of these
calcined samples are given in Fig. 5. Similar type IV

isotherms can be observed for samples calcined at 773–
1073 K, but their BET specific surface area and pore vol-
ume decrease gradually with temperature increases (Table
2). The losses of the mesoporous structure are neglectable
below 973 K but are accelerated from then on. 973 K calci-
nation led to a BET specific surface area of 416 m2/g and a
pore size of 2.7 nm, while a BET specific surface area of
227 m2/g and a pore size distribution of 3.2 nm are
obtained after calcination at 1073 K. The pore size of these
materials increases with the increasing temperature from
773 K to 1073 K. This may be related to the lowered wall
thickness. As shown in Table 2, the wall thickness of cal-
cined MZPAl14 decreases from 2.00 to 1.05 nm, meanwhile,
the pore size increases from 2.9 to 3.2 nm. Increasing the
calcination temperature to 1173 K, however, leads to an
extremely low BET specific surface area. XRD patterns
showed that the mesostructure had collapsed and a tetrag-
onal phase was obtained.

27Al and 31P MAS NMR spectra of some samples are
shown in Fig. 6. In all the 27Al MAS NMR spectra, no res-
onances at range of 38–45 ppm can be found, so the exis-
tence of tetrahedral aluminium as that in microporous
AlPO4 can be excluded [42]. The Al species might just react
with surface P species of Zr–P and did not enter the Zr–P
pore walls. MZPAl0.7 displays one resonance at about
�2.0 ppm (Fig. 6a(A)), which can be assigned to hexacoor-
dinated aluminium [14,43]. For the sample of MZPAl1.8,
besides the resonance of hexacoordinated aluminium, a
new resonance at about 31 ppm appears in the spectrum
(Fig. 6a(B)), which can be attributed to the pentacoordi-
nated aluminium [43,44]. MZPAl14 also shows these two
resonances, but their intensities are increased (Fig. 6a(C)).
In a previous study where layered a-zirconium phosphate
was pillared by alumina [45], similar penta- and hexacoordi-
nated aluminium species were also reported. It was further
suggested that the linkage between the phosphate layers and
Al ions was established through the pentacoordinated Al,
whereas the hexacoordinated Al formed the pillars between
the layers [45,46]. In our study, the pores of MZPAlxs have
been proved to be cylindrical by TEM, so we propose that
the hexacoordinated aluminium form a layer along the
cylindrical pores, which is bonded to the P species through
the pentacoordinated aluminium (x > 0.7). The absence of
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the pentacoordinated aluminium species in MZPAl0.7

brings about no effective linkage between the hexacoordi-
nated aluminium and the P species. It may be the reason
why this sample shows the largest lattice contraction in
MZPAlxs and turned to microporous after calcination. So
in the present study the formation of pentacoordinated alu-
minium species seems to be indispensable for the synthesis
of mesoporous Zr–P–Al materials. Fig. 6a also shows that
most of the Al incorporated is hexacoordinated, and its
amount increases with the increasing AlCl3 Æ 6H2O/MZP
ratio. This may thicken the hexacoordinated aluminium
layers and thus increase the wall thickness, which is con-
firmed by the data in Table 2, where the wall thickness
increases from 1.8 to 2.0 nm for MZPAl1.8–14. After calci-
nation, the increase in the amount of pentacoordinated
aluminium species of MZPAl14 shows that Al reacts pro-
gressively with MZP during calcination (Fig. 6a(D)).

The 31P MAS NMR spectrum of MZP shows four reso-
nances centred at �2.3, �9.6, �16.9 and �23.3 ppm, which
can be attributed to (HO)3PO–Zr, (HO)2P(O–Zr)2,
HOP(O–Zr)3 and P(O–Zr)4 according to literature [24],
respectively. However, only one resonance appears at
�10.9 to �12.9 ppm for each MZPAlx (Fig. 6b(A–C)),
which can be assigned to (HO)2P(O–Zr)2. Compared to that
of MZP, the chemical shifts of (HO)2P(O–Zr)2 for MZPAlxs
appear at relatively higher field, which may be caused by the
interaction between the phosphate groups and the Al species
[46]. No resonances at range of �19 to �30 ppm can be
detected for MZPAlxs, indicating that the P chemical envi-
ronments of our samples are different from those of the
microporous AlPO4-type materials [47]. It can be inferred
that a (HO)2P(O–Zr)2 layer forms and the layer is bonded
to a Zr(OH) layer [30]. Taking into account of the results
from 27Al MAS NMR, it is clear that the (HO)2P(O–Zr)2

