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ABSTRACT: High yield production of micro/nanostructured nanoparticulate TiO, microspheres (NTMs) via a facile
microwave-assisted hydrothermal approach was investigated. The rapid and uniform microwave heating could reduce the
reaction time to 30 min, an order of magnitude shorter than that of conventional hydrothermal methods. The characterization
data confirmed that the resultant NTMs were highly uniform in size, having an average diameter of ~0.5 ym. The obtained
NTMs were found to be constructed by well-crystallized anatase phase nanoparticles ranging from S to 10 nm that can be readily
controlled by the microwave radiation temperature. Nitrogen sorption isotherm analysis revealed that the obtained NTMs
possessed abundant mesoporous structures with a high specific surface area of 124 m* g'. An in situ self-aggregation formation
process under controllable pH in presence of urea was proposed. The results obtained from the application of NTMs for
simultaneous photocatalytic decontamination of Cr(VI) and methyl orange (MO) demonstrated a strong synergistic effect that
dramatically enhanced both Cr(VI) reduction and MO oxidation removal efficiencies. This work not only enriched the synthesis
methods of the micro/nanostructured TiO,, but also provided a new means to improve the photocatalytic efficiency via

structural-induced synergistic effect, applicable to the other catalysis systems.
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1. INTRODUCTION

Industrial processes, such as electroplating, paint making,
leather tanning, and others, have made hexavalent chromium
(Cr(VI)) to be a widespread pollutant in wastewaters."> A
general way to reduce the toxicity of Cr(VI) is to convert
Cr(VI) into a low toxic trivalent chromium (Cr(III)), which
can be removed through the precipitation or adsorption
processes. Heterogeneous photocatalysis with semiconductor
mediated redox reactions have been proven to be effective for
detoxification of harmful pollutants in wastewaters.” > On one
hand, extensive efforts have been made to achieve effective and
efficient photocatalytic reduction removal of Cr(VI).*” On the
other hand, the application of photocatalysis to oxidative
degrade industrial dyes in wastewaters is a well-known
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process.

~'% However, vast majority of reported works have
investigated the photocatalytic reduction removal of Cr(VI) or
oxidative degradation of dyes alone, while little attention is paid
to collectively treat the samples containing both Cr(VI) and
dyes.>® In fact, Cr(VI) and dyes often coexist in many
wastewaters. Therefore, the study of their mutual interactions
in photocatalytic conversion processes is of important for the
practical use of heterogeneous photocatalysis.

Several research groups have studied the simultaneous
decontamination of Cr(VI) and dyes using the nano-sized
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TiO, photocatalyst.>*''~** The studies indicated that when
Cr(VI) and dyes were coexisted in a sample, the obtained
Cr(VI) reduction and dye oxidation efficiencies were found to
be higher than that of samples containing Cr(VI) or dyes alone,
suggesting a synergistically enhanced phenomenon.*"'™"
Nevertheless, there were also studies showing that the rates
of Cr(VI) reduction and dye oxidation in the ternary catalytic
systems of TiO,/Cr(VI)/dye were lower than those of the
respective binary systems (TiO,/Cr(VI) and TiO,/dye), due
partially to the deactivation of the nano-sized TiO, catalysts.>
Besides, commonly used nano-sized TiO, powders such as
Degussa P25 tend to aggregate during liquid phase photo-
catalysis, resulting in a undesirable reduction in the photo-
catalytic activity. Additionally, the nano-sized catalysts are
difficult to be recovered after use, even with the assistance of
the high-speed centrifugation. Recently, hierarchical micro/
nanostructures with high surface areas and abundant
mesoporous structures have stimulated much attention since
such structures embrace the high dispersion and easy recovery
features of micrometer-sized structures, and lar 6ge surface area
and high activity of nano-sized structures."*'® They are the
micrometer-size materials but assembled with reactive low-
dimensional nano-sized building blocks (such as nanoparticles,
nanowires, nanotubes, and nanosheets). It has been demon-
strated that the micro/nanostructures exhibited unique proper-
ties differing remarkably from those of the mono-morphological
micrometer- or nanosized structures.'*™'° It was reported that
the hierarchically micro/nanostructured nanoporous TiO,
hollow spheres exhibited enhanced photocatalytic activity
when compared to commercial Degussa P25 TiO, powders
for the photocatalytic degradation of dye solution.'”” It is
expected that TiO, in the form of micro/nanostructure would
be more favorable to show its effective activity in the
simultaneous decontamination of Cr(VI) and dyes compared
to nanosized TiO,. However, there is no report regarding the
simultaneous decontamination of Cr(VI) and dyes using the
hierarchical micro/nanostructured TiO, photocatalyst.

