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Porous zirconium phosphates with surface areas in the range 400±500 m2 g21 have been prepared by aqueous

precipitation in the presence of various surfactants, followed by thermal treatment at 773 K. Preparation

conditions, including surfactant nature and concentration, type of precipitating agent and ¯uoride additives

were found to have signi®cant in¯uence on the textural properties of the resulting solids. X-Ray diffraction

showed that, before calcination, re¯uxed samples have an ordered lamellar structure which disappears upon

oxidation of the surfactant. IR and 31P MAS NMR spectroscopy indicate formation of P±O±P bonds due to

condensation of phosphate groups during the heat treatment.

1 Introduction

Phosphates of main and transition group metals constitute an
important class of inorganic materials widely studied in
different ®elds of chemistry, including ion exchange,1 high
temperature ion conductivity,2 and catalysis.3,4 Phosphate-
based porous materials have received considerable attention.
For example, crystalline lamellar metal(IV) phosphates or
phosphonates are used as the hosts for inorganic or organic
species to form porous materials with pillared layered
structures (PLS).5,6 Another example is crystalline micropor-
ous aluminophosphates (AlPOs) with open framework struc-
tures.7,8

Recently, much effort has been devoted to the surfactant-
assisted synthesis of mesoporous aluminophosphates,9 using a
synthetic approach similar to that used for the preparation of
MCM mesoporous materials.10,11 Syntheses of mesoporous
vanadium phosphorous oxides (VPO) have also been
attempted.12,13 However, if mesostructured inorganic±surfac-
tant composites are easily obtained with different transition
metal compounds, the removal of surfactant without destroy-
ing mesoporosity often presents considerable dif®culty.

Synthesis of zirconium and titanium oxides modi®ed by
phosphate groups, either through post-treatment14,15 or using
surfactants with phosphate headgroups,16±18 can result in high
surface area products. On the other hand, pure zirconium
phosphates themselves are not known as mesoporous materi-
als. Therefore, a method for the preparation of porous
zirconium phosphates with high and stable surface areas
could be of interest. In this paper, we report on a simple
method for the preparation of high surface area porous
zirconium phosphates by means of surfactant-assisted pre-
cipitation, as well as characterization of these solids.

2 Experimental

2.1 Preparation of solids

Zirconyl chloride octahydrate (ZrOCl2?8H2O) was used as a
zirconium precursor salt in all experiments. H3PO4,

NH4H2PO4 and (NH4)2HPO4 were used as precipitating
agents. Cetyltrimethylammonium chloride (CTAC), hexadecyl-
amine (HDA) and sodium dodecyl sulfate (SDS) were chosen
as typical cationic, neutral and anionic surfactants, respec-
tively. All the reagents were high purity grade from Aldrich.

The preparation mode was different according to the
surfactant type, since SDS forms a precipitate if mixed with
a Zr salt solution. Therefore, in the case of cationic or neutral-
type surfactants, a solution of the surfactant was mixed with
the Zr salt, then the phosphorous salt was added, whereas, for
SDS, the order of mixing was changed to avoid precipitation of
Zr organic salt.

100 mL of 0.1 M ZrOCl2 aqueous solution with or without
addition of NH4HF2 (F/Zr molar ratio from 0 to 1) was mixed
with 100 mL of 0.1 M aqueous CTAC (or ethanolic HDA),
then 100 mL of a 0.3 M precipitating agent was added dropwise
under vigorous stirring. For the anionic-type surfactant, SDS
solution was mixed with the precipitating agent solution, then
100 mL of 0.1 M ZrOCl2 was added dropwise. In all three cases
using the different surfactants, the reaction mixtures were
stirred under ambient conditions for 2 h. Then, aging of
precipitates for 24 h at room temperature or re¯uxing for 12 h
was carried out. After ®ltration and washing with water until
the washing solution showed an absence of Cl2 and was of
neutral pH, the precipitates were dried overnight at 383 K. The
surfactants were removed by calcination, ®rst under N2 ¯ow at
773 K for 5 h (heating rate 1.5 K min21), then for an additional
5 h under O2 ¯ow at 773 K. The products are denoted ZrPSX,
where SX~Sz, S0 and S2; SX refers to the particular
surfactant, cationic, neutral or anionic, respectively, which
was employed.

