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ABSTRACT: Removal of uranium from groundwater is of great signiﬁcance as
compared to in situ bioimmobilization technology. In this study, a novel direct
electro-reductive method has been developed to eﬃciently remove and recover
uranium from carbonate-containing groundwater, where U(VI)O2(CO3)34− and
Ca2U(VI)O2(CO3)3 are the dominant U species. The transferred electron
calculations and XPS, XRD analyses conﬁrmed that U(VI) was reduced to
U(IV)O2 and accumulated on the surface of the Ti electrode (deﬁned as Ti@
U(IV)O2 electrode) with high current eﬃciencies (over 90.0%). Moreover, over
98.0% of the accumulated U(IV)O2 could be recovered by soaking the Ti@
U(IV)O2 electrode in the dilute nitric acid. Results demonstrated that the
accumulated U(IV)O2 on the surface of the Ti electrode played a key role in the
removal of U(VI), which can promote the electro-reduction of U(VI).
Therefore, the electrode could be used repeatedly and has a high removal
capacity of U(VI) due to the continuous accumulation of active U(IV)O2 on the
surface of the electrode. Signiﬁcantly, the uranium in both real and high salinity groundwater can be eﬃciently removed. This
study implies that the proposed direct electro-reductive method has great potential for the removal and recovery of uranium
from groundwater and uranium-containing wastewater.

■

INTRODUCTION
Uranium contamination in groundwater is a particular concern
at uranium mining/milling, nuclear plants, and weapons
manufacturing sites.1 Uranium is also a naturally occurring
element and commonly found in groundwater around the
world.2−5 Due to its radioactive nature and toxicity, the World
Health Organization (WHO) and U.S. Environmental
Protection Agency (EPA) have set a limit of 0.13 μM (30
μg/L) for drinking water.6,7 Reduction of mobile U(VI) to
sparingly soluble uraninite (U(IV)O2(s)) is an eﬀective
approach for in situ remediation of uranium-contaminated
groundwater. This approach has been developed from
laboratory to ﬁeld studies, where the bioreduction of U(VI)
is stimulated by the injection of organic carbon as electron
donor.8,9
Although in situ bioremediation of U(VI) prevents the
mobility of uranium, uranium remains in groundwater as
precipitated uraninite. Further studies have shown that
biogenic uraninite is thermodynamically unstable and susceptible to reoxidation by oxygen, nitrate, iron oxides, and
iron(III)-bearing clay minerals.10−12 In addition, reoxidation
and remobilization of biogenic uraninite were reported even
under sustained reducing conditions.13,14 Recently, mono© 2019 American Chemical Society

