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Polyhedral and wormhole-likemesoporous titania nanoparticles composed of TiO2(B) and anatase (rutile) were
successfully synthesized by hydrothermal self-assembly method employing, respectively polyacrylamide (AA),
polyvinyl alcohol (VA) and polyoxyethyl lauryl ether (ELE) as templates. TEM, X-ray diffraction, FTIR, UV–vis
DR spectroscopy and N2 sorptiometry were used for the characterization of surface morphology, phase compo-
sition, electronic properties and surface texturing of the synthesized catalysts. The photocatalytic activity was
evaluated via the photo-reduction of nitrate in aqueous solution under UV light irradiation. The TiO2 catalyst
derived from ELE presented the highest activity due to the alternate structure of anatase and TiO2(B) phases.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Agricultural effluents and sewage result in excessive amounts of
nitrate in water supplies. High levels of nitrate in domestic water
cause cyanosis in young babies and serious human health problems
such as cancer [1]. TheWHO standards advocate that NO3

− in drinking
water should be less than 50 mg/l [2]. Recently, the removal of nitrate
is typically obtained using reverse osmosis, ion exchange and electro-
dialysis that are considered as expensive processes because of construc-
tion and management costs. Initial studies involving titania modified
by metals (including Cu, Ag [3,4], Pt [5], and Ru [6]) and the use of
dopant ions including Fe3+andCr3+had shownpoor selectivity towards
nitrogen and only when mixed metals were employed the selectivity to
nitrogen improve [3,7].

Three popular polymorphs of TiO2 found in the nature are the
anatase (tetragonal) [8], rutile (tetragonal) [8], andbrookite (orthorhom-
bic) phases [9]. Besides these phases, recently TiO2(B) phase attracts
great attention due to its unique crystallographic structure [10–12].
Because of the unique electronic properties of TiO2(B), some of these
composites have shown excellent photocatalytic activity even better
than P25 [13]. However, to the best of our knowledge, fewworks employ
short-time annealing methods to form a composite semiconductor with
a bicrystalline structure. While bicrystalline products with anatase and
TiO2(B) have been explored, the photoactivity of these samples is still
limited even under UV irradiation [12].

In this work, mesoporous TiO2 nanoparticles (NP) of bicrystalline
structure composed of TiO2(B)/anatase(rutile) have successfully
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been synthesized; using a facile polymeric-assisted hydrothermal
process, with desired structures and properties. The producedmaterials
were characterized by various techniques including TEM, XRD, UV–vis
DRS, N2 sorptiometry, and FTIR spectrometry and then tested for
nitrate reduction photocatalytically from aqueous solution. The cat-
alytic activity and selectivity influenced by the effect of the support
(morphology and texturing properties) as well as hole scavenger
are also discussed.
2. Experimental

2.1. Synthesis of titania

Titania synthesized catalysts were prepared using various templates
including polyoxyethyl lauryl ether (TiPELE), polyvinyl alcohol (TiPVA)
and polyacrly amide (TiPAA) under hydrothermal conditions using
tetra-isopropyl orthotitanate [Ti(O-i-Pr)4] as a titanium source. The
template was first dissolved in a mixture of ethanol and water (1:8 in
volume) and then poured into a definite amount of orthotitanate
followed by gradual stirring at room temperature until complete hydro-
lyzing of titanate. To stabilize the Ti precursor, pH of the solution was
adjusted to 0.7 by nitric acid. After stirring, the mixture was then trans-
ferred into Teflon lined autoclave and heated hydrothermally at 373 K
for two days followed by precipitate collection, washing with distilled
water and drying at 393 K. Finally the synthesized materials were
calcined at 623 K for 4 h to produce TELE, TVA andTAA samples denoted
respectively, as TiPELE, TiPVA and TiPAA. TiO2 P25 (70% anatase:30%rutile)
with a surface area of 49 m2 g−1 and primary crystal size 30 nm was
purchased from Degussa for comparison purposes.
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Fig. 1. WXRD patterns for the TiO2(B), anatase (A) and rutile (R) phases obtained from
hydrolysis of titanium isopropoxide with polyacrylamide (TAA), polyvinyl alcohol
(TVA) and polyoxyethyl lauryl ether (TELE) under ethanol and acidic (HCl) water
concentration autoclaved under hydrothermal conditions at 373 K for 2 days and heated
independently at 393 K and 623 K for 5 h.
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2.2. Catalyst characterization

