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Organic-inorganic hybrid materials of meso-/macroporous ti-
tanium triphosphonate materials were synthesized by using
amino tri(methylene phosphonic acid) as the coupling mole-
cule. The preparation was accomplished by a hydrothermal
process in the presence or absence of small amounts of the
diblock copolymer EO30PO34 and β-cyclodextrin as the or-
ganic additives. The organic-additive-assisted preparation
efficiently aided the enlargement of the surface areas and
pore volumes of the resultant porous titanium triphosphon-
ates and helped improve the wormhole-like mesoporosity. In
addition to the large macrochannels, with a size of 500–

Introduction
Porous metal phosphonate materials have recently at-

tracted increasing research interest because of their poten-
tial applications as sorbents, ion exchangers, ionic conduc-
tors, and catalysts.[1–3] The great variety of organophospho-
rus acids and their derivatives (salts, esters) also allows the
rational design and control of the porous architecture of
the resultant metal phosphonates as well as of the physico-
chemical properties in the area of optical behavior, catalysis,
adsorption ability, etc.[4–6] A large number of metal phos-
phonate compounds have been synthesized by different
methods and strategies,[7–11] in which the organic compo-
nent can be varied and their microporous structures may be
constructed by the stacking of the metal–organic phos-
phonate layers. The use of multidentate building blocks,
such as amino-bridged tetraphosphonate groups,[1] has re-
cently been found to render the formation of novel zirco-
nium polyphosphonate open-framework compounds with a
modular structure, and the dimensions of the cavities/chan-
nels inside the structures may be tailored by the right choice
of the interlinking organic groups. By using terminal RPO3

substituting groups, mesoporous metal phosphate/phos-
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1000 nm, observed in all the titanium phosphonates synthe-
sized with or without organic additives, a secondary small-
scaled, spherical macroporous structure with a diameter of
50–100 nm was obtained by the addition of cyclodextrin.
These macroporous structures are proposed to be templated
by the aggregation of cyclodextrin. The structural characteri-
zation confirms the integrity of organic groups inside the
framework. Large adsorption capacities for heavy metal ions
and CO2 are demonstrated in these hybrid materials, which
makes them promising adsorbents for practical applications.

phonate materials were synthesized,[12,13] but the incorpora-
tion of phosphonate into the final materials is limited and
mostly restricted to the pore surface. Organically bridged
diphosphonic acids [(HO)2OP-R-PO(OH)2] with limited
types of alkylene-bridging groups were then used to prepare
mesoporous aluminum diphosphonates,[14–18] but their pos-
sible applications have not yet been reported. Periodic
mesoporous[19] and macroporous[20] hydroxyethylidene-
bridged titanium diphosphonate materials were recently
synthesized for practical applications.

Many efforts have been made towards the incorporation
of macropores in mesoporous materials by various
means,[21] and it has been demonstrated that hierarchically
nanoporous materials with channel-like macrostructures
could be formed by a spontaneous assembly process in the
absence/presence of surfactant molecules.[22,23] It was found
that the addition of some organic additives influenced the
textural properties and porosity of the resultant solids.[24]

Materials with hierarchically meso-/macropores have en-
hanced properties relative to those of single-sized porous
materials because of increased mass transport and reduced
diffusion resistance through the material and the mainte-
nance of a specific surface area on the level of fine pore
systems.[21] For example, superior photocatalytic activity
has been observed in hierarchically meso-/macroporous ti-
tanias because of the light-harvesting macroporous chan-
nels,[25] and metal phosphonates[26,27] and oxide–phos-
phonate hybrids[28,29] with porous hierarchy have exhibited
enhanced catalytic activity and adsorption capacity. In this
work, we describe a simple strategy for the preparation of
titanium phosphonate materials with a hierarchically
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meso-/macroporous structure, constructed with an amino-
bridged alkylenephosphonic acid as the coupling molecule.
The preparation process was carried out in the absence and
presence of the organic additive diblock copolymer
EO30PO34 and β-cyclodextrin. Because of the different or-
ganic additives used, the hierarchically porous structure and
the adsorption abilities for heavy metal ions and CO2 were
distinct, which demonstrate the possibility of a purposive
adjustment at the molecule level.