2.2 Characterization

Surface areas and pore size distributions were obtained by
adsorption of N2 at 77 K. Before measurement, all samples
were evacuated at 623 K for 3 h. Calculations were done using
the BET equation or t-curves. Microporosity distribution was
studied using the Horvath±Kawazoe method.20 X-Ray diffrac-
tion (XRD) patterns were recorded on a Siemens D500
diffractometer using Ni-®ltered Cu-Ka radiation. For the
small angle diffraction measurements, a 0.2 mm slit was used.
31P NMR spectra were obtained on a Brucker MSL 300
instrument (ref. aq. H3PO4. MAS spectra (rotation frequency
12 KHz) were recorded with proton decoupling of the 31P
signal. Chemical analyses of phosphorus and zirconium were
carried out using atomic emission methods with a Spectro¯ame
ICPD apparatus. IR spectra were recorded in air with a
Brucker spectrometer by diluting the samples (ca. 1 wt%) in
KBr. High resolution transmission electron microscopy
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(HREM) was done on a JEOL 2010 instrument, using a 200 kV
accelerating voltage.

3 Results and discussion

3.1 Textural properties

The preparation conditions, textural properties and composi-
tions of the samples studied in this work are summarised in
Table 1. Fig. 1 depicts the isotherm shapes of selected solids.
Below we discuss the in¯uence of different parameters on the
properties of the solid products.

3.1.1 In¯uence of surfactant nature. From the data listed in
Table 1, it can be seen that using CTAC and HDA as
surfactants results in high surface porous products, whereas the
effect of SDS is poor. For example, after calcination in air, the
surface areas of the CTAC and HDA-derived samples were,
respectively, 519 (ZrPSz1) and 504 m2 g21 (ZrPS01), as
compared to 108 m2 g21 (ZrPS22) for the SDS-derived
solids. According to the chemical analyses, the amount of
carbon in the non-calcined ZrPS22 sample is less than 1%,
whereas the C contents in the ZrPSz1 and ZrPS01 solids are
30.4 and 24.2%, respectively. Low carbon content indicates
that after washing, almost no surfactant remains in the ZrPS22
sample.

The TGA results are in agreement with the chemical
analyses. Two weight loss peaks were observed upon heating
in air (Fig. 2). The ®rst, in the range 570±590 K, is due to the
decomposition and burning of the surfactant (the sample
becomes black), and the second maximum, at 710±740 K, is
due to burning of carbonaceous organic residuals. The total
weight loss measured at 823 K varied between 50 and 60 wt%.

Though the samples prepared with cationic and neutral
surfactant (ZrPSz1 and ZrPS01) have nearly the same surface
area, their pore structures are quite different, as follows from
their dissimilar nitrogen adsorption±desorption isotherms
[Fig. 1(b) and (d)]. The ZrPSz1 sample shows a type IV-like
isotherm with an H2-type hysteresis loop, suggesting an ink
bottle-type pore structure,21 whereas the ZrPS01 solid shows a
type II isotherm with a hysteresis loop at high relative pressure,
typical for large pores between the particles. ZrPS01 possesses
much higher pore volume and larger mean pore diameter than
ZrPSz1. Note that in Table 1, we give mean sizes for the

Table 1 Preparation conditions, textural properties and P/Zr ratios for the ZrPS solids

