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We  report  the synthesis  and  photocatalytic  removal  of  Cr(VI)  from  water  of hierarchical
micro/nanostructured  Fe2+/TiO2 tubes.  The  TiO2 tubes  fabricated  by a facile  solvothermal  approach  show
a  three-level  hierarchical  architecture  assembled  from  dense  nanosheets  nearly  vertically  standing  on
the  surface  of TiO2 microtube.  The  nanosheets  with  a thickness  of  about  20  nm  are  composed  of  numer-
ous  TiO2 nanocrystals  with  size  in  the  range  of  15–20  nm.  Ferrous  ions  are  doped  into  the  hierarchical
architecture  by  a reduction  route.  The  Fe2+/TiO2 catalyst  demonstrates  an effective  removal  of  Cr(VI)  from
water  under  UV  light  and  the  removal  effectiveness  reaches  99.3%  at  the  initial  Cr(VI)  concentration  of

−1

hotocatalyst
ierarchical architecture
e doped TiO2 tubes
emoval of Cr(VI)

10 mg  L . The  ferrous  ion in  the  catalyst  serves  not  as  the  photo-electron  trap  but  as  an  intermedium  of
a  two-step  reduction.  The  TiO2 photoreduces  the  Fe2+ ions  to Fe  atoms  firstly,  then  the  Fe  atoms  reduce
the  Cr(VI)  to Cr(III),  and  the  later  is  removed  by  adsorption.  The  hierarchical  architecture  of  the catalyst
serves  as  a reactor  for  the  photocatalytic  reaction  of  Cr(VI)  ions  and  an  effective  absorbent  for  the  removal
of Cr(III)  ions.  The  catalyst  can  be  easily  magnetically  separated  from  the  wastewater  after  photocatalytic

r  aci
reaction  and  recycled  afte

. Introduction

Many toxic heavy metals, such as Cr6+, Ni2+, Cu2+, Cd2+ and Pb2+,
ave been discharged into the environment as industrial wastes,
ausing serious soil and water pollution [1–4]. Among them, the
r(VI) is more dangerous due to its highly toxic, extremely soluble
nd mobile, especially, it is carcinogenic and potentially mutagenic
o human being [5,6]. Different techniques have been reported in
iteratures for the treatments of Cr(VI), such as electrocoagulation
7,8], physical and biological adsorption [9–11], ion exchange [12],

embrane separation [13] and photocatalytic reduction [14,15].
he most advisable catalyst for the removal of Cr(VI) from the
astewater should be not only capable of removing the Cr(VI)

horoughly, but also easily separated from the wastewater and
conomically recyclable.

As an important semiconductor, TiO2 has been extensively
nvestigated for degrading organic pollutions and removing heavy

etal ions from water due to its high photocatalytic activity, chem-
cal/photocorrosion stability, low cost and safety to environment
16–19].  Since the photocatalytic reaction and adsorption easily

ccurs on or around material surfaces, enlarging the surface area
as been proved to be an effective route to realize high perfor-
ance photocatalysis. It was found that the hierarchical structures

∗ Corresponding author. Tel.: +86 0551 559 1437; fax: +86 0551 559 1434.
E-mail address: ghli@issp.ac.cn (G.H. Li).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.08.068
d  treatment.
© 2011 Elsevier B.V. All rights reserved.

with hollow interior and porous surface exhibit an improved pho-
tocatalytic activity due to their large surface area and special
micro/nanostructures, especially for those pollutants tending to be
absorbed by the catalyst [20–23].  Doping with nonmetal atoms,
such as N, C, S, and F, can improve the photocatalytic activity of
TiO2 by narrowing its forbidden band gap, upon which enhance
the absorption of visible light and generation of photoelectrons
[24–27].  Recently, the research activities to improve the photocat-
alytic activity of TiO2 by doping with transition metals, such as Ag,
Fe and Pt, have been flourished. The doped transition metal ions can
serve as the photo-electron trap and thus facilitate the separation
of electrons and holes and inhibit their recombination reactions
[28–30].