Results

Material Synthesis and Characterization

The synthesis of hierarchically meso-/macroporous
amino-bridged titanium triphosphonate materials was per-
formed by hydrolysis of tetrabutyl titanate in the phos-
phonic acid solution [amino tri(methylene phosphonic
acid), ATMP; pH � 1] in the presence or absence of the
block copolymer EO30PO34 and β-cyclodextrin as the or-
ganic additives, followed by autoclaving at 80 °C for 24 h.
Removal of EO30PO34 and β-cyclodextrin was ac-
complished by extraction with ethanol solution at a rela-
tively low temperature for the protection of the organo-
phosphonate framework.

Figure 1 shows the representative SEM images of the ob-
tained samples, which reveals macroporous structures in all
the samples synthesized with and without organic additive
assistance (sample prepared in the presence of EO30PO34

only: A-poly; prepared in the presence of β-CD only: A-
CD; prepared in the absence of organic additives: A-non).
The macropores have a channel-like shape with a uniform
distribution and diameters in the range 500–1000 nm. They
mostly have a one-dimensional orientation, parallel to each
other, and are perforative through almost the entire particle.
The macroporous framework is composed by the assembly
of these small particles. This framework is quite similar to
those of previously reported surfactant-assisted meso-/mac-
rostructured metal oxide materials.[30,31] Moreover, careful
examination of these SEM micrographs reveals that the
pore wall of the large macropores in A-CD are separated by
smaller spherical pores with the size of 50–100 nm, which
thereby forms a two-scaled macroporous structure (Fig-
ure 1e). It is reminiscent of the hierarchically meso-/macro-
porous titanium phosphates synthesized in the presence of
the polyethylene oxide surfactant Brij 56,[32] which indicates
that the surfactant molecules are not necessary for the for-
mation of the macrochannels, but the addition of a small
amount of β-cyclodextrin could lead to the presence of sec-
ondary small-scaled macropores. The TEM images present
a particulate morphology between the macrochannels of the
samples (Figure 2).

An ill-defined mesostructure could be seen in the sample
A-non (Figure 2a), which is composed of interconnected ti-
tanium phosphonate particles that were the hydrolysis
product of tetrabutyl titanate in the phosphonic acid solu-
tion. Because of the addition of diblock copolymer
EO30PO34, the sample (A-poly) exhibits well-structured
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Figure 1. SEM images of (a) A-non, (b, c) A-poly and (d, e) A-CD.

Figure 2. TEM images of (a) A-non, (b) A-poly and (c, d) A-CD.

wormhole-like mesopores (Figure 2b), which are aggregated
by much smaller nanoparticles than those of A-non. While
in the sample A-CD, synthesized in the presence of β-cyclo-
dextrin, spherical pores with diameters of 50–100 nm are
observed (Figure 2c), which correspond to the secondary
macropores in the SEM images, and the walls between them
are of wormhole-like mesostructure (Figure 2d). The nearly
spherical cyclodextrin aggregates with diameters of about
100 nm are reported to present at lower concentrations,[33]

which act as inverse templates to the spherical pores herein.
The observed wormhole-like mesoporous structures be-
tween the spherical pores are very similar to the mesopo-
rous silica materials templated by cyclodextrins.[34]

The nitrogen sorption isotherms and the corresponding
pore size distributions calculated by BJH and NLDFT
methods of A-non, A-poly, and A-CD are shown in Fig-
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ure 3; their textural properties are listed in Table 1. The iso-
therm of A-non is of type II with no adsorption–desorption
hysteresis, and the amount adsorbed increases gradually as
the relative pressure increases, which was reported for the
adsorption on some macroporous solids,[35] consistent with
the SEM observations. The isotherms of A-poly and A-CD
are of type IV rather than of type II, characteristic of meso-
porous materials.[35] The hysteresis loops do not level off at
the relative pressures close to the saturation vapor pressure,
which is indicative of type H3 hysteresis; this suggests that
the materials comprise aggregates (loose assemblages) of
particles forming slitlike pores.[35] The corresponding BJH
pore size distribution curve of A-non shows a wide peak
around 1.8 nm (Figure 3b), which indicates that the pore
diameter of the mesopores produced without organic addi-
tives is nonuniform. For A-CD and A-poly, one single peak
with a maximum at 1.6 nm is observed, which is indicative
of the wormhole-like mesoporosity observed in the TEM
images of the “organic-additive-assisted” samples; this is a
result of the organized aggregation of the titanium phos-
phonate nanoparticles that are arranged in a fairly uniform
way and partially due to both intraparticle and interparticle
porosity.[25] Because the BJH method somewhat underesti-
mates the pore size of small mesopores,[27] the NLDFT
method was also applied to calculate the pore width of the
synthesized materials (Figure 3c).

