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diated photoelectrochemical
reduction of U(VI) to U(IV) in waste water:
electrochemical parameters and spectroscopy†
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and Tingting Huob

The photoelectrochemical reduction of U(VI) is recognized as an economical and effective way to eliminate

radioactive pollution. In this study, we construct a a-Fe2O3/TiO2 film electrode-based

photoelectrochemical cell to remove U(VI) and recover uranium from aqueous solution. Citric acid and

oxalic acid could act as hole scavengers, being favorable for the photocatalytic reduction of U(VI). In the

presence of 0.5 mM citric acid and oxalic acid, the uranium removal capacity reached 70% and 58%,

respectively, while 24% was achieved for the system in the absence of acid. The XRD, SEM, FT-IR and

XPS results revealed that a proportion of U(IV) was also precipitated as surface associated metastudtite.

These novel observations have significant implications for the behavior of uranium within engineered

and natural environments.
1. Introduction

With the consumption of fossil fuels, uranium is an important
nuclear fuel that is widely used in nuclear power plants, nuclear
reactors, nuclear weapons and other industries.1 It is reported
that the amount of identied uranium on land is only 7.6
million tons, which severely restricts the development of the
nuclear industry. However, uranium mining and processing
have resulted in the release of considerable amounts of
uranium into the natural environment, mostly through migra-
tion in ground or surface water systems as the highly soluble
uranyl(VI) ion.2–4 It will cause a wide range of environmental
pollution and induces a serious threat to human health.
Therefore, it is of great signicance for environmental protec-
tion to explore new technologies and methods for efficient
removal and extract of uranium from the uranium wastewater.

There are two main species of uranium in the environment,
hexavalent uranium U(VI) has good solubility in aqueous solu-
tion, while tetravalent uranium U(IV) has less solubility.5,6

Hence, reduction of the uranyl ion (UO2
2+) and precipitation as

the insoluble U(IV) species have been regarded to be an effective
and economic approach to remediate and manage the uranium
contamination. Till now, some traditional processing methods
such as chemical precipitation,7 chemical reduction,8 ion
ineering, Mianyang Normal University,

ent and Resource, Ministry of Education,

logy, Mianyang, Sichuan, 621010, China

tion (ESI) available. See DOI:

the Royal Society of Chemistry
exchange,9 biological treatment10 and evaporation concentra-
tion11 can effectively prevent the pollution of U(VI) in contami-
native environments, but these methods generate secondary
pollution, incur high production costs, and require harsh pro-
cessing. Among various proposed methods, photo-
electrochemical (PEC) method, a kind of versatile, efficient,
cost-effective, and clean technique based on photoinduced
electron transfer processes at electrode/interfaces, has received
much interest. Kim et al.12 have found that photo-
electrochemical (PEC) treatment was more effective in reducing
U(VI) than photocatalytic (PC) treatment and electrochemical
(EC) treatment. The synergistic effect at �0.4 VSCE was 250% of
the PEC U(VI) reduction, because it can enhance the separation
of photogenerated electron–hole pairs and prolong the lifetime
of charge carriers via applying bias.

TiO2 is very attractive for their fascinating features such as
good chemical and thermal stability, plentiful polymorphs, and
excellent electronic and optical properties. The conduction
band (ECB) of TiO2 is located at �0.29 V versus NHE, which is
lower than the redox potential of UO2

2+/U4+ (0.267 V) and UO2
2+/

UO2 (0.411 V), revealing the photo-excited electrons in TiO2

electrode have enough energy to drive the reduction reaction of
U(VI) to U(IV) in theory. Actually, several works reported that
photocatalytic reduction of U(VI) species using TiO2 photo-
catalyst. For instance, Li et al.13 use TiO2 as photocatalyst
reduction and removal of U(VI) under UV irradiation, which
exhibits a superior reduction performance, and the reduced
uranium was easily eluted and recovered by sodium carbonate
solution. Li et al.14 have found that uranium extraction from
seawater photocatalysis by TiO2 was reached 3960 mg g�1