In this paper, we report a strategy to synthesize Fe2+ ions doped
TiO2 catalyst with a three-level hierarchical architecture, the cat-
alyst demonstrates an effective photocatalytic removal of Cr(VI)
from water under UV light. Different from previous reports, our
study indicates that the ferrous ion in the catalyst serves not as the
photo-electron trap but as an intermedium of a two-step reduction.
We also found that the catalyst can be magnetically separated and
recycled conveniently and economically.

2. Experimental
2.1. Preparation of samples

All the chemicals were of analytic grade and used with-
out further purification. In a typical procedure, an emulsion

dx.doi.org/10.1016/j.jhazmat.2011.08.068
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ghli@issp.ac.cn
dx.doi.org/10.1016/j.jhazmat.2011.08.068
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ontaining TiOSO4·2H2O (1.8013 g), glycerol (12.1 mL), and
ethanol (27.9 mL)  was first mixed and stirred for 5 min, and

hen ethyl ether (8.6 mL)  was added to the emulsion and stirred
or another 2 min. The emulsion was then moved into a 70 mL
utoclave and kept at 110 ◦C for 24 h, followed by natural cooling to
oom temperature. Finally, the precipitate was taken out from the
utoclave, stirred, ultrasonic dispersed, centrifuged and washed
horoughly with alcohol, dried at 80 ◦C and calcined at 550 ◦C in
ow air for 3 h.

.2. Characterization

The final products were characterized by X-ray diffrac-
ion (XRD, X’Pert Pro MPD), X-ray photoelectron spectroscopy
XPS, Thermo ESCALAB 250), field emission scanning electron

icroscopy (FESEM, Sirion 200) and high resolution elec-
ron microscopy (HRTEM, JEM 2010). Low-temperature nitrogen
orption–desorption isotherms were measured at −195.7 ◦C using

 gas adsorption apparatus (model: Omnisorp 100CX). Specific sur-
ace area was evaluated using the Brunauer–Emmett–Teller (BET)
quation and the plot of the pore-diameter distribution was deter-
ined by using the Barrett–Joyner–Halenda (BJH) method from the

esorption branch of the isotherm. The pH values were measured
ith Mettler Toledo pH meter (FG2/EL2). The ions concentrations
ere measured by ICP emission spectrometer (ICP 6000). The pho-

ocatalytic reactions were carried out under Xe lamp (XBO 500 W/H
FR VS1).

.3. Reduction of Fe onto TiO2 tubes

In a typical experiment, as-prepared TiO2 tubes (80 mg)  were
mmersed in a 40 mL  glass bottle fill with FeCl2·4H2O solution
20 mL,  8 mM),  ultrasonic dispersed for 1 min, and then ice bathed
nd stirred for 10 min. Then NaBH4 (5 mL,  100 mM)  was dropped
n the solution in 5 min  and kept stirring for 30 min. Initially, the
olution turned primrose yellow from milk white, and then to
ilver gray. Finally, the Fe nanoparticles doped TiO2 tubes were
entrifuged, washed thoroughly with deionized water and dried at
0 ◦C. The as-prepared sample turns to dark green due to the oxida-
ion of Fe nanoparticles. For small Fe nanoparticles, the resulted Fe
xide is mainly FeO with some Fe2O3, while for large ones the pure
e core might still exist inside Fe oxides. The corresponding sam-
le was named as Fe2+/TiO2 catalyst. For comparison, some of the
e2+/TiO2 catalyst were annealed in flow air at 500 ◦C for 60 min  to
ransform all the FeO and Fe to Fe2O3 (the sample has a red brown
olor and is named as Fe3+/TiO2 catalyst. Accordingly, the pure TiO2
ubes are named as TiO2 catalyst for simplicity).