Figure 3. (a) N2 adsorption–desorption isotherms and the corre-
sponding pore size distribution curves of the synthesized samples
calculated by the (b) BJH and (c) DFT methods. The volume ad-
sorbed was shifted by 10, 5 and 0, the dV/dD value was shifted by
0.08, 0.04, and 0, and the pore volume was shifted by 0.008, 0.004,
and 0 for the curves of A-CD, A-poly, and A-non, respectively.

The pore width distribution of A-non by NLDFT
method is poor because of the ill-defined mesophase (Fig-
ure 2a) that occurs without the assistance of the organic

Table 1. Summary of the physicochemical properties and adsorption capacities of the synthesized samples.

Sample SBET (m2/g)[a] DBJH–ads (nm)[b] DNLDFT (nm)[c] Dave (nm)[d] Vpore (cm3/g)[e] CO2 capture (mmol/g)[f] Kd (mL/g)
Pb2+ Cu2+ Cd2+

A-non 132 1.8 5.6 3.5 0.13 0.45 689–977 1397–3516 5058–9929
A-poly 241 1.6 5.0 2.6 0.16 0.56 914–1096 1730–4201 5850–11420
A-CD 323 1.6 4.9 2.5 0.22 0.60 1198–1259 2034–4531 6394–13328

[a] BET surface area calculated from the linear part of the BET plot. [b] Estimated by using the adsorption branch of the isotherms by
the BJH method. [c] Pore diameters calculated by the NLDFT method. [d] Average pore size (4V/A). [e] Single point total pore volume
of pores at P/P0 = 0.98. [f] TGA records of CO2 adsorption capacity after 60 min of flow purge at 40 °C.
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additive; one peak at 4.9 and 5.0 nm for A-CD and A-poly
is obtained, respectively, which is larger than the BJH pore
size of about 3–4 nm. It is shown in Table 1 that the surface
areas and pore volumes of the samples synthesized with
organic additives (241–323 m2/g, 0.16–0.22 cm3/g) are both
larger than those of A-non (132 m2/g, 0.13 cm3/g), which
indicates that the autoclaving synthesis with the assistance
of the diblock copolymer and β-cyclodextrin could ef-
ficiently enlarge the surface areas and pore volumes of the
resultant porous titanium triphosphonates; β-cyclodextrin
is more effective than EO30PO34 in improving the meso-
porosity. Thus, the addition of organic additive EO30PO34

or β-cyclodextrin during the preparation process makes an
obvious difference to the pore structure and the porosity of
the synthesized meso-/macroporous titanium phosphonates.

The XRD patterns of the synthesized samples show
broad diffraction peaks in the range 2θ = 15–40° (Figure S1
in the Supporting Information), which implies that all the
samples regardless of whether they are synthesized with or
without EO30PO34 or β-cyclodextrin possess amorphous
framework walls made up of titanium phosphonates and no
crystalline titanium phosphate or TiO2 phases appear. The
FTIR spectra of the synthesized samples (Figure S2 in the
Supporting Information) show a strong broad band at
3420 cm–1 and a sharp band at 1630 cm–1, which corre-
spond to the surface-adsorbed water and hydroxy
groups.[27] The bands at 1150 cm–1 and 1050 cm–1 are as-
signed to the P–CH2N= groups and to the P–O···Ti stretch-
ing vibrations, respectively.[36] The band at 1324 cm–1 could
be attributed to the C–N stretching vibration, while the
small band at 1437 cm–1 arises from P–C stretching vi-
brations.[37] No bands at 930 cm–1 assigned to P–OH
stretching vibrations are observed, which implies extensive
condensation and coordination of the phosphoryl oxygen
atoms with the titanium atoms, which leads to mainly bi-
dentate phosphonate units.

The 31P and 13C MAS NMR spectra of A-non are shown
in Figure 4 (these are taken to be representative). The 31P
MAS NMR spectrum of A-non shows a broad signal around
13.5 ppm, which is in the area characteristic of phosphon-
ates.[38] The broadening of the resonance signal is due to the
disordered or low-crystalline nature of the solids. This signal
has similar chemical shifts found for PhP(OTi)3 units in mo-
lecular oxophosphonato titanium clusters of phenylphos-
phonate–TiO2 hybrids[28,29] and for diphosphonate groups
(�P–CH2–P�) in mesoporous aluminum phos-
phonates.[14–16]
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Figure 4. 13C and 31P MAS NMR spectra of A-non.

