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The development of effective uranium-removal techniques is of great significance to the environment
and human health. In this work, a double potential step technique (DPST) was applied to remove U(VI)
from uranium-containing wastewater using a carbon felt electrode modified by graphene oxide/phytic
acid composite (GO-PA@CF). The application of DPST can inhibit water splitting and prevent GO-PA from
adsorbing other interfering ions in wastewater. The GO-PA composite can effectively accelerate the elec-
trochemical reduction rate of U(VI), which significantly improved the electrochemical deposition rate of
uranium oxide. As a result, the maximum removal efficiency and maximum removal capacity of GO-
PA@CF electrode reached 98.7% and 1149.3 mg/g, respectively. The removal efficiency remained 97.2% after
five cycles of reuse. Moreover, the removal efficiency of GO-PA@CF electrode can reach more than 70% in

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a radioactive heavy metal, uranium poses a great threat to-
wards environment and human health. With the widespread use
of nuclear energy, the world’s consumption of uranium resources
has increased sharply [1]. As a result, a large amount of uranium-
containing wastewater will be produced in uranium mine tailings.
When this wastewater enters the soil, it will cause serious soil pol-
lution and groundwater pollution. Furthermore, uranium released
into the biosphere will inevitably harm human health through the
food chain [2-4]. Therefore, uranium in wastewater needs to be
separated and recovered efficiently.

The chemical/physical adsorption technique is one of the most
common methods for uranium-containing wastewater treatment
[5,6]. The removal mechanism of this method is mainly attributed
to chelation and ion-exchange. The selective adsorption of uranium
ion can be easily achieved by designing the adsorption active sites
with specific chemical structure, such as phosphate and amidoxime
group [7,8]. However, this adsorption method has several disadvan-
tages: (1) The adsorption capacity is limited by the number of ad-
sorption sites, which leads to a low adsorption capacity [9]; (2) the
adsorption rate is usually low, since the adsorption process of the
chemical/physical adsorption depends on the random diffusion rate
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of ions. Thus, it is not suitable for treating the wastewater contain-
ing uranium with a low concentration [10].

Capacitive deionization is another ideal method to remove
uranium ions from uranium-containing wastewater [11,12]. This
method refers to the adsorption of ions on the surface of electrode
material by applying an electric field in the solution [13]. The dif-
fusion rate of uranium ions can be accelerated by the electric field,
which leads to a higher deposition rate compared with that of
other adsorption methods. This advantage is more obvious in the
treatment of uranium solution with a low concentration, for ex-
ample, extracting uranium from seawater. Moreover, uranium ions
can be reduced to insoluble UO, on the electrode surface, which
makes the removal capacity much larger [14]. Nevertheless, this
technique also has its own drawbacks: (1) The selectivity of capac-
itive deionization is poor. Wastewater from uranium mines often
contains many kinds of metal ions, such as calcium, magnesium
and iron. These metal ions will be deposited on the surface of
electrode materials together with uranium ions, thus limiting the
removal efficiency [15]. (2) The requirements for the electrode ma-
terials are rigorous. Ideal electrode materials for capacitive deion-
ization should have excellent electrochemical inertness, high elec-
tronic conductivity and large specific surface area [11,16].

In this work, we try to integrate the superiority of both chem-
ical adsorption and capacitive deionization above to demonstrate
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Fig. 1. Schematic of double potential step technique (DPST).

an efficient electrochemical deposition technique for radionuclide
removal. Therefore, we designed a carbon felt/phytic acid modi-
fied graphene oxide composite (GO-PA@CF) as the electrode ma-
terial for the electrochemical adsorption of uranium. Carbon felt
(CF) not only has remarkable electrochemical and radiation inert-
ness, but also has excellent conductivity, so it is suitable to be
used as current collector [17]. Phytic acid (PA) is a nontoxic bio-
logical molecule, which contains six phosphate groups. Consider-
ing the strong binding interactions between phosphate groups and
uranyl ions, it is used as the selective adsorption sites for removing
uranium [18,19]. Graphene oxide has a larger specific surface area,
better hydrophilicity and abundant polar functional groups com-
pared with carbon felt [20-22]. Therefore, it is applied as a carrier
of phytic acid to combine the CF and PA molecules together.