without saturation. However, considering the inferior transfer
RSC Adv., 2021, 11, 23241–23248 | 23241
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ability of photo-generated charges, the insufficient response to
visible light, further efforts are needed to construct metal-free
photocatalysts with high efficiency. To overcome the intrinsic
drawbacks of TiO2, a series of modication methods have been
proposed including polymerization of organic compounds,15

elements doping16 and acid treatment.17 At the same time, the
high production cost, the instability and toxicity of these
advanced materials greatly restricts their practical application
in U(VI) remediation. Hematite (a-Fe2O3) has material abun-
dance, chemical stability over a wide pH range, and favourable
band gap (2.0–2.2 eV) structure enabling the absorption of
a great spectrum of sunlight (27% of the total power). However,
the fast recombination of photogenerated electrons and holes
weakened its photocatalytic activity. Shejale K. P. et al.18 using
core–shell a-Fe2O3–anatase and rutile TiO2 nanostructures as
photoanodes demonstrated have enhance 8% and 21% photo-
conversion efficiency and ll factor of the solar cell compared to
that of a-Fe2O3 photoanodes, respectively. Similarly, we use a-
Fe2O3/TiO2 as photocatalyst reduction and removal of Cr(VI),
which exhibits a superior reduction performance.19

Noteworthily, the combination of oxidation and reduction
reactions would markedly improve the separation rate of pho-
togenerated holes and electrons, enhance the quantum effi-
ciency, leading to enhancement of removal rate of U(VI). In order
to reduce the compound of hole and electron, the effective
method has been proposed though adding hole scavenger in
the reaction system. For example, Raivis E. et al.20 investigated
the impact of scavenging power on the photochromic properties
of TiO2, which shown that solvents such as ethanol have the
best hole scavenging properties among the alcohols tested.
Denisov N. et al.21 nd that hole scavenger, such as: methanol,
isopropanol, ethylene glycol, EDTA-Na2, Na2SO3, lead to a 10.0–
28.8 times higher H2 production by TiO2 nanotubes than the
scavenger-free case. Our previous studies have proven that
ethanol as hole scavenger improved the U(VI) reduction effi-
ciency of TiO2-based photoelectrochemical cell.22

Inspired by the prior works, in this work, the a-Fe2O3/TiO2

heterojunction was prepared as photoanode and uorine-doped
tin oxide (FTO) glass cathode for U(VI) photoelectrochemical
reduction. Furthermore, the different environmental condi-
tions, such as pH values, concentration of U(VI), action time and
hole scavenger, were investigated for U(VI) photo-
electrochemical reduction. Addition, the mechanism of U(VI)
photoreduction process was investigated via X-ray diffraction
(XRD), scanning electron microscopy (SEM), Fourier Transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS). It is expected that this research will pave the way for the
further development of efficient photocatalysts for the removal
of radionuclide.

2. Material and methods
2.1 Preparation of a-Fe2O3/TiO2 electrode

Ethylene glycol, NH2CONH2, HNO3 were purchased from
Chengdu Chemical Reagent Co., Ltd. (Chengdu, China). All
chemicals were analytically pure grade. Distilled water was used
throughout the whole experiments. The a-Fe2O3/TiO2 lm on
23242 | RSC Adv., 2021, 11, 23241–23248
FTO glass was used as the photoanode, which was prepared
according to the solvent-thermal methods in the published
literatures.19 Briey, 1.0 mL TiCl3 solution (15.0–20.0 wt%,
Aldrich) was diluted with 5.0 mL ethylene glycol to form
a precursor solution. 500 mL precursor solution was drop-cast
onto the surface of FTO, and was annealed in air at 150 �C for
40 min followed by 550 �C for 2 h. Next, 1.08 g FeCl3$6H2O
(Aladdin, 99.9%) and 0.36 g NH2CONH2 were dissolved in 20 mL
distilled water. The precursor solution was transferred into
a 30 mL Teon-lined stainless autoclave and kept at 150 �C for
6 h, followed by natural cooling to room temperature. Finally, the
lm formed on FTO was annealed at 500 �C for 30 min, a orange/
rufous lm was formed on the FTO glass substrate.

