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An organic-inorganic hybrid nanostructured material of tita-
nia-diphosphonate (Ti-HEDP) was prepared from a simple
self-assembly process with the precursor tetrabutyl titanate
and 1-hydroxyethane-1,1-diphosphonic acid (HEDP). The
prepared hybrid Ti-HEDP has a semicrystalline anatase
phase, exhibiting a hierarchical macroporous structure com-
posed of mesostructured Ti-HEDP nanorods with a length of
80-150 nm and a thickness of 18-38 nm. The BET surface
area is 257 m?/g. The 1-hydroxyethane-1,1-diyl-bridged or-
ganophosphonate groups were homogeneously incorported

into the network of the hierarchical nanostructured/porous
solid, as revealed by FT-IR spectroscopy, MAS NMR spec-
troscopy, XPS, and TGA measurements. The optical property,
photocatalytic activity, and metal ion adsorption ability of the
hierarchical Ti-HEDP materials were also investigated, sug-
gesting that they have potential applications in catalysis and
adsorption.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Recent works have been aimed at the rational synthesis
of organically functionalized porous metal phosphonate
and metal oxide/organophosphonate hybrid materials!!~!
because of their multifunctionality, from both the inorganic
and organic components, and hence their potential in the
fields of optics, electronics, membranes, catalysis, adsorp-
tion, etc. Some of the alkylmonophosphonic acids and their
derivatives (salts, esters) have been used as organophospho-
rus coupling molecules to modify metal-oxide surfaces by
grafting.[®7] Alternatively a two-step nonhydrolytic/hydro-
lytic sol-gel process was performed to prepare metal oxide/
organophosphonate hybrids, in which the organophospho-
rus coupling molecules were incorporated into the inor-
ganic network.[® Several mesoporous aluminum organo-
phosphonate materials were also reported recently, ob-
tained from a surfactant-templating method,*! and macro-
porous titanium-phosphonate hybrids were prepared with
the use of polystyrene spheres as a template.'”) However,
little research deals with the nanostructure and hierarchical
porosity of the metal and oxide phosphonate hybrids, even
though their multifunctionality may benefit from the hier-
archical porous nanostructure. Song et al. synthesized
metal phenylphosphonate nanoparticles and nanorods by
surfactant-assisted methods.['!-1?] Vasylyev et al. reported
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titanium and oxide-phosphonate porous nanospherical
particles by nonhydrolytic condensation of water-insoluble
arylphosphoric  acid  [tetrakis-1,3,5,7-(4-phosphonato-
phenyl)adamantane] and titanium isopropoxide.['3] The as-
sembly of individual nanostructured particles of metal or-
ganophosphonate into hierarchical nanoarchitectures with
complex shapes for multifunctionalization and their poten-
tial applications is still a challenge. In this work, we report
on the preparation of nanostructured titania—diphos-
phonate material with a porous hierarchy, in which
hydroxyethylidene groups were anchored in the titania—
phosphonate network. Mesostructured titania—diphos-
phonate nanorods assembled spontaneously into a hierar-
chically macroporous nanoarchitecture, exhibiting an ef-
ficient photocatalytic performance and heavy metal ion ad-
sorption behavior.

Results and Discussion

The XRD pattern of the synthesized Ti-HEDP presents
several very weak diffraction peaks, which could be iden-
tified as an anatase phase, while pure titania obtained in
the absence of phosphonic acid shows the bicrystalline
phases of anatase and brookite (Figure 1). This indicates
that the hydrolysis of titanium alkoxide in the phosphonic
acid solution resulted in the incorporation of organophos-
phonate into the titania network, leading to semicrystalline
anatase nanoparticles of about 3 nm in size linked to each
other by amorphous titanium-phosphonate nanoclusters.
Figure 2 shows the SEM and TEM images of the synthe-
sized Ti-HEDP. A large number of alveolate macropores
with openings ranging from 90 to 400 nm spread over the
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entire structure, among which several huge macrochannels
with diameters in the micrometer scale (mainly 1-3 pm) are
interspersed. The macroporous frameworks are composed
of uniform nanorods of 80-150 nm in length and 18-38 nm
in thickness, and “worm-eaten” disordered mesostructures
are also observed in these nanorods.
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Figure 1. XRD patterns of the synthesized (a) Ti-HEDP and
(b) pure titania.