Sample
Preparation modea

X-Y-Z-W St/m
2 g21 SBET/m2 g21 Vtot

b/cm3 g21 Vm
c/cm3 g21 Vm/Vtot (%) Dc/nm P/Zr ratiod

ZrPSz1 A-1-H2-0 502 519 0.36 0.23 63 3.3 2.1
ZrPSz2 R-1-H2-0 463 479 0.35 0.25 71 3.1 2.1
ZrPSz3 A-0.5-H2-0 (241)e 232 0.26 0.25 96 5.8 Ð
ZrPSz4 A-1.5-H2-0 400 405 0.29 0.20 69 3.4 Ð
ZrPSz5 A-1-H3-0 325 368 0.23 0.11 47 3.2 2.1
ZrPSz6 A-1-H-0 310 415 0.21 0.03 14 2.8 1.4
ZrPSz7 R-1-H2-0.01 (498)e 487 0.35 0.25 71 3.2 2.1
ZrPSz8 R-1-H2-0.1 (366)e 351 0.30 0.28 93 3.3 2.1
ZrPSz9 R-1-H2-1 199 199 0.23 0.23 100 3.6 2.0
ZrPSz10 R-1-H-0 336 450 0.18 0.02 10 2.2 1.3
ZrPS01 A-0.5-H2-0 (512)e 504 0.85 0.71 83 7.7 1.9
ZrPS02 R-0.5-H2-0 (503)e 495 0.74 0.62 83 7.9 2.1
ZrPS03 A-1-H2-0 (420)e 396 0.50 0.50 100 4.2 Ð
ZrPS04 A-0.5-H3-0 (286)e 272 0.42 0.36 85 8.5 2.0
ZrPS05 A-0.5-H-0 (511)e 504 0.67 0.56 83 6.3 1.2
ZrPS21 A-1-H3-0 Ð 4 Ð Ð Ð Ð 1.9
ZrPS22 A-1-H2-0 (123)e 108 0.10 0.09 90 3.9 2.0
ZrPS23 A-1-H-0 Ð 7 Ð Ð Ð Ð 1.6
aDesignation of preparation mode X-Y-Z-W. X: R~re¯ux for 12 h; A~aging for 24 h. Y is the surfactant to Zr molar ratio. Z is the designa-
tion of the phosphate source: H3~H3PO4; H2~NH4H2PO4; H~(NH4)2HPO4. W is the F2 to Zr molar ratio in the reaction mixture. bTotal
pore volume (Vtot) determined by integration of the absorption curves. cCumulative mesopore volume (Vm) and mean mesopore diameter (D)
calculated using the Robert cylindrical pore model.19 dDetermined from the elemental analyses. eSt put in parentheses when its measured value
was greater than SBET and, thus, overestimated.

Fig. 1 N2 adsorption±desorption loops for the samples ZrPSz6 (a),
ZrPSz1 (b), ZrPSz3 (c), ZrPS01 (d) and ZrPS03 (e).

Fig. 2 TGA traces for the ZrPS01 sample heated in air.
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mesopores, whereas the microporosity is characterised only by
its relative volume. To characterise the microporosity, we
conducted additional experiments with small increases in
pressure and treated the isotherms using the Horvath±
Kawazoe method. The pore size was 1.0±1.1 nm in all cases.

The ZrPSz2 and ZrPS02 samples, prepared under re¯ux,
show slightly lower surface areas compared to non-re¯uxed
ZrPSz1 and ZrPS01. However, they have similar isotherm
shapes (not shown) to those of the ZrPSz1 and ZrPS01
samples, respectively. The low surface area ZrPS22 sample also
shows a type IV-like isotherm, having a similar form to that of
ZrPSz1.

We see, therefore, that the surfactant nature has crucial
importance for the textural properties of the obtained
zirconium phosphate. Cationic (CTAC) and neutral (HDA)
surfactants strongly improve textural parameters, whereas
anionic surfactant (SDS) showed a rather negative in¯uence.

3.1.2 In¯uence of surfactant concentration. CTAC-derived
ZrPSz1 was prepared with a surfactant to Zr molar ratio of 1.
To study the in¯uence of the surfactant concentration on
texture, we also prepared ZrPSz3 and ZrPSz4 samples having
a surfactant to Zr ratio of 0.5 and 1.5, respectively. The data in
Table 1 show that their surface areas are somewhat lower than
that of the ZrPSz1 sample. The isotherm for ZrPSz3 changed
to type II [Fig. 1(c)], while the isotherm for ZrPSz4 remained
type IV-like. A change in the isotherm type was also observed
in HDA-derived samples on increasing the surfactant to Zr
ratio from 0.5 (ZrPS01) to 1 (ZrPS03). The latter has a type IV
isotherm with a H2 hysteresis loop [Fig. 1(e)], as opposed to the
type II isotherm of the former. At the same time, according to
the thermal analysis, the amount of surfactant retained by the
solid increased from 27 to 43 wt%.

3.1.3 In¯uence of precipitating agent. The nature of the
precipitating agent might be very important, since it determines
the mechanism and kinetics of reactions and, as a consequence,
has a decisive impact on the chemical composition and
structure of the precipitate. Three different phosphate sources
have been tried in this work, aqueous phosphoric acid and two
ammonium phosphate salts.

We observed that the nature of the precipitating agent
in¯uenced both the chemical composition of the solid
precipitates and their textural properties. The most basic
precipitating agent, (NH4)2HPO4, yields products with
decreased P/Zr ratios (1.4, 1.2 and 1.6 for the samples
ZrPSz6, ZrPS05 and ZrPS23, respectively), as compared to
ratios close to 2 in all the other cases (except for ZrPSz10).
This observation can be explained by hydrolysis of Zr±O±P
bonds due to the increased pH of the reaction mixture, which is
in the range of 7±8 when using (NH4)2HPO4 (compared to less
than 1 and about 3 for H3PO4 and NH4H2PO4, respectively).