No sharp 31P NMR resonance signal at –4 ppm is ob-
served, which indicates that a layered titanium phosphonate
phase[28] is not present in the synthesized hierarchically po-
rous materials, which is further supported by TEM and IR
spectroscopy. The 13C MAS NMR spectrum shows a major
signal at δ = 56.7 ppm for A-non, which corresponds to the
carbon atoms in the nitrilomethylenephosphonate groups.
These all suggest that no phase separation takes place dur-
ing the preparation of the hybrid samples, and organophos-
phorus coupling groups are dispersed homogeneously
within the titanium phosphonate network.[26–29]

ICP emission spectroscopy was employed to analyze the
chemical composition of the resultant solids. The results
show 6.45 (A-non), 6.42 (A-poly), and 6.37% (A-CD) of Ti
and 8.54 (A-non), 8.50 (A-poly), and 8.42% (A-CD) of P
in mass, with a P/Ti molar ratio of about 2:1. In combina-
tion with C, H and N conventional elemental analysis, all
the samples synthesized with or without the assistance of
EO30PO34 or β-cyclodextrin could be formulated as
Ti(C3H6O9NP3)0.67·xH2O [alternatively expressed as Ti-
(ATMP)0.67·xH2O]. By utilizing the TG-DSC analysis, the
H2O molecules adsorbed on the materials and the titanium
phosphonate frameworks (which are denoted in the experi-
mental formula), could be further confirmed. Figure S3
(Supporting Information) shows the TG-DSC curves of the
samples; an initial weight loss of 20.2 (A-non), 16.8 (A-
poly), and 14.3% (A-CD) from room-temperature to
250 °C, accompanied by an endothermal peak at about
113 °C in the DSC curve, which may be assigned to the
desorption of the adsorbed and intercalated water, was ob-
served. The weight losses of 5.2 (A-non), 7.3 (A-poly), and
8.0% (A-CD) from 250 to 560 °C and 9.3 (A-non), 6.2 (A-
poly), and 3.5% (A-CD) from 560 to 900 °C, accompanied
by two exothermic peaks at 320 and 780 °C, can be attrib-
uted to the decomposition of the organic moiety in the hy-
brid framework and coke combustion. The TGA-DSC
curves of A-poly and A-CD are similar to that of A-non,
and no obvious decomposition of the organic additives was
detected, which indicates that EO30PO34 and β-cyclodextrin
could be removed completely by extraction of ethanol.

Heavy Metal Ion and CO2 Adsorption

Heavy metal ions, especially mercury and lead, are highly
toxic environmental pollutants. A series of silica-based
mesoporous organic–inorganic hybrid materials have re-
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cently been developed for removal of heavy metal ions from
waste streams,[39,40] where the organic functionalities in
these adsorbents typically serve to form complexes with
heavy metal ions through acid–base reactions and the solid
support allows easy removal of the loaded adsorbent from
the liquid waste.[41] Thiols, thiourea, and amines have been
used as metal-ion binding motifs for the efficient removal
of toxic heavy metals such as HgII, CuII, and CdII.[39–42]

The synthesized meso-/macroporous titanium phos-
phonate materials contain organic functional groups in the
framework, which can interact with the heavy metal ions.
Their performance in heavy metal ion adsorption was thus
studied, and the results are summarized in Figure 5. It can
be seen that the percentage metal ions (CdII, CuII, and PbII

ions) removed by the hybrid materials is higher for all metal
ions than those by pure TiO2 with a high surface area
(245 m2/g). This proves that the observed ion concentration
change is indeed attributed to the complexation reactions
between the metal ions and the grafted ligands inside the
hybrid framework rather than to the surface area and po-
rous structure. Adsorption efficiency of these adsorbents
follows this sequence: A-CD � A-poly � A-non. The “or-
ganic-additive-assisted” samples achieved higher adsorp-
tion capacities, probably because of the enlarged surface
area and pore volume (Table 1), which afford extra binding
sites for heavy metal ions.

Figure 5. Percentage metal ions removed by the synthesized sam-
ples, together with MP-TiO2 as reference.