Figure 2. SEM (a,b) and TEM (c,d) images of the synthesized Ti-
HEDP.

The hydrolysis of tetrabutyl titanate precursors in organo-
phosphonic acid solution results in the rapid formation of
nanometer-sized titanium phosphonate sols, titanium oxo
clusters, as well as nanosized phosphonated titania par-
ticles, where Ti-O-P bridges are easily obtained from the
reaction Ti-OBu + P-OH — Ti-O-P + BuOH. Meanwhile,
a lot of butanol molecules are generated and give a multiple
component system of alkoxide/organophosphonate alcohol
(butanol, ethanol)/water, and thus microemulsion drops are
formed under mild stirring. The interfacial microemulsion
polymerization of titanium phosphonate sols and titanium
oxo clusters rendered the formation of mesostructured tita-
nia—phosphonate nanorods with homogenously attached
organophosphonate units,'¥ which further aggregated
along with the microemulsions to give a hierarchical macro-
porous structure (Figure 3). In this process, phase separa-
tion might take place in the growing aggregates of Ti-
2722
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HEDP-based mesophases and water/alcohol domains,[>1€]

leading to the creation of huge, sporadic macrochannels in
hierarchical macroporous networks.
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Figure 3. Schematic structure and proposed mechanism of Ti-
HEDP.

Figure 4 shows the N, adsorption—desorption isotherms
and the corresponding pore size distribution curves of the
hybrid Ti-HEDP and pure titania. The isotherm of Ti-
HEDP is of type I, showing a gradual increase of nitrogen-
adsorbed volume with an increase in the relative pressure,
which has been observed previously in several as-synthe-
sized surfactant-containing mesoporous silica materi-
als,l'”-18] and some macroporous materials.['”] The adsorp-
tion and desorption branches of the isotherm do not coin-
cide, which is because of the existence of the organic species
and the effect of pore connectivity. The pore size distribu-
tion curve derived from the adsorption branch of the iso-
therm using the BJH method exhibits an asymmetric peak
maximized at 2.0 nm, which corresponds to the irregular
mesostructure observed in titania—phosphonate hybrid
nanorods (Figure 2). The multi-point BET surface area is
257 m?/g with a total pore volume of 0.263 cm?/g. While the
isotherm of pure titania is of type IV with a type H2 hyster-
esis loop, and its pore size distribution is centered at 2.2 nm
with a BET surface area of 245 m?/g and a total pore vol-
ume of 0.265 cm?®/g. This suggests that the synthesized Ti-
HEDP and pure titania have similar textural properties.
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Figure 4. N, adsorption—desorption isotherms (left) and the BJH adsorption pore size distribution curves (right) of the Ti-HEDP sample
and pure titania. The volume adsorbed and the dV/dD value were shifted +50 and +0.04 for Ti-HEDP, respectively.

The FT-IR spectrum of Ti-HEDP is shown in Figure 5,
and is compared with the spectrum of HEDP. The broad
band at 3400 cm™! and the sharp band at 1638 cm™' corre-
spond to the surface-adsorbed water and hydroxyl groups.
The strong band at 10461150 cm™! is from the phos-
phonate P-O---Ti stretching vibrations. An obvious absorp-
tion peak at 928 cm ! assigned to P-O-+-H is observed in the
infrared spectrum of HEDP but absent for Ti-HEDP,[8131
suggesting the extensive condensation between Ti-OBu and
P-OH groups to form Ti-O-P bridges. The bands at 1380
and 1450 cm™!, attributed to C-O and P-C stretching vi-
brations, respectively,->% still remain in Ti-HEDP. This im-
plies that the organophosphonate groups retain their integ-
rity in Ti-HEDP.
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Figure 5. FT-IR spectra of (a) HEDP and (b) Ti-HEDP.