The pore size and volume are also strongly affected by the
nature of the precipitating agent. H3PO4-precipitated ZrPSz5
and ZrPS04 samples have somewhat decreased surface areas
(Table 1). High surface area ZrPS05, obtained with
(NH4)2HPO4 and ethanolic HDA, provides similar isotherm
patterns to the corresponding NH4H2PO4-derived solids.
However, CTAC-templated ZrPSz6 precipitated with
(NH4)2HPO4 and with a high surface area of 415.6 m2 g21 is
quite different from the others, showing a type I isotherm
virtually without hysteresis [Fig. 1(a)], a feature usually seen for
microporous materials. The volume of micropores, deduced
from a t-plot curve, was 0.20 cm3 g21, close to the value of Vtot

(0.21 cm3 g21). At the same time, Vm/Vtot is as low as 14%.

3.1.4 In¯uence of F2 admixtures. Fluoride is known to
strongly affect formation of zirconium phosphates in aqueous
solutions, probably because of strong complexation between
F2 ions and Zr(IV) species. F2 may have a pronounced effect

on improving the crystallinity of lamellar zirconium phos-
phates and zeolites.22 Therefore, we studied the in¯uence of F2

on the properties of re¯uxed samples. As can be seen from the
data in Table 1, (ZrPSz2, ZrPSz7, ZrPSz8 and ZrPSz9
samples), when the F2/Zr ratio increases from 0 to 1, the
surface area decreases from 479.5 to 199.2 m2 g21. As follows
from these data, an admixture of F2 has a negative effect on
the speci®c surface area. Pore size was affected only slightly,
increasing from 3.1 to 3.6 nm. At the same time, mesoporosity
share increases, with Vm/Vtot rising from 71 to 100%. The
isothermal patterns of these samples remain of type IV, similar
to ZrPSz1, indicating that no qualitative change in the pore
structure occurs. We suggest that ¯uoride increases the velocity
of precipitate aging during re¯ux, which is known to produce
an increase in porosity simultaneously with some decrease in
the surface area.23

Summarizing the data presented above, we can state that the
new zirconium phosphate materials we prepared have high and
stable surface areas and develop considerable mesoporosity.
Their texture can be controlled by varying the synthesis
conditions (extent of aging and surfactant nature), as is the case
with mesoporous silica.24,25

In the next sections, physico-chemical characterizations are
described to provide some insight into the structure of these
solids.

3.2 XRD patterns and HREM images

After calcination at 773 K, all the samples were totally
amorphous. The absence of peaks in the low angle range
indicates that there is no ordered arrangement of pores in these
materials. Some ordering could only be found in the non-
calcined specimens. In Fig. 3, XRD patterns of surfactant-
containing uncalcined samples prepared by re¯uxing are
shown. Low angle peaks at interplanar distances of ca. 4.9
and 3.1 nm for ZrPSz10 and ZRPS02 indicate the formation of
the ordered surfactant±zirconium phosphate phases, in which
Zr±P layers are apparently separated by surfactant molecules.
This ordered structure exists only in re¯uxed samples and was
not formed in the precipitates obtained by aging under ambient
conditions. Presumably, the ®rst XRD peak is the (001)
re¯ection of the lamellar ordered structure whereas the small

Fig. 3 XRD patterns of the uncalcined samples: ZrPSz10 (a) and
ZrPS02 (b).
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peak at half distance (2.5 and 1.6 nm) is due to the (002) group
of planes.

Although the low angle XRD lines are too broad and weak
to elucidate the structure of the ordered phases, HREM studies
clearly reveal lamellar ordering. CTAC-derived samples after
re¯ux were homogeneous at the nanometer scale (15 nm
EDAX spot analysis) and showed a mean P/Zr ratio of 1.95,
close to that determined by chemical analysis. Smooth
distorted layers were observed (Fig. 4). The approximate
interlayer distance values (ca. 4.8 and 3.0 nm for ZrPSz10
and ZRPS02, respectively) were close to the distances
calculated from low angle XRD.