nuclear U(IV) species were discovered as a consequence of
microbial U(VI) reduction and these nonuraninite products
had higher mobility than uraninite.15 Overall, these results
illustrate that in situ bioreduction of U(VI) has a great
potential of remobilization in groundwater.
Compared to the in situ bioremediation of U(VI), removal
of U(VI) from the subsurface is a more promising strategy. It is
reported that U(VI) can be extracted electrochemically from
seawater by using an electrochemical method, where U(VI) in
seawater was reduced and deposited on the surface of the
cathode.16,17 However, the removal of U(VI) from seawater
mainly relied on a half-wave assisted or a photocatalysisassisted method, showing that the electro-reduction of U(VI)
is a huge challenge. Previous studies showed that U(VI) in
groundwater cannot be reduced by the direct electrochemical
method using a carbon-based cathode.18,19 It is further
reported that only if microorganisms were present, U(VI) in
groundwater could be reduced and deposited by the cathode.18
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reductive removal process, where 99.9% of 0.1 mM U(VI) was
reduced at the potential of −0.6 V was deﬁned as Ti@
U(IV)O2 electrode.
The removal capacity of Ti electrode was evaluated by
continuously removing 0.1 mM U(VI) with 30 mM NaHCO3
at pH 7.5 until the removal eﬃciency arrived at 99.9% for 13
cycles. To investigate the inﬂuence of dissolved oxygen, the
electro-removal of 0.1 mM U(VI) was carried out under
anaerobic condition (in the anaerobic chamber), ambient air
condition, and nitrogen sparging condition.
Simulated Water of Na-HCO3 type (Na-HCO3-SW)21−23
and Ca-HCO3 type (Ca-HCO3-SW),24,25 real uraniumcontaining groundwater (RUG), and simulated groundwater
with high salinity (SGHA) were used in this study. The RUG
was collected from a uranium-containing well in Shandong
province of China. The constituents SGHA is based on the
groundwater samples from Inner Mongolia province of
China.2,26 The constituents of Na-HCO3-SW, Ca-HCO3-SW,
RUG, and SGHA have been listed in Tables S1, S2, S3, and S4
of the Supporting Information (SI), respectively.
All treatments and controls were run in triplicate.
Adsorption of U(VI) by Ti and Ti@U(IV)O2 Electrode.
The adsorption experiment was carried out in the anaerobic
glovebox. Ti and Ti@U(IV)O2 electrode without power
supported was put into an airtight reactor containing 40 mL
solution in the presence of 0.01 mM U(VI) and 30 mM
NaHCO3. The samples (0.3 mL) were collected from the
reactor with sterile needle and syringe for each hour, and the
samples were ﬁltered (0.22 μm) before analysis.
Recovery of Uranium from the Cathode Electrode.
After electro-reduction of U(VI), the cathode electrode was
taken out of the reactor and then was soaked in a plastic
container containing dilute HNO 3 solution. A series
concentrations of HNO3 ranging from 2% to 20% were
employed to evaluate the uranium recovery performance.
Analytical Methods. The concentration of U(VI) and
other cations (Ca2+, Mg2+, Na+, K+) were measured by
inductively coupled plasma mass spectrometry (ICP-MS,
NexION 300X, detection limit 1 μg/L). The anions (Cl−,
NO3−, SO42−) were measured by ion chromatography (IC,
ICS-2100). All the samples taken from the reactor were
measured after ﬁltration (0.22 μm). The concentration of
dissolved oxygen was tested by a dissolved oxygen sensor
(Mettler-Toledo LE621). The pH and Eh were measured
using a pH electrode (Mettler-Toledo, LE 438) and an Inlab
Redox Micro electrode (Mettler-Toledo), respectively.
Characterization of the Electro-Reductive Product.
The valence of the electro-reductive product was characterized
by the X-ray photoelectron spectroscopy (XPS). Spectra of U
4f were measured using a Thermo Fisher Scientiﬁc Escalab
250Xi system with a monochromatic Al Kα source (1486.6
eV). The crystal structure of the electro-reductive product was
characterized by using X-ray diﬀraction equipment (XRD, Cu
Kα radiation, λ = 1.54056 Å). The morphologies of highresolution transmission electron microscopy (HRTEM) of the
electro-reductive product were characterized by the high-angle
annular dark ﬁeld-scanning transmission electron microscope
(HAADF-STEM, FEI Tecnai G2 F20 S-TWIN).

In recent years, there is an ever-growing demand for nuclear
fuel in many countries.20 Uranium is the key element for
nuclear fuel. Due to the limitation of uranium in ore deposits,
contaminating or naturally occurring uranium in groundwater
can serve as an unconventional source for uranium. To date,
we know of no studies that have removed and recovered
uranium in groundwater by a simple and direct electroreductive method. Such a removal method is particularly
important to the remediation of uranium contaminatedgroundwater and the recovery of uranium from the unconventional groundwater source.
In this work, a novel direct electro-reductive method
(DERM) was developed to remove and recover uranium
from both simulated and real uranium-containing groundwater.
The removal performance was systematically evaluated under
diﬀerent conditions, including reduction potentials, initial
uranium concentrations, bicarbonate concentrations, calcium
concentrations, pH, dissolved oxygen, and dual/singlechamber reactors. The electro-reductive removal of U(VI) by
Ti electrode relied on the accumulation of U(IV)O2 on the
surface of the electrode. We believe that this is the ﬁrst study
demonstrating that uranium in groundwater could be removed
and recovered by DERM, which shows great potential for both
uranium remediation and uranium recovery from groundwater
and wastewater.