Before the photoelectrochemical measurements, the
morphology and phase structure of a-Fe2O3/TiO2 lm were
investigated using a Zeiss Supra 55 VP scanning electron
microscope (SEM), a Rigaku Spider X-ray diffractometer (XRD,
powder sample test mode) and UV-vis diffuse reectance
spectra (DRS) (Fig. S1–S3†). In previous works, it has been
proved that a-Fe2O3/TiO2 lm withmixed phase of hematite and
anatase is advantageous for reducing the recombination of
photo-excited electrons and holes and enhancing the visible-
light-induced photocatalysis properties.19
2.2 Electrochemical and photoelectrochemical
measurement

The electrochemical and photoelectrochemical measurement
were performed in a conventional three-electrode system linked
with the electrochemical workstation (Princeton Applied
Research, USA, model PARSTAT 4000). The as-prepared a-Fe2O3/
TiO2 lm electrode was used as working electrode, Pt electrode as
the counter electrode and saturated calomel electrode (SCE,
Shanghai INESA Scientic Instrument Co., Ltd.) as reference
electrode. 0.5 mM uranyl nitrate hexahydrate [UO2(NO3)2$6H2O]
(Sigma Aldrich) dissolved into 0.1 M NaCl supporting electrolyte
was used as U(VI) solution for electrochemical and photo-
electrochemical measurements. A 0.1 M NaCl solution without
additives was used as a reference. The pH is adjusted with NaOH
or HCl (0.1 M). The illumination source was a 300 W xenon lamp
with AM 1.5 G lter (Beijing China Education Au-light Co., Ltd.).
For efficient charge separation, the photoelectrochemical
measurements for the a-Fe2O3/TiO2 lms are conducted using
back-side illumination.23 For converting the obtained potential
(vs. SCE) to reversible hydrogen electrode (RHE) (NHE at pH¼ 0),
the following equation was used.

ERHE ¼ ESCE + 0.059 pH

+ E0
SCE (E0

SCE ¼ 0.2458 V vs. NHE at 25 �C) (1)

2.3 Photocatalytic characterization

The photocatalytic experiments were carried out in a three-
electrode cell using an 300 W xenon lamp with AM 1.5 G lter
as a light source and a three-electrode cell comprising of an a-
Fe2O3/TiO2 electrode, FTO (1.5 cm � 2.5 cm), and SCE were
used as a working, counter, and reference electrodes,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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respectively. The uranium solution used in the experiment is
obtained by dissolving UO2(NO3)2$6H2O in a 0.01 M HNO3

solution. The concentrations of U(VI) in supernatant were
determined using the spectrophotometrically arsenazo III
method at a wavelength of 652 nm.24 In brief, the method
involved the addition of 1 mL of supernatant into volumetric
ask of 25 mL, then adding 5 mL of CH2ClCOOH–CH3COONa
buffer and 1 mL of 0.06% arsenazo (III). Aer 10 min, the
absorbance at 651 nm was measured by UV-Vis spectropho-
tometer (UV-2450, SHIMADZU, China). The linear relationship
between absorbance and CU(VI) see in Fig. S4.† The removal
percentage (R, %) could be expressed as eqn (2).

R ¼ C0 � Ct

C0

� 100% (2)

where C0 and Ct are the concentrations of the uranium in the
initial and nal solutions (mg L�1), respectively. All chemicals
are of A.R. grade quality, and the solutions prepared with
distilled water.

2.4 XRD, SEM, FTIR, XPS analysis

The structural characterization of uranium was characterized
via X-ray diffractometer (XRD, Rigaku D/max TTRIII) with Cu-Ka
radiation (l ¼ 1.5419 Å) at a scanning rate (2q) of 0.05� s�1. The
morphology of the samples was observed using scanning
Fig. 1 pH-dependent speciation of U(VI) in 0.1 MNaCl calculatedwithMIN
linear sweep voltammetry scans (c); time-profiled changes during the ph
photoelectrochemical (PEC, irradiation + bias) treatment of a-Fe2O3/TiO