The X-ray powder diffraction patterns of various solids were car-
ried out using a Philips 321/00 instrument for the phase composition
of the samples. The morphologies were studied by TEM micrographs
(Philips; model Tecani Feil2). UV–vis diffuse reflectance spectra of
various samples in the 800–200 nm range were obtained using a
Jasco V-570 spectrophotometer with using BaSO4 as a standard.
FT-IR spectra of the samples, on KBr pellets, were recorded with a
JASCO single beam FT-IR 5300-spectrometer. The thermograms of
the synthesized samples were determined in an equipment SDT
Q600 modulus of TA instruments. The surface properties namely
BET surface area, total pore volume (Vp) and mean pore radius (r)
were determined from N2 adsorption isotherms measured at 77 K
using a Micromeritics ASAP 2020 analyzer.

2.3. Photocatalytic reduction of nitrate

Batch photocatalytic experiments were performed using a 100 ml
cylindrical Pyrex reaction vessel (10.0 cm diameter, 15 cm height) as
the photoreactor. Water sample (50 ml) was taken as synthetic ones.
A 125 W high pressure Hg lamp emitting radiation at 365 nm was
used as the light source. The photoreactor was illuminated from the
top and the mixture was slowly mixed by a magnetic stirrer to attain
a homogeneous suspension. The solution (100 ppm NO3

−) was left for
60 min before the illumination step to ensure complete adsorption.
Formic acid was used as a hole scavenger that attained at 0.06 M.
Prior to analytical measurements and after photocatalytic reduction
experiments, the samples were filtered through 0.2 μm membrane
filters (Millipore) to remove TiO2 particles. The efficiency of photocat-
alytic process was investigated for photocatalyst loading at 0.1 g and
for reaction periods of 5–13 h irradiation time. NO2

− and NO3
− analy-

ses were performed by ion chromatography (861 Advance IC,
Metrohm). To measure the ammonium concentration, H2SO4 was
added to the sample solution to prevent the release of ammonia gas
and measured using the ion chromatograph equipped with a CS-15
column. The amount of H2 produced was analyzed with an online
TCD gas chromatograph (Shimadzu, GC-8A).

3. Results and discussion

3.1. Phase, morphology and optical properties

A broad diffraction peak at 2θ=0.9° is depicted following calcina-
tions at 623 K in the small angel region to confirm mesoporous TiO2

formation via various templates used (see Supplementary data).
Fig. 1 describes the change of formation of anatase and rutile phases
in the WXRD besides TiO2(B) phase (JCPDS 46-1238, monoclinic,
space group C2/m) as a function of annealing temperature. For the
samples heated at 393 K, the TiO2(B) phase was perceived as a
quite broad band at 2θ=14.02° [14] reflecting its poor crystallinity
together with another crystalline anatase phase. Following annealing
at 623 K, the diffraction peaks were identified mainly as anatase in a
well crystallized form with significant amounts of TiO2(B) phase. The
TiO2(B) phase was maintained up to 623 K, but its crystallinity was
slightly diminished, even though other crystalline peaks were evolved
including the rutile phase; as in TVA sample. Summarized in Table 1
are the phase contents determined from the integrated XRD peak
intensities of anatase (101), rutile (110), and TiO2B (001) by a numerical
deconvolutionmethod [15]; also listed are the crystallite sizes calculated
by Scherrer equation. Table 1 also indicates that themeta-stable anatase
is the dominant phase for all the samples except the TVA one; which
showed dominance of TiO2(B) with minor phases of rutile and anatase.
Evidently, increasing the annealing temperature into 623 K seems to
encourage the phase transformation from TiO2(B) into anatase and
rutile. Both TVA and TAA samples presented the highest TiO2(B) ratios
(41–48%) where TELE indicated the lowest one (33.3%).