Over the past few years, huge efforts have been made to
fabricate hierarchical micro/nanostructured TiO, such as
organic/inorganic template methods, hydrothermal methods
and solve-thermal methods.'”~>* For example, Yu et al. have
reported the fabrication of hierarchical micro/nanostructured
nanoporous TiO, hollow microspheres by using SiO, micro-
spheres as templates and TiF, as the precursor.'” Yang et al.
have reported a two-step method for the fabrication of micro/
nanostructured TiO, microspheres,'” including the formation
of amorphous titanium diglycolate microspheres first and then
the hydrothermal transformation of the amorphous titanium
diglycolate microspheres into anatase phase of TiO, at 180 °C
for 6 h. However, most of these methods involved tedious and
time consuming procedures, and required the use of expensive
and toxic precursors such as TiF,, greatly limiting the
widespread applications of such materials. From synthetic
viewpoint, facile, and rapid fabrication of large quantity of high
quality micro/nanostructured TiO, remains a great challenge
because of the complicity involved.

In the present work, we demonstrated the synthesis of
micro/nanostructured NTMs with a high yield via a single-step
microwave-assisted hydrothermal method. Titanium sulfate and
urea were used as the precursor, which were inexpensive and
nontoxic. The reaction time was as short as 30 min. The
photocatalytic activities of the resultant NTMs were evaluated
by photocatalytic detoxification of Cr(VI) and degradation of
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MO. The strong synergistic effect was demonstrated by
simultaneous decontamination of Cr(VI) and MO.

2. EXPERIMENTAL SECTION

2.1. Fabrication. All reagents were commercially supplied and
used without further purification. Titanium sulfate (Ti(SO,),, >96.0%,
Shanghai Nanhui Chemical Reagent Co. Ltd, CP) and urea
(CO(NH,),, >99.0%, Guoyao Chemical Reagent Co. Ltd, AR) were
chosen as raw materials. Deionized water was used in all experiments.
In a typical preparation procedure, 2.0 mmol of Ti(SO,), and 4.0
mmol of CO(NH,), were added to 40 mL of deionized water. After
continuous stirring for 3 h, the mixed suspension was transferred into a
100 mL Teflon-lined autoclave, which was heated at 180 °C for 30 min
under microwave irradiation (heating rate was about 20 °C/min)
(QWAVE 4000, 2450 MHz, up to 1200 W, Questron Technologies
Corp). After cooled to room temperature, the white precipitates were
collected, washed with deionized water followed by rinsing with
ethanol and dried in an oven at 70 °C for 5 h.

2.2. Characterization. The phases of the products were identified
by X-ray diffraction analysis (XRD, Philips X’pert PRO) using Ni-
filtered monochromatic CuKer radiation at 40 keV and 40 mA. The
morphology and structure of the product were characterized by field
emission scanning electron microscope (FESEM, Sirion 200 FEI)
using an accelerating voltage of S kV, and transmission electron
microscopy (TEM, JEOL-2010, 200 kV) with an energy dispersive X-
ray spectrometer (EDX, Oxford, Link ISIS). The powders were
ultrasonically-dispersed in ethanol. Then the suspensions were
dropped onto the SEM stub and holey-carbon grid for SEM and
TEM examination respectively. The specific surface area of the
samples was determined by nitrogen adsorption (Micrometrics ASAP
2020M) at 77 k using the Brunauer—Emmett—Teller (BET) equation.
X-ray photo electron spectroscopic (XPS) analyses were conducted on
a Thermo ESCALAB 250 analyser. An Al Ka X-ray source (hv =
1486.6 eV) was operated with a pass energy of 30 eV. The
photoluminescence (PL) measurement was performed on a LabRam
confocal Raman microscope made by JY Company, excited by the 325
nm line of acontinuous He—Cd laser at room temperature.