The 3'P MAS NMR spectrum of the resultant Ti-HEDP
sample shows the resonance at 6 = 16 ppm (Figure 6),
which can be attributed to diphosphonate groups [=P-C-
(OH)(CH3)-P=] linked to the Ti atoms.>:!% The sharp 3'P
NMR resonance signal for layered titanium phosphonate
was not observed at § = —4 ppm.B2211 A 13C MAS NMR
spectrum of the sample exhibits resonances at 6 = 20 and
69 ppm (Figure 6), which correspond to the C atoms of the
terminal CH; group and the quaternary carbon atom con-
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nected with the P=0O group of the phosphonate, respec-
tively. It is thus deduced from the FT-IR and NMR spectro-
scopic results that organophosphonate groups are homoge-
neously anchored in the hierarchical nanostructured/porous
solid.
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Figure 6. 3'P and '*C MAS NMR spectra of Ti-HEDP.

High-resolution XPS spectra were also taken on the sur-
face of the Ti-HEDP sample for an investigation of the
chemical state and surface stoichiometry (Figure 7). The Ti
2p line of the Ti-HEDP sample is composed of two single
peaks situated at 459.4 eV for Ti 2p3/2 and 465.2 ¢V for Ti
2pl/2, which are characteristic of Ti**. The P 2p binding
energy of Ti-HEDP is observed around 133.1 eV, character-
istic of P°* in phosphonate groups. No peaks of Ti—P bonds
2723
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appear at 128.6 ¢V. The broad O Is signal might be fitted
by four components, situated at 530.7, 531.4, 532.1, and
533.0 eV, ascribed to the oxygen contribution from the Ti—
O, P-0, O-H, and C-O bonds, respectively.['% The surface
atomic composition was calculated as 4.31% for Ti, 10.58 %
for P, 38.76% for C, and 44.58% for O. The Ti/P ratio is
almost 1:2, and a molecular unit of [Ti{O;PC(CH;)(OH)-
PO;}]'xH-O can be formulated for Ti-HEDP. Alternative
formulation can be expressed as [Ti(HEDP)]-xH,O, which
is mostly consistent with the data from the elemental micro-
analysis (experimental 15.55% Ti, 12.31% P, 6.03% C, and
5.29% H by mass), suggesting compositional homogeneity
throughout the hybrid material. As for pure titania, the
chemical analysis revealed 57.32% of Ti and 0.47% of H,
but no P and N were detected, revealing pure TiO,-xH,O.
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Figure 7. High-resolution XPS spectra of the Ti 2p, P 2p, and O
1s regions of Ti-HEDP.

The amount of water and the thermal stability of Ti-
HEDP were determined by thermal gravimetric analysis
(TGA) and differential scanning calorimetry (DSC). The
2724
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TGA curve shown in Figure 8 demonstrates an initial
weight loss of 10.77% from room temperature to 217 °C,
accompanied by an endothermal peak around 108 °C in the
DSC curve, which may be assigned to the desorption of the
adsorbed and intercalated water. The weight loss of 7.24%
from 217 to 620 °C, accompanied by two exothermic peaks
at 308 and 556 °C, can be attributed to the decomposition
of the organic species and the coke combustion. Thus, 1.7
molecules H,O per formula unit were calculated.

Temperature: 28.6 - 217.0°C 1.0
100 ~c---------- ' Weight loss: -10.77% o
i 0.8 5
g
95 06 >
o
9 8
< -— Temperature: 217.0 - 620.3°C 04
§ 9o} Weight loss: -7.24% 2
= 023
2
85} 003

02

80 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 8. TGA and DSC curves for Ti-HEDP.