■

MATERIALS AND METHODS
Chemicals and Materials. U(VI)O2(CH3COO)2 was
purchased from Sinopharm Chemical Reagent Co., Ltd.
U(VI) stock solutions (5 mM) were prepared in deoxygenated
30 mM NaHCO3 solution and purged with 20:80% CO2/N2
gas mix (pH = 6.7), where U(VI)O2(CO3)34− is the dominant
U(VI) species (over 72%) calculated by Visual Minteq 3.1. 1,4Piperazinediethanesulfonic acid (PIPES) and 4-(2-Hydroxyethyl) piperazine-1-ehtanesulfonic acid (HEPES) were
purchased from Sigma-Aldrich. All chemicals used were of
analytical grade. The Ti plate (99.8% in purity, 0.127 mm in
thickness) was purchased from Aldrich (Milwaukee, WI).
Electrochemical Removal of Uranium(VI). All experiments were conducted in an anaerobic glovebox with an N2
atmosphere with copper molecular sieve catalyst (<0.1 ppm of
O2, Mikrouna, Universal 2440/750) unless otherwise noted.
Electrochemical removal of U(VI) was performed in an airtight
dual-chamber reactor. A titanium plate working electrode (1.5
× 3.0 cm2) and an Ag/AgCl reference electrode were used in
the cathode cell. A platinum plate (1.0 × 1.0 cm2) was used as
the counter electrode in the anode cell. The cathode cell and
anode cell were separated by a proton exchange membrane
(Ultrex CMI-7000, Membranes International, U.S.A.). Electrochemical removal of U(VI) was also performed in a singlechamber reactor through the same three-electrode system
without the separation membrane. A series of U(VI) electroreduction experiments were carried out as a function of applied
potential (−0.4 to −0.6 V), initial U(VI) concentration (0.5
μM to 0.5 mM), carbonate concentration (0.2−30 mM
NaHCO3), and pH (6.4−8.0). Experiments were performed by
spiking U(VI) into the reactor after the working electrode was
pre-equilibrated at the applied potential. The applied potential
was controlled with CHI 660D electrochemical workstation
(Chenhua, Shanghai, China). The pH was controlled by
adding the organic pH buﬀer, in which 30 mM PIPES was used
for pH 6.4 and 6.8, and 30 mM HEPES was used for pH 7.5
and 8.0. The Ti electrode after a typical U(VI) electro-

■

RESULTS AND DISCUSSION
Electrochemical Removal of Uranium(VI) at Diﬀerent
Potentials. To demonstrate the performance of electrochemical removal of U(VI) (0.1 mM) from Na-HCO3 type
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Figure 1. Electrochemical removal of U(VI) from Na-HCO3-SW and Ca-HCO3-SW at diﬀerent potentials (−0.4 V to −0.7 V). Experiments were
conducted with 0.1 mM U(VI) at pH 7.5. U(VI)O2(CO3)34− was the dominant U(VI) species (over 96%) in Na-HCO3-SW (30 mM bicarbonate)
and Ca2U(VI)O2(CO3)3 was the dominant U(VI) specis (over 62%) in Ca-HCO3-SW (5 mM bicarbonate and 2 mM Ca2+). (A) and (B) were the
U(VI) concentration versus time for Na-HCO3-SW and Ca-HCO3-SW, respectively. (C) and (D) were the transferred electron of electrochemical
removal of U(VI) versus time for Na-HCO3-SW and Ca-HCO3-SW, respectively. (E) Stoichiometric relationship between ΔQ and ΔU(VI) at the
potential of −0.6 V. The line represents theoretical stoichiometry of 2 Δmol Q to 1 Δmol U(VI). The ionic strength of Na-HCO3-SW and CaHCO3-SW were 60.0 and 39.0 mM, respectively. The Eh of Na-HCO3-SW and Ca-HCO3-SW were 197.3 and 138.2 mV, respectively.

of 6 h, showing that Ca-U(VI)-carbonate complex can be
eﬃciently removed using the direct electro-reduction method.
Previous studies showed that U(VI) could be electroremoved from groundwater by a carbon cathode. However,
U(VI) released back into solution when power was removed
from the carbon cathode, showing that the electro-removal of
U(VI) by carbon electrode was an electro-adsorption
process.18 In contrast, no release of U(VI) was observed
when power was removed in our work (Figure S2). Obvious
cladding substance on the surface of the Ti cathode was
observed (Figure S3), suggesting that the removal of U(VI) by
the Ti electrode was not an electro-adsorption process in our
study.
Furthermore, the removal of U(VI) resulted in signiﬁcant
current peaks (Figure S4). The current increased after the
addition of U(VI) (Figure S4), indicating that the removal
mechanism of U(VI) by the Ti plate electrode was likely an
electro-reduction process rather than an electro-adsorption
process. To test this, the transferred electron was quantiﬁed
according to the peak area of the current response:27,28