2.3. Photocatalytic Activity Measurement. The evaluation of
photocatalytic activity of the samples for the photocatalytic removal of
Cr(VI) and MO in aqueous solution was performed at ambient
temperature. K,Cr,O, was used as the sources of Cr(VI). The reaction
suspension was prepared by adding 40 mg of photocatalyst powders
into 80 mL of Cr(VI) solution (8 mg/L), MO solution (20 mg/L), or
their mixture without the change of concentration. The pH value of
the reaction suspension was adjusted to 4 using HCl or NaOH. Before
irradiation, the suspensions were sonicated for 3 min and then
magnetically stirred in dark conditions for 30 min to establish
adsorption/desorption equilibrium. The suspension was then irradi-
ated under UV light (300 W UV lamp) with a maximum emission at
about 365 nm. After different irradiation intervals, 3.0 mL sample was
taken from the reaction suspension and centrifuged to remove the
photocatalyst powders for analysis. A spectrophotometer (CARY-SE)
was used to record the UV—vis absorption spectra of the centrifuged
solutions. The concentration of MO was determined by the absorption
peaks at 464 nm. Changes in Cr(VI) concentration were followed by
the spectrophotometric method of the diphenylcarbazide at 540 nm.
The total Cr ions concentrations were measured by an inductively
coupled plasma-optical emission spectrophotometer (ICP 6000
Thermal Electron). All the photocatalytic measurement mentioned
were repeated twice to make sure the reliability of the results. The
recycle ability of the NTMs was also tested. The catalyst after
photocatalytic reaction was soaked in 10% HNOj; solution for S h,
then washed with deionized water and ethanol for several times and
dried at 70 °C. The reborn NTMs catalyst was tested in the fresh
mixture solution of Cr(VI) and MO under the same experimental
conditions as mentioned above.
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Figure 1. Morphological characteristics of NTMs: (a) the low-magnification FESEM image, (b) the enlarged FESEM image, (c) the TEM image,

and (d) the high-magnification TEM image and SAED pattern (inset).
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Figure 2. (a) XRD pattern and (b) nitrogen sorption isotherms of the NTMs (the inset shows the pore size distribution).

3. RESULTS AND DISCUSSION

3.1. Structural Characteristics. Figure 1a shows the low-
magnification FESEM image of the large quantities of the as-
synthesized NTMs with an average diameter ~0.5 ym. From
the high-magnification FESEM image (Figure 1b), it can be
seen that the surface of the spheres is rough. The TEM image
(Figure 1c) further reveals a high density of channels/pores in a
single microsphere. Figure 1d shows a typical high-magnifica-
tion TEM image of the surface edge of a microsphere,
confirming that the microsphere is composed of TiO,
nanoparticles with an average size around 10 nm. Selected-
area electron diffraction (SAED) pattern of the NTMs shows
the polycrystalline diffraction rings corresponding to the indices
of the lattice planes of the anatase phase TiO,.** From the
further high-magnification TEM images (see Figure S1 in
Supporting Information), the crystal fringe of anatase TiO,
(101) facets can be clearly seen, indicating that each small
nanoparticle was a well-crystallized anatase phase TiO, single
crystal.

The XRD pattern of the as-synthesized NTMs is given in
Figure 2a. All peaks can be indexed as pure anatase phase of
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TiO, (JPCDS No. 21-1272). No impurity peak is observed.
According to the Scherrer equation, the average crystallite size
is ~9.4 nm, in good agreement with the TEM observation. To
study the internal pore structures and specific surface area of
the NTMs, the nitrogen adsorption-desorption measurement
was carried out (Figure 2b). The obtained isotherm exhibits a
type IV (Brunauer—Deming—Deming—Teller (BDDT) classi-
fication), revealing the existence of abundant mesoporous
structures in the fabricated architectures.”® On the basis of the
BET equation, the obtained NTMs possess a specific surface
area of 124 m” g™', which is much hégher than that of the
micro/nanostructured TiO, reported.’®”” The high specific
surface area and abundant pores are of the necessities for a high
performance photocatalyst.”® The pore sizes distribution is
found to centered around 4 nm (inset in Figure 2b).