UV/Vis diffuse reflectance spectroscopy was performed
to assess the optical properties and electronic structure of
the hierarchical Ti-HEDP. Figure 9 presents the diffuse re-
flectance spectra of the Ti-HEDP and pure TiO, samples,
where a low reflectance means a high absorption in the cor-
responding wavelength. The onset wavelength of absorption
(Zonset) for Ti-HEDP is about 423 nm, which is larger than
that of pure TiO, (about 400 nm). The bandgap value (£,)
of the Ti-HEDP is estimated to be 2.93 eV from absorption
spectra by a linear fit of the square root of the absorption
coefficient (a;,) as a function of the photon energy (hv)
near the bandgap.?”! Compared with the E, of pure TiO,
(3.10 eV), the bandgap narrowing observed in Ti-HEDP
should be the result of the homogeneous doping of phos-
phorus into the framework of the hierarchically nanostruc-
tured titania—phosphonate material.
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Figure 9. UV/Vis. Diffuse reflectance spectra of Ti-HEDP and pure
TiO..
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The photocatalytic activities of the synthesized hierarchi-
cal nanostructured titania—phosphonate materials were
evaluated by photodegradation of Rhodamine B (RhB) un-
der UV and visible-light irradiation (Figure 10), and com-
pared with that of the pure TiO,. A blank experiment (self-
photosensitized process) was also performed in the absence
of any catalysts for comparison. As shown in Figure 8, Ti-
HEDP exhibited higher photocatalytic activity than the
pure TiO,, whether under UV or visible-light irradiation.
The photocatalytic degradation rate constants (k) of Ti-
HEDP and pure TiO,, calculated by a pseudo-first-order
expression, are 0.01677 and 0.01479 when under UV irradi-
ation, while 0.00556 and 0.0037 under visible-light irradia-
tion. Because of the similar surface areas of the synthesized
Ti-HEDP (257 m?/g) and pure titania (245 m?/g), the influ-
ence of the surface area on the photocatalytic ability can be
ignored. The efficient photocatalytic ability of the hierarchi-
cal nanostructured titania—phosphonate material should be
a result of the homogeneous incorporation of phosphonate
groups into the titania framework.
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Figure 10. Photocatalytic activities of Ti-HEDP for RhB degrada-
tion under (left) UV and (right) visible-light irradiation.

The potential of the hybrid material to remove the heavy
metal ions was tested in batch mode by treating 50 mL of
10, 20, and 30 mg/L of homoionic nitrate solutions of Cd",
Cull, and Pb! with 10 mg of the hierarchical Ti-HEDP ad-
sorbents for 3 h. UV/Vis spectroscopy was used to assess
the absorption capacity of samples for metal ions, and the
results of the metal ion adsorption are summarized in Fig-
ure 11, where the adsorption efficiency of pure TiO, pre-
pared in the absence of organophosphonates was also listed
as a reference. Average loading capacities of duplicate tests
are reported, and loading capacities for duplicate tests on
the same samples varied within 5%. The adsorption effi-
ciency of the Ti-HEDP for Cd?* ions ranged from 23.45%
to 26.67%, for the Pb>* ions it ranged from 31.92% to
39.09%, and for the Cu?* ions from 37.62% to 57.55%,
which is all higher than that of the pure TiO,. The selective
complexation affinity sequence of metal ions is Cd! < Pb!!
< Cu'l. The distribution coefficient (K4 )I'%23 values of
2344-3208 mL/g, 3015-6708 mL/g, and 1531-1818 mL/g
were also determined for Ti-HEDP in the adsorption of
Pb%*, Cu?*, and Cd**, respectively. While only 200—
400 mL/g was obtained for pure TiO,. The much higher Ky
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values of Ti-HEDP than for pure TiO, indicate the ef-
ficiently increased affinity of the organic-inorganic hybrid
sorbent for the metal ion adsorption.
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Figure 11. Metal ion adsorption efficiency for Ti-HEDP (—@—)
and pure TiO, (—H—) materials.

Conclusions

In conclusion, nanostructured titania—phosphonate hy-
brid materials with a hierarchical macro-/mesoporous struc-
ture with a nanorod assembly have been prepared by using
1-hydroxyethane-1,1-diphosphonic acid as organophospho-
rus coupling molecules. An interesting photocatalytic ac-
tivity and metal ion adsorption ability were demonstrated
for the synthesized materials, suggesting that they have
potential in practical applications. The fabrication of other
titanium/titania phosphonates with different organic bridg-
ing groups and hierarchical nanostructures can also be ex-
pected.

Experimental Section

Synthesis: 1-Hydroxyethane-1,1-diphosphonic acid (HEDP, 91 wt.-
% aqueous solution, donated by Henan Qingyuan Co.) was used
as a coupling molecule for organic moieties of hybrid solids in the
synthesis. In a typical synthetic procedure, HEDP (1.03 g) was dis-
solved in a mixed solution of ethanol (10 mL) and distilled water
(30 mL) while stirring, followed by the dropwise addition of tet-
rabutyl titanate (1.702 g, Kermel, A.R.). After further stirring for
24 h, the mixture was sealed in a Teflon-lined autoclave and heated
statically at 80 °C for 24 h. The solid product was collected by fil-
tration, washed with water, and dried overnight at 80 °C in an oven.
The sample was characterized as Ti-HEDP. Pure titania was pre-
pared by a similar procedure in the absence of phosphonic acid.