Notably, the tendency for different initial concentrations
of metal ions was similar for each sample, that is, the ad-
sorption efficiencies increase with the decrease in the initial
concentrations of metal ions, which clearly demonstrates
that the samples essentially tend to a high loading capacity
at low metal ion concentrations. Relative to the adsorption
of PbII and CuII, a significant higher binding ability for
CdII with removal percentages of up to 66.51, 69.55, and
72.72% was observed for A-non, A-poly, and A-CD,
respectively, while a removal percentage of only 7.08% for
MP-TiO2 was confirmed even when the initial concentra-
tion of CdII was 10 mg/L. This demonstrates the remark-
able selectivity of the synthesized adsorbents for Cd2+. This
is really of great significance since the previously reported
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organic-functionalized mesoporous silicas exhibited very
weak complexation affinity for Cd2+.[43] A competitive ad-
sorption experiment was also performed by treating a
mixed ionic solution containing PbII (10 mg/L), CuII

(10 mg/L), and CdII (10 mg/L) with A-CD. The adsorption
capacities of 0.007 mmol/g PbII, 0.042 mmol/g CuII, and
0.065 mmol/g CdII were obtained. The selective adsorption
capacity of A-CD for CdII is much higher than that of our
previously reported hydroxyethylidene-bridged diphos-
phonate adsorbents (0.027 mmol/g) with a specific surface
area of about 250 m2/g.[29] A distinct preference of the syn-
thesized meso-/macroporous titanium triphosphonate ad-
sorbents for the uptake of Cd2+ ions relative to that of Cu2+

and Pb2+ was proven, which indicates that the synthesized
titanium phosphonate materials have an innate specificity
for the adsorption of Cd2+ over Cu2+ and Pb2+. The pre-
viously reported ligand-functionalized mesoporous silica
with ethylenediamine groups have a distinct preference for
the uptake of Cu2+ ions over Ni2+ and Zn2+.[44] The thiol-
functionalized mesoporous silicas exhibit a very small or no
affinity for Cd2+, Pb2+, and Zn2+, with the exception of
Hg2+, when independent homoionic solutions or a mixed
metal solution were used.[43]

These results prove that the meso-/macroporous titanium
phosphonate hybrids exhibit a unique selective affinity for
binding heavy metal ions that can be important in the fields
of metal ion recovery and environmental remediation. The
distribution coefficient (Kd) was determined by using the
equation[39,42] Kd = (ci-cf)Vsoln/(cfmads), where ci is the initial
metal ion concentration, cf is the ion concentration after
adsorption, Vsoln is the volume of the solution (in mL), and
mads is the amount of adsorbent (in g). The results are
shown in Table 1. At an ion concentration of 10–30 mg/L,
the Kd values of the samples for CuII, CdII, and PbII follow
the same order as that of the adsorption efficiency: A-CD
� A-poly � A-non, and the Kd values for CdII adsorbed
onto the synthesized adsorbents are much higher than for
CuII and PbII.

In addition to the significance of studying liquid-phase
adsorption for metal ions, as shown above, it is important
to investigate the gas storage abilities (e.g. H2 sorption and
CO2 capture) of materials. Carbon dioxide has drawn much
attention for being one of the major greenhouse gases that
lead to global warming. Hence, it is worth estimating the
CO2 adsorption performance of hierarchically porous tita-
nium phosphonate materials. The adsorption studies were
performed at ambient temperature and pressure to meet the
broad needs of industry and private households. Figure 6
illustrates the CO2 adsorption for the hybrid samples at
40 °C. The CO2 adsorption capacity increased slowly and
took a long time to reach equilibrium, which was different
from the results reported in the literature, where CO2 up-
take initially was quite rapid and then began to slow after
a couple of minutes, and an apparent equilibrium was es-
tablished soon on the silica matrix modified by an amine.[45]

The difference in the results indicates that the CO2 is ad-
sorbed on the synthesized titanium phosphonate samples
by physical adsorption and that CO2 and N2 are adsorbed
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together, but when the samples are purged with CO2, N2 is
replaced by CO2 slowly. The equilibrium is therefore estab-
lished over a long period. The sequence for the uptake of
CO2 after 60 min of purging is: A-CD (0.60 mmol/g) � A-
poly (0.56 mmol/g) � A-non (0.45 mmol/g) (Table 1); the
amounts captured are mostly higher than those for some
pure silica adsorbents (0.52 mmol/g at 20 °C)[46] with spe-
cific surface areas up to 909 m2/g. These hybrid materials
have a higher CO2 capacity than pure silica materials with
larger surface areas. This indicates a much stronger van der
Waals force between carbon dioxide and the synthesized
materials than between CO2 and pure silica materials,
which results from the existence of phosphonate groups in
the organic–inorganic network. However, in comparison
with metal–organic frameworks (MOFs) with higher ad-
sorption capacities and selectivities for CO2 because of the
pore size limit,[47,48] more work remains to be done for the
improvement of the porosity and morphology of the pres-
ent metal phosphonate materials for a better adsorption be-
havior. For physical adsorption, the gas uptake is related to
the textural and structural properties such as specific sur-
face area, the microarchitecture of the materials, and the
interaction strength between adsorbent and adsorbate.[46]