© 2021 The Author(s). Published by the Royal Society of Chemistry
electron microscope (SEM, Zeiss Supra 55 VP). Fourier trans-
form infrared spectroscopy (FTIR, PerkinElmer Nicolet-5700)
were collected by spectrophotometer in the wave number
range of 400–4000 cm�1 at room temperature. The X-ray
photoelectron spectroscopy (XPS, Thermo Escalab 250 XPS,
USA) parameters were: Al K-alpha source, spot size of 400 mm,
and energy step size of 1.0 eV. The XPS datas were processed
using the XPSPEAK soware (version 4.1).
3. Results and discussion
3.1 Photoelectrochemical activity of a-Fe2O3/TiO2 in U(VI)
solution

pH of solution is regarded as the most important factor, as it
affects not only the speciation of uranium ions in solution, but
also the chemical properties and surface characteristics. As
shown in Fig. 1a, the distribution of U(VI) species in solution is
calculated by Visual MINEQL 3.0 based on Nuclear Energy
Agency (NEA) database. The transformation of U(VI) from free
UO2

2+ to series hydroxide compound (e.g. UO2OH
+,

(UO2)2(OH)2
2+, (UO2)3(OH)5+ and (UO2)4(OH)7+) with the pH

increasing, which might be explanation of the pH-dependent
removal. In conclusion, the excellent removal efficiency of
U(VI) was primarily ascribed to the electrostatic interaction and
surface complexation or precipitation.25 It is worth noting that
EQL software (a); amperometric i–t curves at different pH (b); chopped
otocatalytic (PC, irradiation only), electrochemical (EC, bias only), and

2 electrode in 0.5 mM U(VI) + 0.1 M NaCl at pH 4.0, Ebias ¼ 1.0 V (d).

RSC Adv., 2021, 11, 23241–23248 | 23243
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most of the uranium wastewater is acidic, and subsequent
experiments are mainly carried out under acidic conditions.
The photoelectrochemical activity of a-Fe2O3/TiO2 lm photo-
anode was investigated by amperometric i–t curves at different
pH in Fig. 1b. Notably, the anodic photocurrent intensity far
exceeds that of all other samples at pH 4, which reaches 0.8 mA.
One possible reason was that the pH induced protonation and
deprotonation of surface groups on a-Fe2O3/TiO2.26,27 The H+

will protonize the surface of material and prevent it from
combining with the positively charged U(VI) (mainly UO2

2+). In
addition, the protons will compete with U(VI) to consume pho-
togenerated, thus reducing the photoreduction activity. In
addition, the cyclic voltammogram of U(VI) was measured at
different pH in Fig. S1,† which found that the photocurrent of
reduction peak and anodic peak A is maximum at the pH 4.

Fig. 1c shows the chopped linear sweep voltammetry scans
for a-Fe2O3/TiO2 electrode in 0.5 mM U(VI) + 0.1 M NaCl (pH
4.0). Under AM 1.5 G irradiation, it is apparent that the a-Fe2O3/
TiO2 lm has pronounced photocurrent response, revealing
a positive photoelectrochemical activity of a-Fe2O3/TiO2 lm
photoanode for PEC water oxidation. The a-Fe2O3/TiO2 lm
shows a more pronounced photoresponse, which starts around
0.15 V vs. SCE and gradually increases with applied potential.
The photocurrent on the a-Fe2O3/TiO2 lm reached 0.25 mA
cm�2 at 1.0 V vs. SCE, which is a 25 times enhancement
compared to without irradiation at the same potential. This
experimental result shows a positive synergistic effect was
formed between bias and irradiation for PEC water oxidation,
because most of photogenerated holes are expected to transfer
for water oxidation. Similar results have been found in other
research relating to photocatalysts on FTO-coated glass
substrates for water oxidation.28 The standard reduction
potential of U(VI) to U(IV) is EQ ¼ 0.327 V vs. RHE, and O2 is E

Q ¼
1.229 V vs. RHE.29 This suggests that O2 was an effective electron
acceptor, comparing to reduction of U(VI) to U(IV). Thus in our
experiments, all the electrolyte was treated by N2 purging for
10 min to remove the dissolved oxygen before measurement.
The comparisons of PC, EC, and PEC processes on the reduction
of U(VI) were shown in Fig. 1d. Under PC treatment conditions,
Fig. 2 Cyclic voltammogram of a-Fe2O3/TiO2 electrode on dark and lig
U(VI) at different scan rates (b).