water (30 mM NaHCO3) by Ti plate electrode, experiments
were conducted at a series of potentials from −0.4 V to −0.7 V
(vs Ag/AgCl), where U(VI)O2(CO3)34− is the dominant U
species (over 96.0%) (Figure S1A). No signiﬁcant removal of
U(VI) was observed at −0.4 V, and the removal of U(VI)
signiﬁcantly enhanced when the applied potential was less than
−0.5 V (Figure 1A). The removal eﬃciencies at −0.4 V, −0.5
V, −0.6 V, and −0.7 V were (1.3 ± 0.19) %, (70.4 ± 1.47) %,
(99.9 ± 0.03) %, and (99.9 ± 0.01) %, respectively, within a
time period of 11 h. At the potential of −0.6 V and −0.7 V, the
concentrations of U(VI) at the end of the experiment were
below the U.S. EPA safe drinking water level (0.13 μM) after
11 h.
To demonstrate the performance of electrochemical removal
of U(VI) (0.1 mM) from Ca-HCO3 type water (2 mM Ca2+
and 5 mM NaHCO3) by Ti plate electrode, experiments were
conducted at a series of potentials from −0.4 V to −0.7 V,
where Ca2U(VI)O2(CO3)3 (62.0%) and CaU(VI)O2(CO3)32−
(38.0%) are the dominant U species (Figure S1C). The
removal eﬃciencies at −0.4 V, −0.5 V, −0.6 V, and −0.7 V
were (16.6 ± 3.00) %, (96.3 ± 0.10) %, (99.9 ± 0.01) %, and
(99.9 ± 0.01) % (Figure 1B), respectively, within a time period
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where Q is the transferred electron (mM), F is the Faraday
constant (96485 C/mol), I is current (A), V is the volume of
solution (L), and t is time (s).
The transferred electron at diﬀerent potentials was
quantiﬁed (Figure 1C,D). The transferred electron (Q) of
both Na-HCO3-SW and Ca-HCO3-SW were nearly twice that
of the removed U(VI) (ΔU) when the applied potentials were
−0.6 V. A linear relation was identiﬁed between Q and ΔU at
the potential of −0.6 V for the Na-HCO3-SW and Ca-HCO3SW (Figure 1E), of which the slopes were 2.16 ± 0.03 (R2 =
0.99) and 1.90 ± 0.05 (R2 = 0.99), respectively, suggesting that
the removal of U(VI) by Ti electrode was a two-electron
reduction process, and the electro-reduction product was likely
U(IV). The onset potential of H+ electro-reduction using Ti
and Ti@U(IV)O2 electrodes was tested through the linear
sweep voltammetry (LSV) method. The results showed that
the onset potential of Ti and Ti@U(IV)O2 were −1.14 V and
−1.19 V, respectively (Figure S5), showing that H+ electroreduction is negligible in our experiments (−0.4 V to −0.7 V).
Characterization of the Electro-Reductive Product.
The valence of the electro-reductive product on the surface of
the Ti electrode was characterized by XPS. 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 VI, V, and IV.29 The peak separation is
6.0−7.0 eV between the U(IV) primary peak and its associated
satellite peaks, and it is 7.8−8.5 eV for U(V). For U(VI), there
are two associated satellite peaks of 4.0 and 10.0 eV away from
the primary peaks. The separation between the primary peak
and the associated satellite peak was found to be 6.89 eV
(Figure 2A), conﬁrming that the product of electro-reduction
of U(VI) was U(IV) in this study.
The structure of the electro-reductive product was
investigated by XRD and HRTEM. The XRD peaks of
(111), (200), (220), and (311) facets matched with the
standard patterns of U(IV)O2 (Figure 2B), suggesting that the
electro-reductive product was U(IV)O2. The crystalline
features of U(IV)O2 was also conﬁrmed by HRTEM results
(Figure 2C), in which the (111) facet of U(IV)O2 was clearly
found. Furthermore, the discrete spots and diﬀuse rings in the
selected area electron diﬀraction (SAED) pattern and Fast
Fourier Transform (FFT) patterns also conﬁrmed the (111)
facet of U(IV)O2 clearly (Figure 2C).
Current Eﬃciency of the Electro-Reduction of U(VI).
The characterization of the electro-reductive product conﬁrmed that the U(VI) reduction was a two-electron transfer
process. As a result, the current eﬃciency was calculated:30
η=