Thus, it is normal that A-poly and A-CD with higher sur-
face areas have a larger CO2 capture capacity than A-non.
In addition, the micromorphology of the macrochannels
has been proven to contribute to the reduced resistance to
diffusion and improved mass transfer, as well as to the es-
tablishment of an adsorption/desorption equilibrium, which
then leads to the improvement of the adsorption efficiency
of the hybrid adsorbents.[38] This suggests the superiority
for CO2 uptake of hierarchically porous materials than bulk
materials with similar surface areas and pore volumes.

Figure 6. TGA records of CO2 adsorption for the synthesized sam-
ples tested at 40 °C.

Discussion

In the preparation of hierarchically porous titanium
phosphonate materials, ATMP was used as an organophos-
phorus coupling molecule, and the spontaneous formation
mechanism was followed in the presence/absence of organic
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additives EO30PO34 and β-cyclodextrin. Herein, experimen-
tal conditions such as the organic additives used and the
pH value of the reaction solution can greatly influence the
morphology and textural property of the synthesized tita-
nium phosphonates, as well as their adsorption behavior for
metal ions and CO2.

The genesis of this meso-/macroporous hierarchy in the
absence of surfactant molecules corresponds to a spontane-
ous formation mechanism, as described by Mann et al.[23]

and in our previous work.[24] The hydrolysis of tetrabutyl
titanate precursors in the phosphonic acid solution would
result in the rapid formation of nanometer-sized Ti-phos-
phonate particles, and the simultaneous generation of a
large amount of butanol molecules. Self-assembly of Ti-
phosphonate particles and aggregation of Ti-phosphonates
along with microemulsion takes place, to produce the ac-
cessible mesopores. The hydrolysis reactions and polycon-
densation might produce microphase-separated domains of
Ti-phosphonate-based nanoparticles and water/alcohol
channels, which are the initiators of the macrochannels.
Thus, a hierarchical structure of uniform macrochannels
with mesoporous walls could be generated. The mesoporos-
ity of A-non without the assistance of an additive is poor,
which can be seen by the irregular aggregation of the tita-
nium phosphonate particles (Figure 2a). This results in the
low surface area (132 m2/g), small pore volume (0.13 cm3/
g), and relatively wide pore width distribution (Figure 3).
By the addition of the diblock copolymer EO30PO34, the
macroporous structure remained unchanged but wormhole-
like mesopores were obtained (Figure 2b); aggregated in-
volved much smaller nanoparticles than those of A-non.
Further this resulted in a larger surface area and pore vol-
ume (241 m2/g, 0.16 cm3/g). β-cyclodextrin was also used as
an organic additive in the preparation of the hierarchically
porous titanium phosphonate materials; both the macropo-
rous structure and the mesoporosity of the synthesized sol-
ids were altered. In the last 10 years, the self-aggregation
of cyclodextrin in aqueous solution have been proved and
published. Different structures of the cyclodextrin clusters
have been detected depending on the cyclodextrin concen-
tration;[33] these structures include rodlike aggregates,[49]

wormlike structures,[34] and spherical aggregates.[33] Polarz
et al. have reported the approach of supermolecular aggre-
gates of nonpolar cyclodextrins in aqueous solution as tem-
plates to generate porous materials.[34] Herein, the well-
structured mesopores in the sample A-CD are produced by
the wormlike cyclodextrin aggregates as templates; these re-
sults were supported by the N2 sorption and TEM images.
Spherical pores with larger sizes of 50 nm–100 nm were
found among the wormhole-like mesopores, which could be
the inverse spaces of the spherical cyclodextrin aggre-
gates.[33] The surface area and pore volume of A-CD are
further enlarged to 323 m2 g and 0.22 cm3/g, respectively,
relative to those of A-poly; in addition, the change in the
N2 sorption isotherms from type II to type IV could result
from the addition of organic additives. Noticeably, a hierar-
chy with three different pore-size lengths (mesopores, small
macropores, and large macropores) is integrated into one