The TEM images of TVA and TAA where the mean particle sizes are
close to 9 and 10 nm, respectively, show polyhedral structures dom-
inated by truncated pentahedral and tetrahedral shapes (see Supple-
mentary data). On the contrary, the TELE sample (Fig. 2) produced a
disordered wormhole-like pore structure with diameters as small as
5 nm and a well uniform length within 13–15 nm. This micrograph
demonstrates that the mesoporous structure consists of short
worm‐like mesoporous channel interconnected in 3D disordered
way. On the other hand, a local HRTEM image (Fig. 2-inset) in the
marked region revealed the presence of TiO2(B) lattice spacing in
line with the lattice fringes of the anatase with distances at 0.62 nm
and 0.36 nm correspond to (102) and (101) planes of TiO2(B) and an-
atase phases, respectively [16].

Fig. 3 shows the UV–vis diffuse reflectance spectra of prepared
TiO2 materials. The visible-light absorption of these photocatalysts
was in the order of TAA>TELE≈TVA.

The prepared materials exhibit new optical properties apart from
those of conventionally prepared TiO2 exploring the probability of
point defects and its effect on the band gap narrowing that governs
the light absorption in the visible region [14]. The samples showed
three absorption onsets at 283, 352 and 550 nm for all samples. Sam-
ples TELE and TVA showed another absorption onset at 385 nm. The
presence of absorbance shoulder in the visible-light region was ob-
served in all samples at 584 nm (TAA) and 574 nm (TELE, TVA).
Displaying such a broad band, let us presume that it is due to broad
distribution of Ti environments [17] that exhibits Eg~2.12 eV. Medi-
um shifts in the maximum values (ca. 10 nm), which are observed
for TAA and TELE following calcinations could be consistent with av-
erage changes in the coordination environment of Ti species.

IR indicates that the bulk template residue has not been complete-
ly removed from the powder samples in the 1100–2500 cm−1 range
(see Supplementary data) following calcinations at 623 K and a rela-
tively strong peak at 1630 cm−1 due to deformation mode of H2O
groups is depicted. Accordingly, it is expected that some of the



Table 1
Characterization of the composition and morphology of the crystalline phases of TiO2, synthesized using various templates, as determined from XRD analysis.

Material name Template chemical formula Template type Anatase
Crystallites size nm (contents)

Rutile
Crystallites size nm (contents)

TiO2(B)
Crystallites size nm (contents)

TVA C2H4O Non-ionic 12(32%) 10(20%) 4(48%)

TELE C12H25O(CH2CH2O)4H Non-ionic 20(61.4%) (5.3%) 6(33.3)

TAA C3H5NO Anionic 15(58.4%) – 10(41.6)

Note: The mean fraction of rutile (Xr) and anatase in the crystal lattice is calculated respectively based on the relationship between the integrated intensities of anatase (101) and
rutile (121) peaks using the formulas in [19,21]; whereas that of TiO2(B) is depicted using the XB=1/1+K(IB/IA) formula in which IB represents (001) of TiO2(B) and IA equal (101)
of anatase. The crystallite sizes of the resultant titania phases are estimated by the Scherrer's formula: D(hkl)=K1λ/(β1/2 cosθ).

60 M.M. Mohamed et al. / Catalysis Communications 28 (2012) 58–63
obtained results from UV–vis spectra may partly be caused by the
non-decomposed templates that indeed will take part in the reaction.