Characterization: Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) were carried out with a Shim-
adzu SS-550 microscope at 15 keV and a Philips Tecnai G20 at
200 kV, respectively. Fourier transform infrared (FT-IR) spectra
were measured with a Bruker VECTOR 22 spectrometer and a
KBr-pellet technique. Diffuse reflectance UV/Vis absorption spec-
troscopy was employed with a JASCO V-570 UV/V/NIR spectro-
photometer using BaSO, as a reference. X-ray diffraction (XRD)
patterns were recorded with a Rigaku D/max-2500 diffractometer
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with Cu-K, radiation. Thermogravimetry (TG) and differential
scanning calorimetry (DSC) were performed using a Setaram
DTA92-16.18 instrument at a heating rate of 5°/min using a-Al,O5
as the reference. The chemical compositions of Ti and P were ana-
lyzed by inductively coupled plasma (ICP) emission spectroscopy
with a Thermo Jarrell-Ash ICP-9000 (N+M) spectrometer, and C,
N, and H were analyzed with a Vario-EL elemental analyzer. X-
ray photoelectron spectroscopy (XPS) measurements were per-
formed with a Kratos Axis Ultra DLD (delay-line detector) spec-
trometer equipped with a monochromatic Al-K, X-ray source
(1486.6 €V). Solid-state *'P and '*C magic-angle spinning (MAS)
nuclear magnetic resonance (NMR) spectra were recorded with a
Varian Infinityplus-400 spectrometer at spinning rates of 12 and
6 kHz and resonance frequencies of 161.9 and 100.5 MHz with re-
cycle times of 5 and 3 s, respectively.

Photocatalytic Activity Testing: The photocatalytic activity experi-
ments were performed by the degradation of Rhodamine B (RhB)
dye under either UV or visible-light irradiation in the air at room
temperature. In the UV-photocatalytic experiment, the synthesized
catalyst (5.5 mg) was placed into a tubular quartz reactor with a
RhB aqueous solution (100 mL, 30 mg/L). A 125-W UV lamp with
a maximum emission of 365 nm was placed 10 cm higher than the
solution surrounded by a circulating water tube. The reaction mix-
ture was stirred under UV-light irradiation. The mixture that was
sampled at different times was centrifuged for 5 min to discard any
sediment. The absorbance of the reaction solutions was measured
with an SP-722 spectrometer at A, = 554 nm. The visible-light
photodecomposition of RhB was carried out with a household
desktop lamp with a 40-watt tungsten bulb as the visible-light
source, of which the wavelength range is usually 400-2500 nm, and
the concentration of the RhB solution and the amount of catalyst
used were 1 X 10> mol/L and 20 mg, respectively.

Metal Ion Adsorption Testing: Heavy metal ion adsorption tests of
the hybrid mesoporous materials were performed in batch mode.
The adsorbents (0.01 g) were added to a homoionic solution
(50 mL) containing different concentrations (10, 20, 30 mg/L) of
Cu(NOs3),, Cd(NOs3),, or Pb(NOj3),. The mixture was stirred for
3 h, followed by centrifugation at 6000 rpm for 15 min. For the
Cu?* ion adsorption, the obtained clear solution (20 mL), ethanol
(12mL), and a dicyclohexanoneoxalyldihydrazone solution
(30 mL, 0.4 g of dicyclohexanoneoxalyldihydrazone dissolved in
50 mL of ethanol and then adjusted to 500 mL with water) were
mixed together and made up to 100 mL with water. The pH was
adjusted to between 8 and 9 with ammonia, which is the best pH
value for a chromogenic reaction. The volume of Cu'' adsorbed
was monitored by measuring the UV absorption at A,,, = 600 nm
of the initial and final solutions. For Cd>* and Pb>* adsorption, 1-
(2-pyridinylazo)-2-naphthol and diphenylthiocarbazone were used
as chromogenic reagents, respectively, and average loading capacit-
ies and efficiencies were also monitored by UV/Vis spectroscopy at
Jmax (Cd?*) = 555nm and Ay, (Pb?>*) = 480 nm. Solubilizing
agents (surfactants or emulsifiers) were added for the chromogenic
reaction if needed.
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