layer is also bonded to the hexacoordinated aluminium layer
through the pentacoordinated Al (x > 0.7). After calcina-
tion at 773 K, the 31P spectrum of MZPAl14 (Fig. 6b(D))
shifts slightly to higher field compared with that of the
as-synthesized one. This stems from the different P
species before and after calcination. With calcination, the
(HO)2P(O–Zr)2 layer is turned to a (Zr–O)2PO2 layer.

A scheme was proposed by Liu et al. [30] for the forma-
tion of microporous Zr–P materials, in which a hexagonal
ZrS–surf composite was first prepared; and then a layer
made up of (Zr–O)PO3 and (Zr–O)2PO2 was formed during
the subsequent H3PO4 treatment; finally, a layer of (Zr–
O)3PO and P–O–P was resulted to compose the inorganic
wall of Zr–P upon calcination. In the present study, we also
started from a hexagonal ZrS–surf composite, but the P spe-
cies in MZP were somewhat different from those of Liu
et al., and a third step composed of ethylamine and AlCl3
treatments was added during the post-synthetic treatment.
The synthesis of porous Zr–P–Al materials is illustrated
in Scheme 1. In the first step, hexagonal MZ (ZrS–surf)



Scheme 1. Synthesis of porous Zr–P–Al materials.
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composite was also produced by surfactant-assisted
method. In the second step, sulfate species were replaced
partly by phosphate species with H3PO4 treatment and
MZP formed. Meanwhile, the a0 kept almost unchanged.
In the third step, MZP was swelled by the ethylamine treat-
ment, then the subsequent AlCl3 treatment removed most of
the surfactant, and the a0 of MZPAlx increased with the
more Al incorporation. At the same time, a layer of hexaco-
ordinated aluminium species was formed, which was linked
to (HO)2P(O–Zr)2 through pentacoordinated aluminium
species (x > 0.7). After calcination, the sample with the least
Al incorporation (x = 0.7) became microporous while the
samples with more Al kept the mesoporous structures.
Simultaneously, the hexacoordinated aluminium species
were transformed to a Al2O3 layer, the (HO)2P(O–Zr)2 to
a (Zr–O)2PO2 layer and the Zr(OH) to a ZrO2 layer. Thus
a complex with layered structures in nanoscale dimension
was formed. The pore walls of the Zr–P–Al materials con-
tained layers of Al2O3, (Zr–O)2PO2 and ZrO2, which were
combined with each other. The entire Zr–P–Al material
was composed of this kind of three-layered structure units.

4. Conclusions

Mesoporous Zr–P–Al materials with thermal stability
up to 1073 K and ordered pore systems were synthesized
by a three-step method. A high BET specific surface area
of 462 m2/g and a uniform pore size of 2.9 nm were
obtained after calcination at 773 K. Even after calcination
at as high as 1073 K, the material still retained mesoporous
structure and showed a BET specific surface area of
227 m2/g and a pore size of 3.2 nm. The amount of Al
incorporation affected the textual properties, such as the
pore size and BET specific surface area. The formation of
a aluminium layer reduced the pore contraction after
removal of surfactant, thus the mesopores could be pre-
served after calcination. The study of NMR indicated that
Al species with only hexacoordination state was not
enough to keep the material in mesoporous range. Pentaco-
ordinated aluminium species, which were thought to be the
effective linkage between the P–Zr and the Al layers, were
necessary for the synthesis of thermally stable mesoporous
Zr–P–Al materials.
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Sci. Catal. 146 (2003) 221.
[27] U. Ciesla, S. Schacht, G.D. Stucky, K.K. Unger, F. Schüth, Angew.
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