3.2. Porosity characterization

The adsorption–desorption isotherms are of type IV, according to
the IUPAC classification [18]. A clear hysteresis at high relative pressure
is observed, justifying capillary condensation of H1 type. The isotherms
and pore size distribution as calculated from the adsorption branch of
the isotherm are shown in Fig. 4a, b. The pore size distribution of TVA
(TAA) shows a bimodal distribution with maxima at 20 Å (sharp) and
at 90 (sharp) Å, where that of TELE indicates distribution at 20 Å and
125 Å (broad). These bands are thought to correspond, respectively to
the inner diameter of the nanoparticles and to the voids caused by its
aggregation processes. The BET surface area (129.9 m2/g) and total
pore volume (0.4103 cm3/g) of TELE exceed those of TVA (106.7 m2/g,
0.3647 cm3/g) and TAA (104.3 m2/g, 0.3723 cm3/g) where the pore
radius of the former (14.1 nm) was found to decline compared with
Fig. 2. TEM image of mesoporous TiO2 derived from the ELE template and in-set
HRTEM image of the worm marked in the large image. Fig. 3. UV–vis spectra of mesoporous titania samples.

image of Fig.�2
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Fig. 4. a. N2 adsorption/desorption isotherm and BJH adsorption dV/dD pore volume for TAA sample. b. N2 adsorption/desorption isotherm and BJH adsorption dV/dD pore volume
for TELE sample.
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those of later proposing that the pores synthesized using polyoxyethyl
lauryl ether were deep but not wide. Thus, evidently the long chain
polyoxyethyl lauryl ether possesses a detrimental effect on surface
area and pore volume values as compared with those of short chain
polyvinyl alcohol and polyacrylamide surfactants.

3.3. Photocatalytic reduction of nitrates

In the system containing only nitrate, nitrate was recovered to
100% in a 30 h dark experiment but nitrate decomposition was only
Fig. 5. UV-degradation profile of 100 ppm nitrate as a function of irradiation time in the p
scavengers where the in-set figure illustrates when 0.06 M formic acid is used as hole scav
observed under irradiation and reached 2% after 30 h reaction time.
For the nitrate/titania system in the dark, the amount of nitrate
adsorption reaches 10.0% on TELE and 7.5% for both TVA and TAA
exceeding that of Degussa P25 (2.0%). The performances of all catalysts
toward nitrate reduction under UV irradiation that lasted up to 13 h
showed a variation in activity when either P25 or composite titanias
(Fig. 5) were used. All mesoporous catalysts and the P25 achieved,
respectively ca. 60–45% and 7% conversions within 13 h reaction time.
This is rather surprising given that previous reports suggest that TiO2

on its own is either inactive [19] or slightly active in the photocatalytic
resence of P25 and mesoporous composite titania catalysts in the absence of any hole
enger.

image of Fig.�4
image of Fig.�5


Fig. 6. Changes in H2 concentration as a function of irradiation time in the presence of
formic acid as a sacrificial agent for P25 and mesoporous composite titania catalysts.
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removal of nitrates [20]. Perceiving such high activity in the absence of
any hole scavenger let us presume that residual organicmoieties can act
as hole scavenger to contribute to the apparent activity. In concordance,
the TGA diagram of TELE (not shown) evidences the presence of resid-
ual organic template at 350 °C. Differences in photocatalytic behavior as
a function of particle size are often related to differences in adsorbability
and it has been suggested [21] that sufficient time should elapse before
monitoring photocatalytic activity to eliminate the effect of adsorption.
Thus, prior to illumination, the catalysts were introduced to the nitrate
ion solution and left for 60 min for assuring that the surfaces have
reached a stable equilibrated state with their surroundings. In this
context, it has been revealed from XRD and TEM investigations that
TELE possesses lower particle diameter than TVA and TAA assuming
that crystallite size could have a decisive influence on the activity. In
addition, TELE possessed high surface areas and pore volumes than rest
of samples including P25 highlighting an explicit role for mesoporous
architecture and texturing on the activity. Besides, the lattice-matched
anatase/TiO2(B) heterojunction structure (see Fig. 2) on the atomic
level can remarkably suppress photogenerated charge carrier recombi-
nation. Accordingly, based on the above mentioned information, one
can devote the increase in activity for mesoporous titanate to the pres-
ence of anatase/TiO2(B) junction nevertheless exceeding the activity of
TELE comparatively advocates that 61.4% anatase and 33.3% TiO2(B)
withminor amount of rutile comprised of 5.3% constitute themost active
catalyst. It can be seen that the decrease in activity from 50% in TVA to
45% in TAA is not comparable to the decrease in anatase from 58% to
32% emphasizing that there must be other factors affecting the activity
such as particle size and rutile percentages that if it exceeds 5% it influ-
ences the activity as in TVA (20%) on which quicker electron–hole
recombination rate can take place.