23244 | RSC Adv., 2021, 11, 23241–23248
approximately 5.2% of U(VI) was removed. The EC treatment
(Ebias ¼ 1.0 V vs. SCE) for 3 h has removed approximate 36.6% of
U(VI), whereas PEC treatment for the same period at 1.0 V vs.
SCE has removed the U(VI) about 75%. Hence, the synergistic
effect at 1.0 V vs. SCE was 179.4% (DUPEC/(DUEC + DUPC) �
100%). Upon irradiation, a small Ebias can drive effective sepa-
ration of the photogenerated charges.12,30 Therefore, there were
obvious synergistic PEC effects on U(VI) removal.

3.2 Characterization of U(VI) reduction potential

The Redox potential of U(VI) in 0.1 M NaCl solution was deter-
mined by cyclic voltammetry, as shown in Fig. 2a In the absence
of U(VI), no distinct redox peak was observed on FTO glass
electrode in 0.1 M NaCl. However, three signicantly large
anodic peaks at�0.26 V vs. SCE (peak A),�0.7 V vs. SCE (peak B)
and �1.1 V vs. SCE (peak C) were observed. The reduction peak
A are presumed to be related to the one-electron reduction of
U(VI) to U(V) (e.g., UO2

2+, reaction (3)). Peak B correspond to the
pentavalent uranium (UO2

+) further reduction to U(IV) (reaction
(4)), and H2 evolution reaction started at peak C (reaction (5)).
During the return scan, a distinct oxidation peak at 0.15 V vs.
SCE (peak D) was observed, which can be attributed to oxidation
of U(IV) to U(VI) (reaction (6)).

UO2
2+ + e� / UO2

+ (3)

UO2
+ + 4H+ + e� / U4+ + 2H2O (4)

2H+ + 2e� / 2H2 (5)

U4+ + 2H2O � 2e� / UO2
2+ + 4H+ (6)

Fig. 2b presents the cyclic voltammograms of a-Fe2O3/TiO2

electrode in 0.5 mM U(VI) + 0.1 M NaCl solution measured at
different scanning rates. A linear relations were identied
between the cathodic/anodic peak current values and the
square root of scan rates, which indicate that the electro-
chemical reduction of U(VI) and the oxidation of U(IV) both
were diffusion controlled process.31,32 The peak current ratio ipa/
ht in 0.5 mM U(VI) + 0.1 M NaCl at pH 4.0 (a); cyclic voltammogram of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ipc > 1 (ipa and ipc are the anodic peak current and the cathodic
peak current, respectively) indicating that the redox behavior of
U(VI) is quasi-reversible by eqn (7).

DEp ¼ 1:15RT

anaF
(7)

where n is the number of transferred electrons, a the electron
transfer coefficient. The number of electrons transferred per
redox change was tted using eqn (7) and the results show that
n equals 1.0, consistent with the one-electron reduction of U(VI)
/ U(V) on the a-Fe2O3/TiO2 surface.
3.3 Organic acid mediated photoelectrochemical reduction
of U(VI)

To better understand the effects of hole scavengers to the pho-
toelectrochemical reduction of U(VI), citric acid and oxalic acid
were added in the mixed solution. As shown in Fig. 3a, higher
photocurrent was observed on a-Fe2O3/TiO2 lm photoanode in
the water–citric acid and oxalic acid mixed solution compared
with that in the water solution, indicating enhanced U(VI)
reduction efficiency on counter electrode. Due to adding citric
acid and oxalic acid as hole scavenger, which can consume h+/
cOH, and a synergistic effect is expected in photocatalysis. This
result was consistent with the above linear sweep voltammetry
result. The effect of citric acid and oxalic acid on photoreduction
Fig. 3 Current–time plots (a); effects of hole scavengers to the photoele
equivalent circuit (d) of a-Fe2O3/TiO2 electrode in 0.5 mM U(VI) + 0.1 M
0.5 mM U(VI) + 0.1 M NaCl (pH 4.0).