n × (C0 − Ct )
Q

Figure 2. Characterization of the electro-reductive product. (A) Highresolution XPS spectra of U 4f. (B) XRD patterns of U(IV)O2 on the
surface of the electrode. (C) HR-TEM image and SAED pattern of
U(IV)O2. The inset shows the HR-TEM image and the FFT patterns
of the red zone, indicating the (111) facet of U(IV)O2.

Accumulated UO2 Promotes the Electro-Reduction of
U(VI). The result of the electro-removal of U(VI) (0.1 mM) by
the Ti electrode at −0.6 V was shown in Figure 3A (inset). To
better understand the U(VI) removal process, the electroremoval rate of U(VI) of each hour was calculated according to
the following:
ΔC
(3)
Δt
where v is the electro-removal rate of U(VI) (mM/h), ΔC is
the change in concentration of U(VI) (mM), and Δt is the
time interval (h, Δt = 1 for the electro-removal rate of each
hour).
The electro-removal rate of U(VI) increased in the ﬁrst
several hours and reached the maximum in the third and fourth
hour, and then decreased (Figure 3A). Correspondingly, the
reduction current also increased gradually and reached a
maximum in the third and fourth hour (Figure 3B), indicating
that the electro-reduction activity of the electrode was
continuously improving with increasing reaction time in the
ﬁrst several hours. Theoretically, the rate of a chemical reaction
is directly proportional to the concentration of reactants.31
Therefore, the electro-removal rate of U(VI) is supposed to be
the highest at the beginning because the concentration of
U(VI) is highest at the beginning. However, the electroremoval rate of U(VI) increased gradually in the ﬁrst several
hours in this study (Figure 3A), indicating that the electroremoval of U(VI) by Ti cathode was a self-accelerating
v=−

(2)

where η is the current eﬃciency, Q is the transferred electron
(mM), n is the number of electrons transferred per redox
change (n = 2), C0 is the initial uranium concentration (mM),
and Ct is the uranium concentration at time t (mM).
The current eﬃciency at the potential of −0.5, −0.6, and
−0.7 V within 11 h were 92.0 ± 0.08%, 92.7 ± 0.09%, and 85.6
± 0.02% respectively, showing a high power transfer eﬃciency
of the direct electro-reductive method. As both the current
eﬃciency (92.7 ± 0.09%) and U(VI) removal eﬃciency (99.9
± 0.03%) are high at the potential of −0.6 V, it was chosen to
be the applied potential for the rest experiments in this study.
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of U(VI) from the 2nd to 13th cycles were remarkably improved
compared to the removal rate of the ﬁrst time by using Ti
electrode (Figure 3C), conﬁrming that the accumulation of
active U(IV)O2 on the surface of the electrode could promote
the electro-reduction of U(VI). In all the 13-run cyclic tests,
the removing eﬃciencies of U(VI) were all over 99.0% after 8
h, showing that the electrode could be used repeatedly with
stable performance. After 13 cyclic tests, 57.8 mmol m−2 of
U(IV)O2 accumulated on the surface of the Ti electrode
without observing capacity saturation. The charge-transfer
resistance (Rct) of Ti and Ti@U(IV)O2 electrodes were
measured using electrochemical impedance spectroscopy
(EIS) method (Figure S7). The Rct of Ti and Ti@U(IV)O2
electrodes were 167.4 and 158.9 Ω, respectively. The slight Rct
decreasing of Ti@U(IV)O2 compared with the Ti electrode
indicated that the continuous accumulation of U(IV)O2 on the
of the Ti electrode will not inhibit the electrochemical
reduction of U(VI). The results discussed above demonstrated
that the Ti and Ti@U(IV)O2 electrode had a high removal
capacity of U(VI) due to the continuous accumulation of
active U(IV)O2 on the surface of the electrode.
Removal Performance of Ti and Ti@UO2 Electrode.
The performance of the Ti and Ti@U(IV)O2 electrode was
further tested at diﬀerent initial concentrations of U(VI). The
removing eﬃciencies were over 99.0% in 16 h at the initial
concentrations of U(VI) ranging from 0.05 to 0.50 mM when
the Ti electrode was used (Figure 4). However, when the