.4. Removal of Cr(VI)

A series of experiments was performed to investigate the
emoval capacity of each catalyst under different illumination con-
itions. The TiO2, Fe2+/TiO2 and Fe3+/TiO2 catalysts (each 5 mg)  was
espectively added in nine quartz glass tubes containing 20 mL,
0 mg  L−1 K2Cr2O7 stock solution. The suspensions were ultrasonic
ispersed for 1 min, then agitated tenderly and kept in different

lluminated conditions (in darkness, illuminated with visible light
>400 nm by a filter) or ultraviolet light (305–387 nm)) for 1 h and
hen immediately centrifuged. The catalysts were separated from
he suspension and the remaining clear liquid was  used for ICP

easurements.
The influence of the pH value on the removal of Cr(VI) was
valuated under UV light (300 W,  1 h) on the suspension sam-
les containing 8 mg  Fe2+/TiO2 catalyst and 8 mL  K2Cr2O7 stock
olutions (10 mg  L−1) with different pH values. After ultrasonic dis-
ersed for 1 min, the initial pH values of suspensions were adjusted
 Materials 196 (2011) 29– 35

by either 5% H2SO4 or 5% NaOH solution. After photocatalytic reac-
tion the suspensions were centrifuged, and the supernatant liquid
was divided into two  parts. One was  examined directly by ICP and
another was  adjusted the pH values in the range of 7.5–8 to allow
of the transformation of reduced Cr(III) to Cr(OH)3 precipitation
before ICP examination [31,32]. The ICP result of the first part repre-
sents the total Cr concentration remained in the supernatant liquid
and that of the second part is approximately to the concentration
of the remained Cr(VI) after photocatalytic reaction.

Kinetics of the photocatalytic removal of Cr(VI) was studied with
Fe2+/TiO2 catalyst in a sample containing 25 mg  Fe2+/TiO2 catalyst
and 25 mL  K2Cr2O7 stock solutions (20 mg  L−1). After ultrasonic dis-
persed for 1 min, the initial pH value of the suspension was adjusted
to 3.5 with 5% H2SO4 solution. The sample was illuminated with UV
light (300 W)  with agitating tenderly. Every 3 mL  suspension was
taken out from the sample after 1, 5, 30, 60, 120, 180, and 240 min
time-interval illumination, and then centrifuged immediately for
ICP measurement without further treatment.

The dependence of the removal capacity on Cr(VI) concentra-
tion was  evaluated with Fe2+/TiO2 catalyst under UV illumination
(300 W).  Six samples contained 8 mg  Fe2+/TiO2 catalyst and 8 mL
Cr(VI) ions stock solutions with the concentration of 10, 20, 40, 80,
160 and 200 ppm were prepared, and after ultrasonic dispersed for
1 min, the initial pH value of the suspensions was  adjusted to 3.5.
After illuminated for 240 min, the suspensions were centrifuged
immediately for ICP measurements.

The recycle ability of the catalyst was  test. The Fe2+/TiO2 cata-
lyst after photocatalytic reaction was soaked in 10% HNO3 solution
for 1 h, then washed with deionized water several times and dried
at 70 ◦C. The reborn Fe2+/TiO2 catalyst was  tested in fresh Cr(VI)
solution under the same experimental conditions as mentioned in
the section of kinetics study.

3. Results and discussion

3.1. Morphology and structure

Fig. 1 shows typical FESEM images and XRD pattern of hierarchi-
cal micro/nanostructured TiO2 tubes. The hierarchical architecture
is composed of numerous TiO2 nanosheets on the surface of micro-
tubes. The microtubes are about 3–10 �m in length, 800–1300 nm
in diameter and 200 nm in wall thickness (Fig. 1a and b). A close-up
view of Fig. 1c shows that the nanosheets nearly vertically stand
on the tubular surface with random distribution. The correspond-
ing XRD analysis (Fig. 1d) reveals that the annealed samples are
composed of anatase TiO2.

The three-level hierarchical structure of the TiO2 tubes can be
clearly seen in Fig. 2. The TiO2 tube is the main body of the three-
level structure, and its hollow feature can be clearly observed from
the different contrasts of the dark edge and pale center (Fig. 2a).
The nanosheets formed the second level (Figs. 2b) are composed
of numerous TiO2 nanoparticles. The nanoparticles (the third level)
with the diameter of 15–20 nm have a special crystal shape of clear-
cut edges and corners. HRTEM characterizations indicate that the
nanoparticles are anatase TiO2 single crystal (see Fig. A1). The TiO2
nanocrystals are connected with each other in nearly a single layer
and form a sheet-like structure of about 20 nm in thickness and
250 nm in diameter. The nanosheets stand freely on the surface
of the microtube (Fig. 2a) and the nanocrystals consisting of the
nanosheet are loosely connected with each other (Fig. 2b), pro-
ducing numerous mesopores and nanopores in the hierarchical

architecture. Such three-level hierarchical structure shows no con-
spicuous change after doping with Fe nanoparticles, and the Fe (or
its oxides) nanoparticles with about several nanometers in diam-
eter situate inside the TiO2 matrix (mainly on the surface of TiO2
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Fig. 1. ESEM images (a–c) and XRD pattern (d) of the TiO2 tubes.