© 2021 The Author(s). Published by the Royal Society of Chemistry
of U(VI) by a-Fe2O3/TiO2 was evaluated, as shown in Fig. 3b. Aer
illuminated for 3 h, the uranium remove capacity in the presence
of 0.5 mM citric acid and oxalic acid reached 70% and 58%,
respectively, while 24% was achieved for the system in absence
acid, which indicates citric acid and oxalic acid greatly improved
the photoelectrochemical reduction ability of U(VI). This may be
because citric acid and oxalic acid as hole scavenge, which were
oxidized by the photogenerated holes, thus reduce the recombi-
nation of photogenerated holes and electrons. On the other
hand, citric acid and oxalic acid were formed a greater amount of
radicals in this process, which enhances U(VI) photoreduction
rate. Similarly, it has also been proven preliminary research work
that the application of the photocatalytic method showed a high
enhance for U(VI) in the presence of other hole scavenger
including ethanol, methanol, sodium citrate and formic acid.33,34

To conrm the possibility, the kinetics of U(VI) reduction at
the interface of a-Fe2O3/TiO2 the lm electrodes/electrolyte were
evaluated by electrochemical impedance spectroscopy (EIS).
The measured EIS spectra are shown in the form of Nyquist
plots in Fig. 3c. In the presence of citric acid, the semicircle arcs
are much smaller than oxalic acid, indicating faster PEC U(VI)
reduction kinetics. The arcs are related to charge transfer at the
interface of the electrode/electrolyte and the surface of electrode
in this typical Nyquist plot. Fig. 3d shows the equivalent circuit
for the a-Fe2O3/TiO2 lm electrodes. In the equivalent Randle
ctrochemical reduction (b); electrochemical impedance spectra (c); the
NaCl (pH 4.0). The control condition is absence hole scavengers in

RSC Adv., 2021, 11, 23241–23248 | 23245
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circuit, Rs is the solution resistance, Rsc is the space charge
resistance, CPE are the constant phase elements for the
electrolyte/electrode interface and electrode surface, respec-
tively. The distribution of U(VI) species in solution is calculated
by Visual MINEQL 3.0 based on Nuclear Energy Agency (NEA)
database. The tted values of Rs and Rct for the a-Fe2O3/TiO2

lm electrode is calculated by Zsimwin based on the measured
impedance data. The tted values of Rs and Rct for the a-Fe2O3/
TiO2 lm electrode are 3943 U and 65.6 U, respectively, which
are much lower than those oxalic acid and control for the a-
Fe2O3/TiO2 lm electrodes. This indicates that the citric acid
has higher charge separation efficiency and faster charge
transport rate for U(VI) reduction.35
3.4 Mechanisms of photoelectrochemical reduction of U(VI)

U(VI) was conversed to UO2
+, U4+, or UO2 by photocatalytic

reduction, which has been proven by previous research
work.36,37 To elucidate the interaction mechanisms of U(VI)
photoreduction over a-Fe2O3/TiO2, XRD, SEM, FT-IR and XPS
were used to explore the possible photocatalytic reduction
mechanism. For assessing the reduction product of U(VI), XRD
patterns were employed to obtain an inside view into the
formed uranium species (Fig. 4a). Under irradiation, obvious
diffraction peaks were observed at 12.0�, 28.1�, 32.4�, and 46.8�

which identied as metastudtite (UO2)O2$2H2O (PDF-35-0571).
The diffraction peaks of UO2 (PDF-46-0952) were observed in
Fig. 4 XRD ((inset SEM image of the U(VI) reduction)) (a); FT-IR (b); U 4f