3.2. Control Growth. The effect of microwave reaction
temperature on the formation of NTMs was firstly investigated
(Figure 3). It was found that all products were spherical shapes
with uniform diameters around 0.5 ym, when the temperatures
were changed from 120 to 160 °C (Figure 3a—3c). But the
corresponding TEM images of the surface edge of the

dx.doi.org/10.1021/am405607h | ACS Appl. Mater. Interfaces 2014, 6, 3008—3015
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Figure 3. FESEM images of the products synthesized under the microwave radiation for 30 min with different temperatures: (a) 120 °C, (b) 140 °C,

(c) 160 °C, and (d—f) corresponding TEM images.

microspheres (Figure 3d—3f) revealed that the interparticle
pore sizes of the microspheres increased with the reaction
temperatures increased from 120 to 160 °C, resulting from the
increase of the nanoparticles sizes. All products can be indexed
as pure anatase phase of TiO, in accordance with the XRD
patterns (Figure S2a, Supporting Information). The average
crystallite sizes of the resultant TiO, samples calculated from
the broadening peak (101) of anatase phase according to the
Scherrer Formula were 5.1, 8.8, and 9.2 nm when the reaction
temperatures were increased from 120 to 140 and 160 °C,
respectively. It is well known that the particle size and inter-
particle pore size are the key attributes in determining the
surface area of the NTMs, strongly influencing the photo-
catalytic activity.”>*® The above results indicate that such key
attributes can be readily controlled by controlling the reaction
temperature without changing the morphology of the micro-
spheres.

The NTMs formation process was investigated. Figure S3
(see Supporting Information) shows the time-dependent
morphological evolution under 180 °C. The spherical alike
particle aggregates were rapidly formed during the initial stage
of the reaction (e.g, S min). The surface of the aggregated
particles was found to be smooth, implying a nonporous nature.
The separation of the aggregated spherical particles occurred
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with prolonged reaction time (e.g, 10 min), signifying the
beginning of NTMs formation. At this stage, the surface of the
formed spheres became rough, implying the formation of
nanoparticulate structures. When the reaction time was further
increased to 20 min, nearly matured NTMs were formed. The
matured NTMs with distinguished nanoparticulate structures
were obtained after 30 min of reaction (Figure 1). All products
can be indexed as pure anatase phase of TiO, according to the
XRD patterns (Figure S2b, Supporting Information), and
decrease of peak width at half height was observed with the
prolonging of reaction time, indicated that the crystallization of
the products increased.

The formation of NTMs can be described below. During the
heating process, the formation of anatase TiO, nanoparticles
might undergo the following reaction processes:>’

Hydrolysis

Ti** + 4H,0 — Ti(OH), + 4H" (1)
Condensation

Ti(OH), — TiO,(amorphous) + 2H,0 ()

dx.doi.org/10.1021/am405607h | ACS Appl. Mater. Interfaces 2014, 6, 3008—3015
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Figure 4. Conversion of (a) Cr(VI) and (b) MO. C, is the initial concentration of Cr(VI) or MO, C is concentration of the remaining Cr(VI) or
MO at time t. Curves 1—4: Without photocatalyst in Cr(VI) or MO single system, without photocatalyst in the mixed system of Cr(VI) and MO,
NTMs in the Cr(VI) or MO single system, and NTMs in the mixed system of Cr(VI) and MO, respectively.

Crystallization

TiO, (amorphous) — TiO, (anatase) (3)

Clearly, the reaction system pH is an important parameter
affecting the hydrolysis and condensation reactions. The
reaction 1 suggests that the hydrolysis reaction would be
slower with acidic conditions and can be rapidly increased
under alkaline conditions. In this work, urea was chosen to
control the reaction system pH. When H,SO, (1 M) was used
to replace urea (0.1 M) while other experimental conditions
were retained, only randomly dispersed nanoparticles could be
produced (Figure S4a, Supporting Information). Under such
strong acidic condition, the hydrolysis was greatly suppressed,
leading to slow condensation nucleation processes. As a result,
fewer metastable TiO, nanoclusters could be formed and the
progressive crystal growth instead of particle aggregation into
the microspheres dominated the formation process. Besides,
the aggregation of metastable TiO, nanoclusters might be
suppressed to a certain extent by the electrostatic repulsion,
when considers their positively-charged surface status (the
isoelectric point pH of TiO, is 5.5—6).”” When ammonia (0.2
M) was employed to replace urea (0.1 M), random
nanoparticles were observed (Figure S4b, Supporting
Information), suggesting strong basic conditions were also
unfavorable for formation of NTMs due to the excessively fast
hydrolysis processes. These suggest that a suitable pH is critical
for formation of NTMs. In this work, urea provides such
needed conditions. Urea was decomposed to produce NHj;
under hydrothermal conditions, the slow releasing of OH™
would finely and in real-time controlled pH of the reaction
system around 6.8, suitable for NTMs formation as such a pH
value was closed to the isoelectric point pH of TiO,.>” This pH
condition is favorable for metastable TiO, nanoparticles self-
organized into microspheres.”’