Figure 3. Electro-removal of U(VI) at −0.6 V. Experiments were
conducted with 0.1 mM U(VI) in the presence of 30 mM bicarbonate
at pH 7.5, where U(VI)O2(CO3)34− was the dominant U species
(over 96%). (A) The electro-removal rate of U(VI) of each hour. (B)
The reduction current of electro-removal of U(VI). (C) Electroremoval of U(VI) by using Ti and Ti@U(IV)O2 electrode for 13
cycles.

Figure 4. Electro-removal of U(VI) by using Ti and Ti@U(IV)O2
electrode at diﬀerent initial concentrations of U(VI) (0.05 μM to 0.50
mM). Experiments were conducted with 30 mM bicarbonate at pH
7.5, where U(VI)O2(CO3)34− was the dominant U species (over
96%).

process. This phenomenon was likely due to the accumulation
of U(IV)O2 on the surface of the Ti cathode, which could
further promote the electro-reduction of U(VI). After the
reduction of 0.1 mM U(VI), the surface of the Ti electrode was
covered by the active U(IV)O2 (Figures S3B and 2), which
was deﬁned as Ti@U(IV)O2 electrode. The adsorption of
U(VI) on the electrode is the ﬁrst step of the electro-reduction
of U(VI). The results of the adsorption experiments showed
that more than 60.0% of the U(VI) (0.01 mM) could be
adsorbed by Ti@U(IV)O2 electrode in 6 h at open circuit
(Figure S6A). Moreover, when Ca2U(VI)O2(CO3)3 (62.29%)
and CaU(VI)O2(CO3)32− (36.85%) are the dominant U(VI)
species in the presence of Ca2+, more than 99.0% of U(VI)
(0.01 mM) was adsorbed by the Ti@U(IV)O2 electrode in 6 h
(Figure S6B). In contrast, no obvious adsorption of U(VI) was
observed by the Ti electrode (Figure S6A,B). Results indicated
that accumulated U(IV)O2 on the surface of cathode has a
strong adsorption ability for U(VI).
To test whether the active U(IV)O2 could promote the
electro-reduction of U(VI), the Ti@U(IV)O2 electrode was
used for the electrochemical removal of U(VI) (0.1 mM) for
another 12 cycles (Figure 3C). As expected, the removal rates