In addition to the removal mechanism and structure design, the
operation mode is also an important factor affecting removal per-
formance. In the process of electrochemical deposition, the applied
direct current voltage will lead to serious water splitting [10].

Furthermore, continuous high voltage will induce a large num-
ber of competitive ions to occupy the active sites, resulting in the
decline of removal efficiency [23]. To overcome this problem, a
double potential step technique (DPST) was adopted for uranium
extraction from uranium-containing wastewater. In this method, a
voltage that alternates periodically between zero and a negative
value is applied to the solution. The details of this method are
shown in Fig. 1. In the initial state (step I), all ions in the solu-
tion were randomly dispersed. In step II, an electric field is applied
to the solution. As a result, all cations migrate towards the GO-
PA@CF electrode and interact with the phosphate groups on its sur-
face. Meanwhile, part of the as-adsorbed uranium ions is reduced
to insoluble UO, and then deposited on the electrode surface. In
the third step, the electric field intensity becomes zero. Due to the
strong interaction between uranium ion and phosphate group, ura-
nium ions can still adhere to the surface of electrode material af-
ter the end of periodic voltage. However, other metal ions which
are not firmly combined with the phosphate group will separate
from the phosphate group and diffuse into the solution due to
Coulomb repulsion. This effect can make a great portion of adsorp-
tion groups regain adsorption activity, which ensures the high re-
moval efficiency of the electrode material. With the repeated ap-
plication of the alternating voltage, most of the uranium ions will
be reduced to UO,, and the purpose of selective removal of ura-
nium ions can be achieved (step IV). Moreover, the kinetic rate of
uranium reduction is usually much higher than that of hydrogen
evolution [10]. Therefore, the water splitting in the waste water
can also be effectively restrained by raising the frequency of the
periodic voltage to a proper value.

The surface morphologies of GO-PA@CF composite were investi-
gated by scanning electron microscopy (SEM). As seen in Fig. 2, the
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Fig. 2. (A)SEM images of GO-PA@CF. (B) FTIR spectra of the GO and GO-PA. (C) XPS
spectra of the GO and GO-PA. (D) High-resolution XPS P 2p of GO-PA.

GO sheets showed wrinkled and crumpled features and it coated
tightly on the smooth surface of carbon felt, which confirms that
the GO were successfully adhered to carbon felt by electrodeposi-
tion. The chemical structure of GO and GO-PA was examined by
FT-IR (Fig. 2). Two peaks centered at 1722 and 1629 cm~! in the
GO spectra were assigned to C=0 carboxyl stretching vibration and
C=C framework vibration, respectively [24]. Compared with the
pristine GO, GO-PA showed typical peaks at 1056 and 1639 cm~!,
corresponding to phosphate radical and phosphate hydrogen radi-
cal, respectively. In addition, the peaks of the P-O—C bonds were
observed at 965 and 803 cm~! [19,25]. The X-ray photoelectron
spectroscopy (XPS) analysis (Fig. 2C) showed that the new peaks of
P 2p and P 2 s were observed at 134.2 and 191.1 eV in the spectrum
of GO-PA, respectively. These results further confirm the success-
ful modification of GO. The P 2p spectrum (Fig. 2D) presented two
peaks at 133.2 and 134.6 eV, corresponding to P—C and P—O bonds,
respectively [26,27]. The above characterization results prove that
GO-PA@CF was successfully synthesized.

Electrochemical impedance spectra measurements were used to
investigate the electrochemical characteristics of CF and GO-PA@CF
and the Nyquist plots were shown in Fig. 3A. The intercept of the
curve with X axis corresponds to the equivalent series resistances
(Rs), which is the combination of the ionic resistance of electrolyte
and the resistance of the electrode material [28]. The Rs (3.3 2)
of the GO-PA@CF electrode is higher than that of the CF (2.2 2),
which is caused by the low electron conductivity of GO coated on
the surface of CF. The diameter of the semicircle in the curve corre-
sponds to the charge transfer resistance (R¢t) [29]. The value of R
for CF and GO-PA@CF is 0.5 2 and 0.6 €2, respectively. The higher
Rcte can still be attributed to the low electron conductivity of GO.
The slope of the curve at the low frequency is related to the dif-
fusion of ions in electrode materials [30]. The straight line in the
low frequency region for CF was steeper than that for GO-PA@CF,
which indicates that the diffusion of ions in electrode materials is
hindered by the graphene oxide sheets.