It should be noted that the fast formation of NTMs achieved
in this work was due to the unique advantage of effective and
efficient volumetric heating of the microwave method, that is,
the temperature of the reaction mixture was raised uniformly
throughout the whole liquid volume by direct coupling of
microwave electromagnetic radiation energy to the water
molecules presented in the reaction mixture.”® As demon-
strated, the microwave treatment is capable of greatly
accelerating the reaction process and reducing the reaction
time nearly an order of magnitude in comparison with the
conventional hydrothermal method.**** Also, homogeneous
reaction conditions created by microwave lead to the formation
of uniformly-sized NTMs, comparing to those of TiO, spheres
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prepared by the conventional electric oven hydrothermal
method.*

3.3. Synergistic Photocatalytic Removal of Cr(VI) and
MO. The photocatalytic activities of NTMs were evaluated by
simultaneous photocatalytic decontamination of Cr(VI) and
MO (a typical organic pollutant in the textile industry) under
UV light irradiation. For comparison purpose, the photo-
catalytic decontamination of Cr(VI) and MO alone were
conducted, Figure 4 shows the results. Blank experiments
suggested that the concentration changes of Cr(VI) and MO
resulting from the photolysis treatment under UV light
irradiation without photocatalyst could be ignored, either in
the single system or the mixed system of Cr(VI) and MO
(curves 1 and 2 in Figure 4). Dark absorption of Cr(VI) and
MO was also negligible (<10%), either in the single system or
the mixed system of Cr(VI) and MO. It was worth mentioning
that both the conversion rate of Cr(VI) and MO in the mixed
system (curve 4 in Figure 4) was markedly faster than that in
the Cr(VI) or MO single system (curve 3 in Figure 4). For
instance, after 60 min of UV light irradiation, the Cr(VI)
removal was 30% in the Cr(VI) single system (curve 3 in
Figure 4a) and 98% in the mixed system (curve 4 in Figure 4a),
respectively.

Comparative experiments under the same experimental
conditions and procedures mentioned above were performed
to investigate the photocatalytic activity of a commercially
available TiO, photocatalysts, Degussa P25 (Figure SS,
Supporting Information). Degussa P25 with the mixed anatase
and rutile phases has been widely used as the benchmark
photocatalyst for photocatalytic activity evaluations.'***?”
Within relatively low concentrations of Cr(VI) and MO, their
photocatalytic process and reaction kinetics can be expressed by
a pseudo-first-order reaction and apparent rate constant (k,,),
respectively.”** Table 1 shows the obtained kypp from NTMs
and Degussa P25. For the single systems, Degussa P25 possess
the highest k,,, for both Cr(VI) and MO samples comparing to
that of the NTMs. However, the photocatalytic activity of

Table 1. Reaction Rate Constant k,,, (min™") in the Single
(Cr(VI) or MO) or Mixed System 5Cr(VI) and MO) with
the Different TiO, Samples

decontamination of Cr(VI) decontamination of MO

sample single system mixed system  single system mixed system
NTMs S0x 107 §8x107  17x107  50x107
Degussa P25 10X 107> 19X 107 61X 107>  27x 107
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NTMs surpasses Degussa P25 in the mixed system. For
Degussa P25, the obtained k,,, ratios of mixed and single
systems for photocatalytic reduction of Cr(VI) and oxidation of
MO are found to be 1.9 and 0.44, respectively, suggesting a
positive synergistic effect for Cr(VI) reduction but a negative
effect for MO oxidation in the mixed system. In strong contrast,
the k,,, ratios of 11.6 and 2.9 are obtained from NTMs for
photocatalytic reduction of Cr(VI) and oxidation of MO. This
confirms a highly significant synergistic effect in the
simultaneous photocatalytic decontamination of Cr(VI) and
MO with NTMs as the photocatalyst. Above results suggest
that the synergistic effect is dependent of the structure of the
photocatalysts.

The effect of Cr(VI) and MO concentrations on the
simultaneous decontamination of Cr(VI) and MO using
NTMs as photocatalyst was also studied (see Figure S6 and
Figure S7 in Supporting Information), it was found that the
Cr(VI) and MO concentrations did not have obvious effect on
the synergistically enhanced phenomenon in the photocatalytic
time 80 min. Both the Cr(VI) reduction and MO oxidation
removal efficiencies were dramatically enhanced in the mixed
system compared to that of single system with the different
Cr(VI) and MO concentrations. This indicated that concen-
trations of Cr(VI) and MO did not influence the nature of
NTMs and the synergistically enhanced removal activities of
NTMs can be realized in a wide range of pollutants
concentration.