HREM con®rms the hypothesis that hydrolysis occurred in
the solids precipitated using dibasic ammonium phosphate.
The ZrPSz10 sample, re¯uxed in basic solution, was strongly
heterogeneous, according to EDAX analysis. Moreover, it
showed the presence of ZrO2 spherical particles of ca. 20 nm
size (Fig. 5). Formation of ZrO2 due to hydrolysis is consistent
with the decreased P/Zr ratio found by chemical analysis
(Table 1). The possibilities of ordering using re¯ux in basic
solutions are therefore limited for Zr phosphates as compared
to MCM silicas.

3.3 Infrared spectroscopy

IR spectra of selected samples were obtained from KBr discs.
Comparison of the IR spectra before and after calcination
shows that absorption bands around 1477 and 2800±3000 cm21

due to C±H stretching disappear after calcination, due to
removal of the surfactants. New bands at ca. 750 cm21 appear,
which can be ascribed to P±O±P vibrations.26 In the P±O
stretching region (1000±1100 cm21), a shift of ca. 55±65 cm21

towards higher wavenumbers occurs after calcination, suggest-
ing that the P±O bonds in the tetrahedra become more
covalent. For the calcined samples, a broad unresolved peak
was seen in the range 3600±3200 cm21, characteristic of OH
groups with considerable hydrogen bonding. Evolution of this
signal from sample to sample was weak and insuf®cient to
enable any conclusions to be drawn.

3.4 31P MAS NMR spectroscopy

The chemical shifts and relative intensities of 31P MAS NMR
peaks are summarised in Table 2 for the samples calcined at
773 K. Four resonances can be distinguished in different
samples. Comparing our data with that in the literature, we can

attribute the observed signals around 25, 212 and 218 to
220 ppm to phosphorus atoms with one, two and three P±O±
Zr bonds, respectively (Table 2). The higher the chemical shift
of the 31P signal, the greater the number of Zr±O±P bonds. The
signals in the range ca. 228±30 ppm indicate formation of P±
O±P bonds. The gradual decrease in the chemical shift
corresponds to progressive deprotonation and subsequent
condensation of phosphate species during calcination.
Segawa and co-workers26,27 have shown by IR and 31P MAS
NMR spectroscopy that phosphate groups in different
zirconium phosphates (ZrP gel, a-ZrP and e-ZrP) condense
gradually to form P±O±P bonds with increasing temperature.
The ZrP gel, after evacuation at 773±1073 K, was regarded as
an XRD amorphous zirconium diphosphate.27 From Table 2,
we can see that such a ZrP gel treated at 773 K shows similar
chemical shifts to high ®eld resonance in our samples. The FT-
IR results discussed above also suggest the presence of some P±
O±P bonds (750 cm21). Therefore, we conclude that the
resonances at 28±30 ppm are due to a certain amount of P±
O±P bonds. It can be further inferred from a comparison of
relative intensities of peaks that the degree of condensation is
decreased due to the presence of surfactants. Indeed, in the case
of the non-templated solids, calcination under the same
conditions led to crystalline ZrP2O7, with the spectrum
showing only high ®eld P±O±P signals. Low ®eld signals at
25 and 212 ppm are probably due to protonated phosphate
groups. They are most intense in the initial non-calcined solids
and disappear progressively upon calcination, together with the
elimination of water. The presence of organic templates retards
this process. We suggest that lower Zr±P layer packing density
and interaction with organic residuals hinders the interactions
of protonated phosphate groups which are necessary to
eliminate water and produce pyrophosphate.

4 Conclusions

In this work we describe the surfactant-assisted preparation of
amorphous zirconium phosphates possessing high surface
areas and considerable pore volume in the mesopore range.
Such solids may be of particular interest as catalytic supports.
For example, zirconium phosphates used as supports for
hydrotreating catalysts recently reported by Ziyad et al.28 have
surface areas of ca. 100 m2 g21. The solids prepared in the
present work provide surface areas several times greaterFig. 4 HREM photo of the uncalcined sample ZrPSz1.

Fig. 5 HREM photo of the uncalcined sample ZrPSz10.
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(typically 400±500 m2 g21 after 773 K calcination). Therefore,
the materials described here present may well be useful for
supporting sul®des. Additionally, they could be used to
support active phases for acid±base or partial oxidation
catalysis. The role of surfactant in the stabilisation of the
high surface area of these materials seems to be to act as
scaffolding and preserve the loose packing of the Zr±P layers,
rather than the ordered honeycomb structure which would
otherwise result.
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