The cyclic voltammetry scan curves of GO-PA@CF in 1mol/L
Na,S0,4 solution at 100mV/s with different uranyl nitrate concen-
trations are displayed in Fig. 3B. There was no obvious redox peak
in the curve without uranyl ion, so the peaks in the scan curves of
100 mg/L and 1000 mg/L uranyl nitrate can be identified as the re-
dox peaks of uranium. Both 100 mg/L and 1000 mg/L uranyl nitrate
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Fig. 3. (A) The electrochemical impedance spectra of CF and GO-PA@CF, the in-
set shows the electric equivalent circuit. (B) CV curves of the GO-PA@CF electrode
in different concentrations of uranyl nitrate solution. (C) CV curves of the CF and
GO-PA@CF electrodes in 100 mg/L uranyl nitrate solution. (D) CV curves of the GO-
PA@CF electrode in 1000 mg/L uranyl nitrate solution at different scan rate. The in-
set shows the plot of peak current versus scan rate (v) for cathodic peaks.

solutions exhibited a reduction peak around —0.3V, corresponding
to the one-electron reduction of from U(VI) to U(V). The oxidation
peak at 0.1V is caused by the oxidation from U(V) to U(VI) [31,32].
Notably, the reduction peak of U(VI) is evidently bigger than the
oxidation peak of U(V). That is because UO," is unstable, and it
tends to disproportionate into UO,2* and UO, spontaneously. UO,
is difficult to dissolve in aqueous solution, and it will be deposited
on the electrode surface in a solid state and eventually removed
from the solution. The CV curves of the CF and GO-PA@CF elec-
trodes in 100 mg/L uranyl solution were shown in Fig. 3C. The re-
dox peak of uranium ion can hardly be observed in the curve of CF
electrode, but it can be observed in the curve of GO-PA@CF elec-
trode. This phenomenon indicates the fact that although GO-PA@CF
has a lower conductivity and ion diffusion rate than that of CF, it
can accelerate the redox reaction more effectively.

In order to further study the electrochemical catalytic mecha-
nism of GO-PA material, the effect of the scan rates on the cyclic
voltammograms of GO-PA@CF electrode with 1000 mg/L uranyl ni-
trate solution was investigated. As seen from Fig. 3D, the redox
peak area of uranium ions increased significantly with the increase
of scan rate. It is known that the peak current is proportional to
the scan rate for adsorption-controlled electrochemical reaction,
and the peak current is proportional to the square root of scan rate
for diffusion-controlled reaction [31]. The inset of Fig. 3D displayed
the linear relationship between the peak values of reduction cur-
rent and the scan rates (R? =0.998). Therefore, it can be confirmed
that the electrochemical reduction of uranium ions in the presence
of GO-PA is governed by adsorption-controlled mechanism: The
uranium ion in solution is adsorbed on GO-PA surface before being
electrochemically reduced, resulting in a lower electro-reduction
barrier caused by the combination of uranium ion and phosphate
group.

Experimental parameters, including voltage, power-on/off time
ratio, pulse frequency and solution pH, were investigated to deter-
mine the optimal operating conditions of the GO-PA@CF electrode.
The effect of voltage on the electrochemical deposition property of
GO-PA@CF was investigated and the results were shown in Fig. 4A.
The removal efficiency of GO-PA@CF under no voltage condition
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Fig. 4. (A) The removal performance of GO-PA@CF under different alternating volt-
ages (Aty:At, =3:2, 400Hz, pH 5). (B) The removal capacities of GO-PA@CF under
different power-on/off time ratios (—5V, 400 Hz, pH 5). (C) Effect of pulse frequency
on uranium sorption by GO-PA@CF (At;:At; =3:2, =5V, pH 5). (D) Effect of initial
solution pH on uranium sorption by GO-PA@CF (At;:At; =3:2, -5V, 400Hz). All
experiments were conducted in an aqueous solution of uranyl nitrate with a con-
centration of 100 mg/L.

was about 15%, which was much lower than that of GO-PA@CF
electrode under the alternating voltage. This result manifests that
the chemical adsorption of GO-PA cannot effectively remove ura-
nium ions due to the limitation of the number of adsorbed func-
tional groups. With the increase of voltage, the removal efficiency
of GO-PA@CF electrode increases gradually. The best removal per-
formance can be obtained under the alternating voltage of -5V,
and the maximum removal efficiency is 98.7%