F e, (b) nanosheets composed of TiO2 nanocrystals, (c) Fe nanoparticles (inside the circles)
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ig. 2. Typical TEM image of (a) a single hierarchical micro/nanostructured TiO2 tub
oped  nanosheet.

anoparticles), as shown in Fig. 2c. It was found that the reduc-
ion step is essential in controlling the size and distribution of Fe
anoparticles inside the TiO2 matrix, and the more generally direct
alcination of the TiO2/FeCl2 mixture results in a large size distri-
ution of Fe oxides.

Low-temperature nitrogen sorption–desorption isotherms
easurement (Fig. 3) shows that such three-level hierarchi-

al structured TiO2 tubes have a specific surface area of about
40.3 m2 g−1 (evaluated by the Brunauer–Emmett–Teller equation
33]). One can see from the pore size distribution curve (the
nset in Fig. 3, calculated from desorption branch of the nitrogen

sotherm by the BJH method [34]) that the nanopores have a size
istribution from 5.4 to 73 nm with maximum at about 12 nm.  The
mall pore is attributed to the interspace of the nanocrystals and
he large one comes from the overlapping of the nanosheets.

Fig. 3. Nitrogen sorption–desorption isotherms and pore size distribution (inset) of
the TiO2 tubes.
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this pH value is very low. With increasing pH value, the reducibil-
ity of Fe2+/TiO2 catalyst further increases (the concentration of the
remained Cr(VI) is about 0.057 ppm at pH 3.5) and the adsorp-
tion capacity of Cr(III) increases dramatically (the concentration
ig. 4. Comparison of removal Cr(VI) capacities of TiO2, Fe2+/TiO2 and Fe3+/TiO2

atalysts in dark and illuminated with visible or UV light for 1 h with the initial
r(VI) concentration of 20 mg  L−1.

.2. Mechanism of Fe2+/TiO2 catalyst for removal of Cr(VI) under
V light

The removal capacities of the TiO2, Fe2+/TiO2 and Fe3+/TiO2 cat-
lysts under different illumination conditions are shown in Fig. 4.
ithout illumination, the TiO2 catalyst shows a slightly preferable

emoval of Cr(VI) compared with Fe2+/TiO2 and Fe3+/TiO2 catalysts,
hich is considered mainly due to its surface adsorption. As the

iO2 catalyst is synthesized from TiOSO4, the existed sulfur (as
roved by the XPS analysis, see Fig. B1)  will increase the surface
cidity of TiO2 catalyst in aqueous and make the surface more pos-
tively charged, and thus enhancing the adsorption for Cr(VI) in the
orm of HCrO4

−, CrO4
2− or Cr2O7

2− [35]. Under visible light illumi-
ation, the number of the photoelectron is very limited and cannot
nhance the removal capacity but reduce the adsorption as the pho-
oelectrons will neutralize some positive charges on the catalyst
urface. When illuminated with UV light, the Cr(VI) will be reduced
y enough photoelectrons and the removal capacity will increase
ccordingly. For Fe2+/TiO2 and Fe3+/TiO2 catalysts, the adsorption
apacities in dark or under visible light are both lower than the TiO2
atalyst because of the weakened surface acidity by Fe ions (the
nitial pH values of the solutions are 5.36, 6.53 and 6.05 for TiO2,
e2+/TiO2 and Fe3+/TiO2 catalysts, respectively). Interestingly, fer-
ous ions and ferric ions show different roles for removal of Cr(VI)
nder UV light. Fe2+/TiO2 catalyst shows an obvious improvement

n removal capacity while Fe3+/TiO2 catalyst show a decreased
emoval capacity. The mechanisms for removal of Cr(VI) under UV
ight can be understood by the following equations:

iO2 + hv → e−
CB + h+

VB (1)