initial concentration of U(VI) was 0.01 mM, only 16.9% of
U(VI) was removed by the Ti electrode in 16 h (Figure 4).
This was likely due to the diﬃculty of accumulation of enough
amounts of active U(IV)O2 on the surface of the Ti electrode
with a low concentration of U(VI). To test that, the Ti@
U(IV)O2 electrode was used with 0.01 mM U(VI). As
expected, the removal eﬃciency was 99.9% in only 3 h (Figure
4), conﬁrming that the electro-reductive removal of U(VI)
relied on the accumulation of U(IV)O2 on the surface of the
electrode. As the low concentration of the pollutant always
limits the application of electro-reduction technology due to
the high overpotential, the removal of 0.50 μM U(VI) using
Ti@U(IV)O2 electrode was also tested (Figure 4). The
removal eﬃciency (83.9%) was lower than that at a high
concentration of U(VI), which was due to the fact that the
U(VI) removal eﬃciency was proportional to the initial U(VI)
concentration at a constant applied potential (Text S1). The
U(VI) concentration decreased from 0.50 μM to 0.07 μM after
14616
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tration (initial 0.1 mM) was still lower than the U.S. EPA safe
drinking water level (0.13 μM) after electro-reduction (11 h),
showing that the direct electro-reduction method can be used
for U(VI) removal at a wide bicarbonate concentration range.
Eﬀect of Ca2+. Ca2+ is a common cation in groundwater,
which can form stable Ca-uranyl-carbonate complexes with
uranyl and carbonates.25,32 Electro-reduction of U(VI) with
diﬀerent concentrations of Ca2+ (0 mM, 0.5 mM, 1 mM, and 2
mM) at the potential of −0.6 V was investigated. The removal
eﬃciency of U(VI) decreased with increasing Ca2+ concentration (Figure 5B). This is attributed to the formation of
stable Ca-uranyl-carbonate complexes, such as Ca2U(VI)O2(CO3)3 and CaU(VI)O2(CO3)32−.25,32 The proportion of
Ca2U(VI)O2(CO3)3 gradually rose from 42.1% to 62.9% as the
concentration of Ca2+ increased from 0.5 mM to 2 mM (Figure
S1C). Meanwhile, the reversible redox potentials of U(VI)
become more negative from −0.10 V to −0.18 V (Table S6),
showing a higher U(VI) electro-reduction barrier caused by
the coordination of Ca2+. Even in the presence of 2 mM Ca2+,
the U(VI) concentration (initial 0.1 mM) was still lower than
the U.S. EPA safe drinking water level (0.13 μM) after electroreduction (6 h).
Eﬀect of Dissolved Oxygen and pH. Although the
concentration of dissolved oxygen (DO) was low in groundwater,30 it is a potential inﬂuence factor for the application of
electro-reduction technology. Here, the performance of the
electro-reduction of U(VI) was evaluated under diﬀerent
conditions, including anaerobic condition (in the anaerobic
chamber), ambient air condition, and nitrogen sparging
condition. The removal rate of U(VI) under ambient air
condition was slower than that under anaerobic condition
(Figure 5C). This was due to the oxidation of U(IV)O2 by DO
under ambient air condition, which was further conﬁrmed by
the decreasing of DO concentration in the reactor (Figure S8).
The by-reaction of oxygen also led to a low current eﬃciency
(16.5%) as compared to that under anaerobic condition
(90.0%). However, the high removal eﬃciency of U(VI)
(95.0%) could still be achieved in 30 h even under ambient air
conditions (Figure 5C). The removal performance of U(VI)
could be signiﬁcantly improved by sparging nitrogen to the
reactor, where both the removal rate of U(VI) and current
eﬃciency (81.0%) are close to that under anaerobic condition
(Figure 5C).
The performance of electro-reductive removal of U(VI) was
also investigated at diﬀerent pH values in the presence of 30
mM bicarbonate. Results showed that the removal eﬃciencies
of U(VI) were all over 99.9% at the pH ranging from 6.4 to 8.0
in 30 h (Figure S9), suggesting that the electro-reduction
method could be applied for U(VI) removal in a wide pH
range.
Inﬂuence of Reactor Type. The performance of electroreductive removal of U(VI) was tested in both the singlechamber reactor and the dual-chamber reactor. The removal
eﬃciency of U(VI) in the single-chamber reactor was slightly
higher than that in the dual-chamber reactor (Figure S10).
Furthermore, the current eﬃciencies of the single-chamber
reactor and the dual-chamber reactor were 90.9% and 92.7%,
respectively. Results showed that both reactors have high
removal eﬃciency and current eﬃciency for U(VI) removal,
suggesting that the application of the electro-reduction method
is not limited by the reactor type.
Electrochemical Removal of U(VI) from Simulated
High Salinity Groundwater and Real Groundwater. The

electro-reduction (8 h) (Figure 4), which was still lower than
the U.S. EPA safe drinking water level (0.13 μM). Our results
demonstrated that the direct electro-reduction method could
be used for U(VI) removal at a wide concentration range,
where Ti electrode could be used for the removal of high
concentration of U(VI) and Ti@U(IV)O2 electrode could be
used for the removal of low concentration of U(VI).
Eﬀect of Bicarbonate. Carbonate is a common dentate in
groundwater and plays an important role in the electroreduction of U(VI) from groundwater. Electro-reduction of
U(VI) at diﬀerent bicarbonate concentrations (0.2 mM, 5 mM,
10 mM, 20 mM, and 30 mM) at the potential of −0.6 V was
investigated. The removal eﬃciency of U(VI) decreased with
increasing bicarbonate concentration (Figure 5A). This was

Figure 5. Eﬀect of (A) bicarbonate (0.2−30 mM), (B) Ca2+ (0.5−2
mM), and (C) dissolved oxygen on the electro-removal of U(VI).
Experiments were conducted with 0.1 mM U(VI) at pH 7.5.