The effect of power-on/off time ratio on the removal capac-
ity was exhibited in Fig. 4B. The removal capacity of GO-PA@CF
reached the maximum value when the power-on/off time ratio
was 3:2. The values of power-on time (At;) and power-off time
(Aty) under different time ratios are listed in the inset of Fig. 4B.
When the time ratio was less than 3:2, the contact time between
uranyl ion and GO-PA is short, resulting in a large number of
adsorption active groups on GO-PA unable to effectively chelate
with uranyl ions. When the time ratio was higher than 3:2, the
power-on time is relatively long, which may accelerate the hydrol-
ysis reaction, and thus limit the electrochemical deposition per-
formance of the GO-PA@CF electrode [10]. The effect of pulse fre-
quency on the removal efficiency was shown in Fig. 4C. When the
frequency was lower than 400Hz, the removal efficiency of GO-
PA decreased significantly with the decrease of frequency. This is
because a longer power-on time is more conducive to the elec-
trolysis of water molecules and weakens the electrochemical re-
duction efficiency [10]. Fig. 4D showed the effect of initial solu-
tion pH on uranium extraction by GO-PA@CF. This experiment was
carried out under an alternating voltage of —5V, and the power-
on/off time ratio was 3:2. The maximum removal capacity was
1149.3mg/g at pH 5. When the pH value was less than 5, the
rate of the hydrogen evolution reaction increased, which interfered
with the electrochemical reduction of uranium [33]. When the pH
was higher than 5, U052+ will be hydrolyzed to form the com-
plexes of (UO,),(OH),2+, (UO,)3(OH)*+ and (UO,)4(OH)”*, which
may weaken the interaction between uranium ions and GO-PA@CF
[34]. Fig. S1 (Supporting information) is the simulation result for
the existing form of U(VI) in aqueous solution at different pH. It
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Fig. 5. (A) SEM image of the GO-PA@CF electrode after 14h electrochemical deposition. (B) High-Magnification SEM image of GO-PA@CF electrode. (C) XPS spectra of GO-
PA@CF before and after extraction. (D) High-resolution XPS U 4f of GO-PA@CF before and after extraction. (E) High-resolution XPS P 2p of GO-PA@CF before and after

extraction. (F) The Raman spectra of the electrochemically deposited particles.

Table 1
The extraction performances of the GO-PA@CF electrode at different initial con-
centrations.

Concentrations of U(VI) (mg/L) 10 20 50 100
Removal capacity (mg/g) 27412  441.26 636.78 1149.26
Removal efficiency (%) 98.68 97.08 96.79 96.54

can be seen that the form of uranium present in water depends
strongly on the pH. When the pH was less than 5, uranium is
mainly present as UO,2*. As the pH increases, U(VI) is hydrolyzed
and transformed gradually to anion. This simulation result can well
support the previous results.

The extraction performances of the GO-PA@CF electrode at dif-
ferent initial concentrations of U(VI) were evaluated, and the re-
sults were shown in Fig. S2 (Supporting information) and Table 1.
It can be seen that GO-PA@CF can maintain its removal effi-
ciency above 96% in all four cases. Furthermore, its removal ca-
pacity increased evidently as the initial concentration increased,
and reached the maximum value (1149.3 mg/L) when the concen-
tration is 100 mg/L. The excellent extraction performance of GO-
PA@CF can be attributed to the following two points: (1) The DPST
technique and the corresponding experimental parameters adopted
in this work ensure that the electrochemical deposition system can
work at a relatively low voltage without evident water splitting,
which greatly improves the removal efficiency of uranium ions. (2)
The excellent electrochemical catalytic performance of GO-PA can
accelerate the reduction of uranium ions, and rapidly reduces the
adsorbed uranyl ions to uranium oxide. Subsequently, the uranium
oxide precipitates from the solution and releases the active func-
tional groups simultaneously.

The morphology of the GO-PA@CF electrode after the DPST ex-
traction experiment was investigated by SEM. As shown in Fig. 5A,
a large number of particles are attached to the electrode surface.
Higher magnification of the SEM image (Fig. 5B) showed that these
particles are irregular prism with a size of about 0.5 pm.