−
CB + Cr(VI) → Cr(III)ads (2)

e2+ + e−
CB → Fe0 (3)

e0 + Cr(VI) → Fe2+/Fe3+ + Cr(III)ads (4)

e3+ + e−
CB → Fe2+ (5)

The photoelectrons generated from TiO2 upon absorbing UV
ight can reduce Cr(VI) to Cr(III), and the Cr(III) can be removed
y adsorbing on the catalyst surface according to Eqs. (1) and (2).
or Fe2+/TiO2 catalyst, the Fe2+ ions will be firstly reduced to Fe0

toms by the photoelectrons according to Eq. (3).  The Fe0 atoms
ave better reducibility than Fe2+ ions and can easily reduce Cr(VI)

o Cr(III) according to Eq. (4).  While for Fe3+/TiO2 catalyst, the Fe3+

ons will capture photoelectrons and transform to Fe2+ ions, lead-
ng to the obvious decrease in the removal capacity according to
q. (5).  Here, the hierarchical architecture of the catalyst serves not
Fig. 5. Sketch illustration of the mechanism of photocatalytic removal of Cr(VI) for
the  Fe2+/TiO2 catalyst.

only as a reactor for the photocatalytic reaction of Cr(VI) ions but
as an effective absorbent for the removal of Cr(III) ions as well.

Fig. 5 illustrates the sketch mechanism of the photocatalytic
removal of Cr(VI) ions in aqueous for the Fe2+/TiO2 catalyst. Differ-
ent from the previous reports, the ferrous ions in our catalyst serve
not as the photo-electron trap but as an intermedium of a two-
step reduction. The TiO2 photoreduces the Fe2+ ions to Fe atoms
firstly, and then the Fe atoms reduce the Cr(VI) to Cr(III). The XPS
analysis further confirms our suggestion (Fig. 6). Before the pho-
tocatalytic reaction, the high-resolution spectrum shows that the
binding energies of Fe 2p are at about 710.9 and 724.5 eV, corre-
sponding respectively to Fe 2p3/2 and Fe 2p1/2, as shown in Fig. 6a,
indicating that the Fe oxide is mostly composed of Fe2+ ions. After
the photocatalytic reaction, the binding energies of Fe 2p respec-
tively shift to 713.9 and 726.5 eV, indicating that the main Fe oxide
is Fe3+ ions. The binding energies of Cr 2p adsorbed on the Fe2+/TiO2
catalyst are at about 577.6 and 586.8 eV (Fig. 6b), which are assigned
respectively to Cr 2p3/2 and Cr 2p1/2, indicating that the adsorbed Cr
ions are trivalent Cr. Because the reduction of Cr(VI) occurs mainly
on the surface Fe nanoparticles, the original pure Fe core in some
large Fe oxides does not affect above mentioned two-step reduction
mechanism.

3.3. Influence of the pH value on photocatalytic activity

Fig. 7 shows the influence of the pH value on the photocatalytic
activity. One can see that the Fe2+/TiO2 catalyst shows an excel-
lent reducibility in the pH range from 1.85 to 6.5. At a lower pH
value of 1.85, the concentration of the remained Cr(VI) is less than
0.092 ppm and the concentration of total Cr ions reaches 9.58 ppm,
suggesting that most of the Cr(VI) ions are reduced to Cr(III) ions,
but the adsorption capacity of the Fe2+/TiO2 catalyst for Cr(III) at
Fig. 6. XPS spectra of (a) Fe 2p in the Fe2+/TiO2 catalyst before (curve 1) and after
(curve 2) photocatalytic reaction and (b) Cr 2p absorbed on the Fe2+/TiO2 catalyst
after photocatalytic reaction.
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ig. 7. Concentration of Cr(VI), total Cr and Fe ions remained in the photocatalytic
eaction solution after 1 h illumination with 8 mg  Fe2+/TiO2 catalyst for 8 mL  Cr(VI)
olution at different initial pH values (at initial concentration of 10 mg  L−1).