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 2941–29482946

solid body of A-CD, which is of great importance in the
design of structured catalysts for one-pot reactor pro-
cesses.[32]

The pH value of the reaction solution is one of the most
important factors that determine the textural properties of
the final products. In order to investigate the effect of acid-
ity on the porosity of the synthesized materials, NaOH
solution was used to adjust the pH of the synthesis mixture
from �1 to 3, 7, and 10, and the mesoporosity of A-CD
obtained at the different pH values was tested by determin-
ing the N2 sorption (Figure 7). When the sample was syn-
thesized at pH = 3, the isotherm remains type IV and is
characteristic of mesoporous materials; the surface area
falls sharply from 323 to 189 m2/g. When the sample is syn-
thesized in a neutral (pH = 7) or basic (pH = 10) solution,
the surface areas of the resultant products are rather low (3
or 2 m2/g), which indicates the complete destruction of the
mesoporous structure. As a conclusion, an acidic environ-
ment is necessary for the preparation of meso-/macropo-
rous titanium phosphonate materials with high surface
areas.

Figure 7. N2 adsorption–desorption isotherms of the sample A-CD
synthesized at different pH values: (a) pH � 1, (b) pH = 3, (c) pH
= 7, and (d) pH = 10. The multipoint BET surface areas are 323,
189, 3 and 2 m2/g for (a)–(d), respectively.

Comparable to the silica-based mesoporous organic–in-
organic hybrid materials recently developed for removal of
heavy metal ions from waste streams, high adsorption of
heavy metal ions was observed for the synthesized organic–
inorganic hybrid titanium phosphonates. This occurs
mainly because of the bridged phosphonates that contain
ligands that bind metal ions. The organic motifs of the syn-
thesized hybrid adsorbents are considered to be the domi-
nant factor that determines the adsorption capacity. The
enlarged surface area and pore volume may also contribute
greatly, which can be seen from the same sequence for ad-
sorption capacities as that for surface areas: A-CD � A-
poly � A-non. All the hierarchically porous titanium phos-
phonate materials exhibit much higher adsorption capacit-
ies for heavy metal ions than pure mesoporous TiO2, with
a selective complexation affinity sequence of CdII � CuII �
PbII, which makes them promising adsorbents for practical
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applications including wastewater cleanup. The same ten-
dency is observed for CO2 capture, namely, the capture ca-
pacity increases with increasing surface area. The van der
Waals force between CO2 and the synthesized hybrid mate-
rials has been proven to be stronger than that between pu-
rely inorganic adsorbents like mesoporous silica, as a result
of the existence of phosphonate groups in the organic–inor-
ganic network.[50] Moreover, by varying the organic addi-
tives in the synthesis process, the porous architectures and
the adsorption abilities for metal ions and CO2 of the syn-
thesized porous titanium phosphonate materials might be
rationally adjusted.

Conclusions

Hierarchically porous amino-bridged titanium triphos-
phonate hybrid materials have been prepared by a simple
process, and possess an amorphous phase with high load-
ings of organic functional groups inside the titanium phos-
phonate framework. The morphology of hierarchically
meso-/macroporous structures was seen in the samples syn-
thesized both with and without organic additives.
EO30PO34 and β-cyclodextrin mainly contributed to the en-
largement of the surface area and pore volumes and the
adjustment of pore hierarchy. The intraframework organic
functional groups can act as binding sites for heavy metal
ion adsorption, and high adsorption capacities for CdII,
CuII and PbII were demonstrated. The strong van der Waals
force between the synthesized materials and CO2 has been
proven, which results from the existence of phosphonate
groups in the organic–inorganic network, which leads to the
large capture capacity for CO2.