The XPS measurement was applied to study the chemical struc-
ture of GO-PA@CF electrode after the DPST extraction experiment.
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Fig. 6. (A) The repeatability of the GO-PA@CF electrode for uranium extraction. (B)
The removal efficiency of GO-PA@CF towards uranium in the present of different
interfering ions.

Two sharp peaks at 392.9 and 382.2eV in XPS spectra correspond
to U 4fs, and U 4f;,, respectively, indicating that the uranyl
species were successfully attached on the surface of GO-PA@CF
electrode (Figs. 5C and D). The P 2p high-resolution XPS spectrum
before and after extraction was shown in Fig. 5E. The intensity
of P—O peak decreased markedly, and the binding energy of P-O
shifted from 134.7eV to 134.1eV after electrochemical deposition,
suggesting that the P—O groups may be involved in the complexa-
tion with uranium oxide [35].

Raman spectroscopy was used to further determine the chem-
ical structure of the electrochemically deposited particles on the
surface of GO-PA@CF electrode. To ensure the accuracy of the ex-
perimental results, the samples at three different regions were
measured. As shown in Fig. 5F, the Raman spectra of the three
samples were almost the same, indicating that the sample surface
has a uniform chemical structure. The bands at 185.8, 724.5 and
829.2 cm™! are the characteristic bands of U30g, and the band at
1150.9 cm! is the characteristic bands of UO, [36,37]. These re-
sults indicate that the particle deposited on the electrode is a mix-
ture of U30g and UO,.

The reusability of GO-PA@CF was investigated in 50 mg/L uranyl
nitrate solution (Fig. 6A). The uranium oxide particles on the elec-
trode were eluted in 0.1 mol/L HCl solution assisted by a reverse
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periodic voltage (0-5V, 400Hz, At;:At;=3:2). The elution pro-
cess lasted for 10 h. After five cycles of reuse, the removal efficiency
of GO-PA@CF remained 97.2%. This result indicated that GO-PA@CF
has an excellent reusability, which can be attributed to its excellent
electrochemical stability and radiation inertness.

Interference experiments were conducted to investigate the se-
lectivity of GO-PA@CF towards uranium in simulated wastewater
(SWW). The SWW contained La3*, Sr2t, Mg+, Cs*, Ce3*, Sm3*,
Na*, and Ni?*. All concentrations of the solutes used in these ex-
periments were 50 mg/L. Moreover, the removal efficiencies in the
present of single interfering ions in SWW were also measured sep-
arately.

As shown in Fig. 6B, the removal efficiencies of GO-PA@CF can
reach more than 85.7% in the presence of different single inter-
fering ions. Even in SWW, the removal efficiency can be main-
tained at about 70%. This excellent selectivity is mainly attributed
to the alternating nature of the voltage. When voltage is applied,
uranium ions and coexisting ions are firmly combined with phos-
phate groups on the electrode surface due to the action of elec-
tric field. However, compared with other coexisting ions, uranium
ions have stronger interactions with phosphate groups. Therefore,
after the voltage is removed, the coexisting ions will separate from
the electrode surface due to the Coulomb repulsion, while ura-
nium ions will still be adsorbed on the electrode surface. There-
fore, this method can effectively eliminate the interference of co-
existing ions.

In this work, the GO-PA@CF electrode for removing uranium
ions from uranium-containing wastewater is prepared by a sim-
ple ultrasonic and electrodeposition method. A double potential
step technique (DPST) was used to inhibit water splitting and pre-
vent GO-PA from adsorbing other interfering ions in wastewater.
The excellent electrochemical catalysis of GO-PA can accelerate the
electrochemical reduction of uranium ions, which further improves
the removal efficiency of uranium ions. Furthermore, we compre-
hensively studied the effect of experimental operating parameters
on the removal efficiency of GO-PA@CF electrode. It is found that
GO-PA@CF has the best uranium removal performance when the
power-on/off time ratio is 3:2, pulse frequency is 400Hz, the pH
value of the solution is 5, and the alternating voltages is —5V. Un-
der the above optimum experimental conditions, the removal ca-
pacity of the GO-PA@CF electrode can reach 1149.3 mg/g and the
maximum removal efficiency can reach 98.7%. Moreover, the re-
moval system also has a good repeatability and a high selectivity
for U(VI) extraction from simulated wastewater.
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