3.4. The effect of hole scavenger

Formic acid with a simple one carbon molecular structure was
chosen as a hole scavenger to investigate its effect on nitrate reduc-
tion. The activity data attained for TELE (see Supplementary data)
confirms that high conversion was obtained with formic acid concen-
tration range from 0.02 to 0.08 mol dm−3, above which lower con-
versions were observed. Fig. 5-inset shows UV-degradation profile
of 100 ppm nitrate as a function of irradiation time for all samples
in the presence of 0.06 mol dm−3 formic acid. An average activity
of 253 μmol min−1gcat−1 was achieved for TELE (equivalent to 91%
conversion) in the presence of formic acid after 5 h of irradiation
where TAA, TVA and P25 achieved 202, 186 and 25 μmol min−1gcat−1

comparable respectively, to 73%, 67% and 6% conversions. Addition of
formic acid increases the photoactivity of TELE by more than 30%
conversion; from 60% in the absence of acid to 91% in its presence,
and rather reduces the time into 5 h.

The photocatalytic H2-production activity over mesoporous com-
posite titania catalysts with 10 vol.% formic acid solutionwasmeasured
under UV–light irradiation, as shown in Fig. 6. Among all the prepared
photocatalysts, TELE showed highest activity towards production of
the hydrogen gas. The activity was found to be almost the same in
two repeated runs confirming the stability of the photocatalysts. For
comparison study, we have tested the photocatalytic activity towards
hydrogen generation over all the photocatalysts without taking any
sacrificial agent and it has been found that they were able to produce
lower amounts comparatively emphasizing the role of residual organic
moieties as sacrificial agents.

Raising the temperature into 773 K decreases the activity of TELE
in the presence of HCOOH into 10% conversion due to decreasing
the TiO2(B) content into 7% in favor of rutile (from 5 into 31%) and
this evidences the importance of TiO2(B) on the activity together
with anatase as a synergy system. The selectivity of nitrate photore-
duction in the presence of HCOOH for TELE catalyst was investigated
(see Supplementary data) and thus indicated small amounts of
ammonia (5%) and nitrite (20%) as products. From the experimental
results, it is clear that TiO2(B)/anatase at intermediate percentages
of TiO2(B) at 33.3% and anatase concentrations at 61.4% function more
effectively as a separation center. Presumably, the reduced efficiency
at the highest TiO2(B) concentration of 40–48% might result from
ineffective charge transfer at the interface between TiO2(B) and
anatase.

4. Conclusions

The results presented confirm the potential of heterojunction
anatase/TiO2(B) photocatalyst for removal of nitrates from polluted
water. Factors including TiO2 morphology and hole scavenger were
identified as being relevant parameters. The photocatalytic activities
weremaximized onmesoporous titanates of TiO2(B)/anatase composite
greater than that on P25 with improved selectivities. It was found that
the suitable amount of the TiO2(B) (~33%) effectively increases the
photo-activity of the TiO2 surface that behaves as sites where electrons
accumulate. The experiments demonstrated that the residual organic
templates played amarked role in enhancing the activity in the absence
of any hole scavenger. Nitrate was effectively degraded in aqueous
TiO2(B)/anatase suspension by more than 90% within 5 h.
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