The synergistic enhancement of photocatalytic reduction of
Cr(VI) and oxidation of MO at NTMs for the mixed system is
schematically illustrated in Figure S. When Cr(VI) and MO are

Cr(Whny o CB }
Cr (IIl) Di; /-;:} light

TiOgMMEizey [ (<390 nm)
oy H,0,0H

X

ROSSC Mo
Oxidation products

Figure S. Schematic illustration of the mechanism of the simultaneous
decontamination of Cr(VI) and MO by NTMs under UV light
irradiation, ROSs represents reactive oxidative species.

co-existed in a sample, on one hand, Cr(VI) as a strong oxidant
is capable of rapidly consuming photocatalytically generated
electrons at the conduction bend of NTMs to effectively
suppress the charge recombination, while on the other hand,
MO as an oxidisable organic matter consumes the photo-
catalytically generated holes at the valence band to further
suppress the charge recombination. Such synergistic action by
Cr(VI) and MO at the conduction and valence bands of NTMs
can effectively and efficiently suppress the electron—hole
recombination, leading to a dramatically enhanced photo-
catalytic efficiency when compared to the single systems.”'' ™"
It is well known that the rutile conduction band edge potential
is ~0.2 V more positive than that of the anatase, providing a
driving force for charge separation.>"** The PL spectrum
measurements have been widely used to express the char%e
recombination behavior of the semiconductor material.**~>°
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Figure S8 (see Supporting Information) shows the PL spectra
of NTMs and Degussa P25 samples measured under an
excitation wavelength of 325 nm at room temperature. As the
PL signal can be assigned to the radiative recombination of self-
trapped exciton, the stronger the PL signal, the stronger the
recombination of photocatalytically generated electrons and
holes.>® Degussa P25 exhibits a much weaker PL signal
comparing to NTMs, implying a lower rate of charge
recombination than that of NTMs, the superior charge
separation ability of Degussa P25 induced by the mixed
anatase and rutile phases can explain its excellent photocatalytic
activity in Cr(VI) or MO single system. In this work, the
enhanced photocatalytic efficiency in Cr(VI) and MO mixed
system compared to that of single system is mainly due to the
enhanced charge separation effect. The less significant
synergistic effect observed for Degussa P25 could be largely
attributed to its superior charge separation ability induced by
the mixed anatase and rutile phases.>** Under the circum-
stance, the mixing of Cr(VI) and MO contributes little to
further improve the charge separation in Degussa P25, hence,
less significant synergistic effect can be observed in the
simultaneous photocatalytic decontamination of Cr(VI) and
MO. Therefore, the intrinsic catalytic performance of Degussa
P25 is not effective for the simultaneous treatment of Cr(VI)
and MO. In contrast, NTMs showed relative lower photo-
catalytic efficiency in Cr(VI) or MO single system compared to
Degussa P25 because of its single anatase phase, which was not
benefit for the charge separation, however, it showed great
potential in the simultaneous photocatalytic decontamination
of Cr(VI) and MO. Moreover, the hierarchical mesoporous
structures of NTMs would induce better harvesting and
multiple reflecting of light,*® further promote the synergistic
effect, leading to the enhanced photocatalytic efficiency in the
mixed system. The strong synergistic photocatalytic activity of
NTMs might be also ascribed to the structure-induced
enhancement of photocatalytic performance of micro/nano-
structure.'*'6

It should be mentioned that the catalyst may become
deactivated to some extent due to the formation of precipitates
and complexes (e.g, surface-absorbed Cr or organic species) at
the catalyst surface that block the active sites of the catalyst in
the mixed system, which hinders the further photocatalytic
reaction.’ The catalyst deactivation might be another reason for
that the synergistic photocatalytic effect could not be realized
using Degussa P25,> when considering its relative lower specific
surface area (50 m® g™') compared to NTMs, which would be
further reduced during liquid phase photocatalysis due to the
easy aggregation property of the nano-sized structure. In
contrast, the high specific surface area and abundant
mesoporous structure of NTMs can provide ideal channels
for easy and fast diffusion of the Cr(VI) and MO molecules to
contact the TiO, nanoparticles,"> and the effective against
agglomeration feature of micro/nanostructure may hinder the
further reduction of the specific surface area of NTMs during
liquid phase photocatalysis. In this regard, the unique
morphological structures of NTMs (e.g., high specific surface
area and abundant mesoporous structures) equip the catalyst
with high tolerance toward the surface deactivation.