Experimental Section
Material Preparation: Amino tri(methylene phosphonic acid)
(ATMP) was received from Henan Qingyuan Chemical Co. and
used as organophosphorus coupling molecules. Tetrabutyl titanate
(Kermel, A.R.) was the inorganic source. Nonionic diblock copoly-
mer EO30PO34 (Nanjing Well Chemical Co., Ltd.) and β-cyclodex-
trin [β-CD: (C6H10O5)7, Kermel, A.R.] were used as the organic
additives. All chemicals were used as received without further puri-
fication. In a typical synthesis procedure, ATMP (2.5 mmol) was
added to a mixed solution of deionised water (30 mL) and ethanol
(15 mL) in the presence of EO30PO34 or β-CD (0.1 mmol) whilst
stirring (pH � 1), followed by dropwise addition of tetrabutyl titan-
ate (5 mmol). After stirring for a further 24 h, the obtained mix-
ture was sealed in a Teflon-lined autoclave and aged statically at
80 °C for 24 h. The product was filtered, washed with water, and
dried at 110 °C. Removal of the organic additives was accomplished
by extraction with ethanol for 96 h, and about 0.92 g of flaxen pow-
der could be obtained. The samples are denoted as A-poly or A-
CD, respectively. As a comparison, samples were prepared by the
same procedure without organic additives, denoted as A-non, and
mesoporous pure TiO2 was also synthesized without any phos-
phonic acid addition, which is denoted as MP-TiO2 (surface area:
245 m2/g).

Characterization: Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) were carried out with a Shim-
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adzu SS-550 microscope at 15 kV and a Philips Tecnai G20 micro-
scope at 200 kV, respectively. N2 adsorption–desorption isotherms
were recorded with a Quantachrome NOVA 2000e sorption ana-
lyzer at liquid nitrogen temperature (77 K). The samples were de-
gassed at 150 °C overnight prior to the measurement. The surface
area was obtained by the Brunauer–Emmett–Teller (BET) method,
and the pore size distribution was calculated from the adsorption
branch of the isotherms by the Barret–Joyner–Halenda (BJH)
model and by non-local density functional theory (NLDFT). Fou-
rier transform infrared (FTIR) spectra were measured with a
Bruker VECTOR 22 spectrometer with the KBr pellet technique,
and the ranges for spectrograms were 4000–400 cm–1. X-ray diffrac-
tion (XRD) patterns were recorded on a Rigaku D/max-2500 dif-
fractometer with Cu-Kα radiation operating at 40 kV and 100 mA.
Thermogravimetry (TG) and differential scanning calorimetry
(DSC) were performed by using a TA SDT Q600 instrument at a
heating rate of 5°/min with α-Al2O3 as the reference. The chemical
compositions of Ti and P were analyzed by inductively coupled
plasma (ICP) emission spectroscopy on a Thermo Jarrell-Ash ICP-
9000 (N+M) spectrometer, and C, N and H were analyzed on a
Vario-EL elemental analyzer. Solid-state 31P and 13C magic angle
spinning (MAS) nuclear magnetic resonance (NMR) spectra were
recorded on a Varian Unity plus-400 spectrometer at spinning rates
of 12 and 6 kHz and resonance frequencies of 161.9 and
100.5 MHz with recycle time of 5 and 3 s, and the chemical shifts
were referenced to H3PO4 (85% in water) and tetramethylsilane
(TMS), respectively.

Heavy Metal Ion Adsorption: The potential of the synthesized ma-
terials for CuII, CdII, and PbII adsorption was tested as follows:
the adsorbents (0.01 g) were added to homoionic solutions (50 mL)
containing different concentrations (10, 20, 30 mg/L) of Cu-
(NO3)2, Cd(NO3)2, or Pb(NO3)2. After stirring for 8 h to access the
adsorption–desorption balance, the mixtures were filtered, and the
residual metal ion concentrations in the filtrates were analyzed by
graphite furnace atomic absorption spectroscopy (AAS). The ad-
sorption capacities of the adsorbent were then determined from
the concentration difference measured between the filtrates and the
initial metal ion solutions.

CO2 Adsorption: CO2 adsorption was characterized by simulta-
neous DSC-TGA analysis by using a TA SDT Q600 instrument
under ambient pressure (1.0 atm). The samples were first activated
by heating to 150 °C under a N2 flow to remove the adsorbed
moisture, ethanol and gases, and then cooled to 30 °C in a N2 flow.
During the sorption experiments, the samples were purged with
CO2 (20 cm3/min) at 40 °C for 60 min. Upon introduction of the
gas, a weight gain was observed resulting from CO2 physical ab-
sorption on the sample surface. Desorption of CO2 was performed
by purging with N2 (100 cm3/min) for 180 min.

Supporting Information (see footnote on the first page of this arti-
cle): XRD patterns, FTIR spectra, and TG-DSC profiles of A-non,
A-poly, and A-CD are presented.
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