attributed to the powerful coordination ability of carbonate,
which formed stable uranyl-carbonate complexes, such as
U(VI)O2CO3, U(VI)O2(CO3)22−, and U(VI)O2(CO3)34− in
groundwater environment. As shown in Figure S1A, the
proportion of U(VI)O2(CO3)34− gradually rose from 0.02% to
93.0% as the concentration of bicarbonate increased from 0.2
mM to 30 mM. Meanwhile, the reversible redox potentials of
U(VI) become more negative from −0.06 V to −0.16 V with
increasing bicarbonate concentration (Table S5), showing a
higher electro-reduction barrier caused by the coordination of
carbonate. However, even in the presence of a high
concentration of bicarbonate (30 mM), the U(VI) concen14617
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removal performance of U(VI) from real uranium-containing
groundwater (RUG) was evaluated using Ti@U(IV)O2 at
−0.6 V. The initial concentration of U(VI) was 2.63 μM in
RUG. The constituents and U(VI) species of RUG have been
listed in Tables S3 and S7, respectively. The main U(VI)
species were Ca2U(VI)O2(CO3)3 (58.19%) and CaU(VI)O2(CO3)32− (38.29%). Although the RUG contains various
inorganic ions, such as NO3−, HCO3−, SO42−, Ca2+, and Mg2+
(Table S3), the removal eﬃciency of U(VI) is still high (over
97.0%) and the U(VI) concentration (0.08 μM) is below the
U.S. EPA safe drinking water level after electro-reduction at the
applied potential of −0.6 V (Figure S11).
The removal performance of U(VI) using Ti@U(IV)O2 at
−0.6 V from simulated water with high salinity (SGHA) was
also evaluated. The initial U(VI) concentration in SGHA was
10 μM. The constituents and U(VI) speciation of SGHA have
been listed in Table S4 and S7, respectively. The SGHA
contains a high concentration of HCO3− (9.62 mM), Ca2+
(2.22 mM) and Mg2+ (11.12 mM) (Table S4), which form
stable complexes with uranyl and inhibit the electro-reduction
of U(VI). The main U(VI) species were Ca2U(VI)O2(CO3)3
(54.92%) and CaU(VI)O2(CO3)32− (42.46%) (Table S7).
However, even in the presence of high salinity, the removal
eﬃciency of U(VI) is over 99.0% and the U(VI) concentration
(0.10 μM) is below the U.S. EPA safe drinking water level after
electro-reduction at the applied potential of −0.6 V (Figure
S11). Results indicated that the direct electro-reductive
method is suitable for U(VI) removal in real and high salinity
groundwater.
Uranium Recovery from the Cathode. In this study, the
dilute HNO3 was employed to recover uranium from the
surface of the cathode. The recovery eﬃciencies of uranium are
more than 98% in dilute HNO3 (2% to 20%), and the recovery
rate increased with increasing HNO3 concentration (Figure
S12). Our results demonstrated that the recovery of uranium
from Ti@U(IV)O2 cathode could be eﬃciently achieved in the
dilute HNO3 solution.

Figure 6. Concept of the direct electro-reductive method for in situ
removal of uranium in groundwater.
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ENVIRONMENTAL IMPLICATIONS
In this study, we developed a direct electro-reductive method
by using Ti and Ti@U(IV)O2 cathode to remove and recover
uranium from groundwater. This method showed great
potential for in situ removal of uranium in groundwater. For
example, wells could be drilled surrounding the uraniumcontaminated sites. The electrodes of DERM could be set in
the wells to remove and restrict the spread of uranium. The
concept of this method was shown in Figure 6. This method
can overcome the limitations of traditional in situ bio
immobilization technology, where uranium remains in aquifer
sediments as uraninite and is susceptible to reoxidation.
Our method also has great potential for the removal of
uranium from uranium industrial wastewater. Although DO in
the wastewater could decrease the current eﬃciency of DERM,
uranium can be removed eﬃciently at high current eﬃciency
when the wastewater is sparged with an inert gas such as
nitrogen. Furthermore, DERM is suitable to treat the uraniumcontaining wastewater generated from research laboratories.
For example, in our laboratory, the wastewater generated from
this study containing 1.79 mM U(IV) was treated by DERM.
The uranium concentration is 0.04 μM after electro-reduction
(Figure S13), which is far below the U.S. EPA safe drinking
water level.
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