23246 | RSC Adv., 2021, 11, 23241–23248
the XRD pattern of lm. The same results were also observed by
previous research, in which photoelectrochemical and electro-
chemical reduction U(IV) precipitates as UO2, U3O8 and (UO2)6-
O2(OH)8$6H2O.21,38,39 Furthermore, the micromorphology of the
samples aer photocatalytic reactions were further researched
by SEM, as shown inset of Fig. 4a. Obviously, abundant small
nanoparticles were deposited aer UV illumination, which
indicating that U(VI) are photoelectrochemically reduced to
U(IV), and form solid U(IV)-based complexes. FTIR is employed to
further investigate the functional groups of U(VI) reduction in
Fig. 4b. The FTIR spectra of tetravalent and hexavalent uranium
presented a characteristic peak between 400 and 620 cm�1 and
800–1100 cm�1, respectively.40 The results indicate the reduc-
tion of U(VI) and U(IV). XPS analysis was further performed to
identify the oxidation states of the accumulated uranium
(Fig. 4c). The position of the satellite peaks on the high binding-
energy side of the U 4f primary peaks is the key criterion to
distinguish the oxidation states of uranium from 6+, 5+, and 4+.
It is notable that new peaks which appeared at 382.2 eV and
393.0 eV were attributed to U 4f7/2 and U 4f5/2 photoelectrons,
correspondingly, indicated the successful photoreduction of
U(VI) and U(VI). Among them, the peaks at 381.4 eV and 391.5 eV
are the characteristic peaks of U(VI), while the peaks at 382.2 eV
and 392.7 eV correspond to the formation of U(IV). The results
from XPS suggest that the uranium reaction product is most
likely a U(VI) and U(IV) oxidation state. The XPS and XRD results
both indicate the photoconversion of metaschoepite
spectra (c) of U(VI) reduction.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Proposed mechanism for photoelectrochemical reduction U(VI) of a-Fe2O3/TiO2 electrode.
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precipitates into UO2. Interestingly, similar results were re-
ported in almost all previous studies, where mixed uranium
states were nally formed in U(VI) photoreduction.14,41

Base on the above results, a plausible mechanism for the
photocatalytic reduction of U(VI) was proposed, as shown in
Fig. 5. The photoreduction of U(VI) can be described as follows
(see reactions (8–12)). Under visible light agitation, a-Fe2O3/
TiO2 is excited and the electron–hole pairs are generated (eqn
(8)). Then the reduction of U(VI) is achieved by the photo-
generated electrons on the conduction band of a-Fe2O3/TiO2 via
eqn (9). Subsequently, the holes may oxidize water to give
hydroxyl radicals (eqn (10)). Meanwhile, the citric acid can be
formed a greater amount of CO2

�c radicals by photogenerated
holes in this process (eqn (11)). The reduction potentials of
UO2

2+/UO2 and UO2
2+/U4+ are reported to be 0.411 and 0.327 V

vs. SHE, respectively.42 High reductibility CO2
�c [E0(CO2

�c/CO2)
¼ �1.8 V vs. NHE] are advantageous for the reduction of U(VI) to
U(IV) (eqn (12)).43

a-Fe2O3/TiO2 + hv / h+ + e� (8)

U(VI) + 2e� / U(IV) (9)

h+ + 2H2O / H+ + OH (10)

h+ + C6H8O7 + 5OH$/ 6CO2
�c + 13H+ (11)

U(VI) + CO2
�c / U(IV) + CO2[ (12)

Therefore, the photoelectrochemical reduction mechanism
might be that U(VI) was reduced to form U(IV) by photogenerated
electron or CO2

�c, and formed (UO2)O2$2H2O deposits on the FTO
cathode.

4. Conclusions

In this study, U(VI) photoreduction on a-Fe2O3/TiO2 was feasible
and U(VI) could be partly reduced to U(IV) from wastewater. The
batch experiments showed H+ would inhabit U(VI)
© 2021 The Author(s). Published by the Royal Society of Chemistry
photoreduction by competing for the photogenerated e�. Citric
acid can accelerate U(VI) photoreduction by consuming photo-
generated holes. Obviously, compared with traditional photo-
reduction methods, uranium extraction via
photoelectrochemical reduction is more efficient, which has
a signicantly higher capacity. In similarity, citric acid can
promote U(VI) photoreduction under acidic conditions, which
has a synergistic effect. In addition, the formation of secondary
mineral phase was provided additional reactive sites for U(VI)
reduction according to XRD and XPS analysis. These observa-
tions are crucial for applying a-Fe2O3/TiO2 composites into the
immobilization and preconcentration of radionuclides in
environmental cleanup.
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