To further understand the photocatalysis process, the total
residual Cr ions concentrations in NTMs photocatalytic after
treated samples were measured by ICP emission spectrometer
(Figure S9, Supporting Information). For the single system
after 240 min treatment, a 1.8 ppm of total residual Cr ions

dx.doi.org/10.1021/am405607h | ACS Appl. Mater. Interfaces 2014, 6, 3008—3015
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concentration was measured. However, for the mixed system
after a shorter treatment time of 80 min, the measured total
residual Cr ions concentration was found to be as low as 0.034
ppm, much lower than the maximum allowable Cr(VI)
concentrations of 0.25 ppm for industrial wastewater and
0.05 ppm for drinking water.®

XPS was used to further study the surface absorbing Cr of
the NTMs after photocatalytic reaction in the single and mixed
systems (Figure S10, Supporting Information). The broad peak
of Cr 2p*? could be fitted to several peaks at different binding
energies. Three main peaks centered at 576.3, 576.5, and 577.6
eV are consistent with the published XPS spectra characteristics
of oxides or the hydroxide forms of Cr(III) (e.g, Cr(IlI),0,
and Cr(OH),), the other two subordinate peaks at $79.6 and
580.3 eV are corresponded to the characteristics binding energy
for the adsorbed Cr(VI).*”*®* The presence of oxide or
hydroxide forms of Cr(III) confirms the photocatalytic
reduction of Cr(VI). The result also confirms that the
synergistic photocatalysis at NTMs is not only capable of
simultaneously reducing Cr(VI) and oxidizing MO, but also has
the capability to remove Cr ions via adsorption.

The recovery of photocatalysts after use is of a critical
practical issuel.” In the present study, we found that the NTMs
could be readily separated from water via a facile sedimentation
process in less than 1 h, while the aqueous suspensions of
Degussa P25 powder were still turbid after several hours
(Figure S11, Supporting Information). The easy recovery
feature make possible to reuse the NTMs. Figure 6 shows the
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80 |-
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40}

20+

Removal percentage (%

0
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Figure 6. Cr(VI) and MO removal performance in three cycles for the
NTMs.

performance of the recycled NTMs for the mixed system of
Cr(VI) and MO (60 min of UV light irradiation for each cycle).
The recycled NTMs were treated by HNO; solution before
used to remove the surface-absorbed Cr species.® It was found
that the Cr(VI) removal efficiency of NTMs was still up to
95.5% after three cycles, while the removal efficiency of MO
maintained 100%. These results demonstrate a feasibility of
recovery and reuse of NTMs.

4. CONCLUSIONS

We have demonstrated a facile and high yield microwave-
assisted hydrothermal method to fabricate uniformly sized
NTMs constructed with well-crystallized anatase phase nano-
particles. The reaction time could be dramatically reduced to 30
min, an order of magnitude shorter than that of conventional
hydrothermal methods, due to the rapid heating capability of
microwave. The fabricated NTMs were highly uniform in size,
having an average diameter of ~0.5 um, resulting from the
uniform microwave heating capability. The resultant NTMs
were constructed by well-crystallized anatase phase nano-
particles ranging from S to 10 nm, possess abundant
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mesoporous structures with a high specific surface area of
124 m* g~'. The formation of NTMs could be through an in
situ self-aggregation process under controllable pH in presence
of urea. At present, it still has rarely previous reports about this
innovative approach to synthesize the micro/nanostructured
TiO,. The application of NTMs for simultaneous photo-
catalytic decontamination of Cr(VI) and MO demonstrated a
strong synergistic effect that dramatically enhanced both
Cr(VI) reduction and MO oxidation removal efficiencies,
showing great potential in detoxification of harmful pollutants
in wastewaters. Regeneration studies showed the feasibility of
regeneration of NTMs. This work not only enriched the
synthesis methods of the micro/nanostructured TiO,, but also
provided a new means to improve the photocatalytic efficiency
via structural-induced synergistic effect, applicable to the other
catalysis systems.
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