f total Cr ions is about 1.088 ppm at pH 3.5). As the pH value fur-
her increases from 3.8 to 6.5, the concentration of Cr(VI) and total
r ions increases slightly. As the photocatalytic reduction depends
n the Fe0 atoms reduced by photoelectrons generated from TiO2
nder UV light, the pH value has little influence on the reducibility
f the Fe2+/TiO2 catalyst. Whereas the adsorption of Cr(III) depends
trongly on the pH value, the lower the pH value, the heavier the
ositively charged of the catalyst surface, and the lower the adsorp-
ion ability of Cr(III) due to the charge repel. The concentration of
he Fe ions dissolved in the solution after the photocatalytic reac-
ion is also depends on strongly on the pH value of the solution,
s shown in Fig. 7. The concentration of Fe ions drops to 10.2 from
8.7 ppm as the pH value increases from 1.85 to 3.5. When the pH
alue is larger than 4.65 the concentration of Fe ions keeps at a
early constant value of 0.154 ppm, indicating that the consump-
ion of Fe is low at relative high pH value. At lower pH value, Fe
toms will apt to react with H+ and dissolve into the solution, lead-
ng to the lost of the loaded Fe in the catalyst. It was found that the
ptimal pH values of the Fe2+/TiO2 catalyst for removal of Cr(VI)
re in the range of 3.5–3.8.

.4. Kinetics of the photocatalytic removal of Cr(VI)

Time evolution of the photocatalytic reduction of Cr(VI) by the
e2+/TiO2 catalyst is characterized by optical absorption measure-
ents, as shown in Fig. 8. At the beginning of the photocatalytic
eaction, the concentration of Cr(VI) decreases rapidly and remark-
bly due to the high adsorption induced by the high specific surface
rea of the catalyst. The intensity of the absorption peaks of the
r(VI) gradually decreases with increasing illumination time, and

ig. 8. Time dependent absorption spectra of Cr(VI) solution with initial concen-
ration of 20 mg  L−1 after photocatalytic reaction with 25 mg  Fe2+/TiO2 catalyst for
5  mL  Cr(VI) solution. The inset shows corresponding concentrations of Cr(VI) at
ifferent reaction times.
Fig. 9. Pseudo-first-order kinetic rate plot for removal of Cr(VI) by the Fe2+/TiO2

catalyst.

almost disappears after 240 min. The final concentration of the total
Cr ions remained in the solution drops to 2.03 ppm from the ini-
tial 20 ppm (the inset of Fig. 8), indicating the Fe2+/TiO2 catalyst
can effectively remove Cr(VI). The kinetics of photocatalytic reduc-
tion for Cr(VI) of the Fe2+/TiO2 catalyst exhibits a pseudo-first-order
model as shown in Fig. 9 (except for the first minute due to the rea-
son mentioned above). The change of ln(Ct/C0) with respect to the
reaction time has a linear form and obeys the following equation:

ln
(

Ct

C0

)
= A + Kobs × t (6)

where C0 and Ct are the concentration of Cr (VI) at initial and at
different illumination times, respectively, A is a experimental con-
stant associated with the initial adsorption of the Fe2+/TiO2 catalyst,
and Kobs is the observed pseudo-first-order rate constant represent-
ing the photocatalytic reduction rate and can be obtained from the
slope of the linear plot of ln(Ct/C0) vs. time. In our experiments,
the absolute value of A and Kobs are found to be about 0.4291 and
0.0069 min−1, respectively.

3.5. Removal effectiveness and capacity on the initial
concentration of Cr(VI)

The dependence of the removal effectiveness and capacity on
the initial concentration of Cr(VI) was evaluated at pH 3.5 after 4 h
illuminations. The removal capacity is determined by the following
equation:

Qe = mr

m
= (C0 − Ct) × V

m
(7)

where Qe is the amount of Cr(VI) ions reduced and removed by a
unit mass Fe2+/TiO2 catalyst (expressed in mg g−1), mr the mass
of Cr(VI) ions reduced and removed (mg), m the catalyst mass
(g), C0 the initial concentration of Cr(VI) ions (ppm or mg  L−1), Ct

the concentration of Cr(VI) (ppm or mg  L−1) after photocatalytic
reaction and V the volume of the solution from which the photo-
catalytic reaction occurs (L). The removal effectiveness is evaluated
by the ratio of the mass of Cr(VI) ions removed over its initial mass.
The results are shown in Fig. 10.  The removal effectiveness is very
prominent at low C0 (with 99.3% for initial Cr(VI) concentration
of 10 ppm and 89.0% of 20 ppm), then it gradually decreases with
increasing C0, and at a high C0, such as at 80 ppm, the removal effec-
tiveness becomes poor. While the removal capacity increases with
increasing C0, and almost has a constant value at high C0. The reason
for this is considered mainly due to the limited generation of Fe0
atoms by the photoelectron, as our further experiment conformed
that the removal effectiveness and capacity can be enhanced by
extending the illumination time, for example, the removal effec-
tiveness and capacity increases respectively from 25.78 to 34.36%
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Fig. 10. Removal effectiveness and capacities after 4 h photocatalytic reaction at
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ifferent initial Cr(VI) concentrations with 8 mg  Fe2+/TiO2 catalyst for 8 mL  Cr(VI) at
nitial pH value 3.5.

nd 20.62 to 27.49 mg  g−1 as the illumination time prolonging from
 to 8 h for the initial Cr(VI) concentration of 80 ppm.

.6. Recycle and separation of the Fe2+/TiO2 catalyst

The recycle ability of the Fe2+/TiO2 catalyst was tested after
reatment with 10% HNO3. TEM characterizations show that no
bservable morphology change occurs after the treatment. The
bsorption spectra of the Cr(VI) in two cycles are shown in
ig. 11.  One can see that the absorption peaks of Cr(VI) only
lightly increase in the second cycle (curve 3) as compared with
he first cycle (curve 2). The removal effectiveness in the sec-
nd cycle is about 79.1%, which is about 89% capacity of the
rst cycle. The decrease in the removal effectiveness is consid-
red mainly due to the consumption of Fe ions in the first cycle.
he consumption of Fe ions during the photocatalytic reaction
s shown in the inset (a) of Fig. 11,  in which the consumption
s negligible (below 0.01 ppm) at the first 2 h and increases to
bout 0.0488 ppm in the following 2 h. Such low consumption of
e ions also indicates that the Fe2+/TiO2 catalyst possess favor-
ble durability in the photocatalytic activity. Furthermore, as the
e2+ ions change partly to Fe3+ ions after photocatalytic reac-
ion, the reacted catalyst can be magnetically separated from the
astewater as shown in the inset (b) of Fig. 11.  This result demon-
trates that the Fe2+/TiO2 catalyst can be recycled conveniently and
conomically.

ig. 11. Recyclable of the Fe2+/TiO2 catalyst. Cr(VI) absorption spectra of curve (1)
nitial, curve (2) after the first photocatalytic cycle and curve (3) after the second
ycle. The inset (a) is Fe ion concentration dissolved in the solution at different
hotocatalytic reaction times in the first cycle and the inset (b) demonstrates the
agnetically separate the catalyst from the water.
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4. Conclusion

Three-level hierarchical micro/nanostructured Fe2+/TiO2 cata-
lyst were fabricated by a facile solvothermal approach combined
with a reduction route. The Fe2+/TiO2 catalyst shows an effective
removal of Cr(VI) from water under UV light, and the removal
effectiveness can reach 99.3% at the Cr(VI) initial concentration of
10 mg L−1. The mechanism of the Fe2+/TiO2 catalyst for the removal
of Cr(VI) ions is a two-step reduction: the TiO2 catalyst photore-
duces the Fe2+ ions to Fe atoms firstly, and then the Fe atoms reduce
the Cr(VI) to Cr(III). The hierarchical architecture of the catalyst
serves not only as a reactor for the photocatalytic reaction of Cr(IV)
ions but as an effective absorbent for the removal of Cr(III) ions as
well. The catalyst can be easily magnetically separated from the
wastewater after photocatalytic reaction and recycled after acid
treatment conveniently and economically. The Fe2+/TiO2 catalyst
may  find potential applications as environmental benign photo-
catalyst for the removal of Cr(VI) from the wastewater, particularly
in depth treatment of drinking water.
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