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real application.

Photocatalytic removal of uranium has attracted much attention in nuclear wastewater treatment and it
is highly needed to develop functional photocatalyst with excellent removal performance. In this work,
seven kinds of carbon dots/carbon nitride (CDs/CN) composites were synthesized and SerCDs/CN with the
best photo-assisted uranium removal performance was screened out. It was found that the introduction of
CDs could bring in higher photocurrent density, lower interfacial charge transfer impedance and narrower
band gap, resulting in a much-improved removal performance. SerCDs/CN had shown a removal capacity
as high as 1690 mg/g and the reaction could be operated under air atmosphere which is promising in

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

Medica, Chinese Academy of Medical Sciences.

Nuclear energy, with uranium as the main fuel, is a kind of
promising energy due to its low greenhouse gas emission. The
treatment of uranium-containing wastewater produced in the nu-
clear fuel cycle is important for both environment protection and
fuel recycling. Adsorption has been proved to be an effective
method for uranium removal from solution, and the adsorption ca-
pacity and reusability of the adsorbents are the key factors for im-
proving the removal performance [1]. Recently, a photocatalysis-
assisted adsorption strategy, in which uranium could be trans-
formed from its soluble form to insoluble form, has been devel-
oped and could dramatically enhance the adsorption capacity [2].
Many photocatalyst have been synthesized for this method, such
as TiO, [3-5], MOFs [6-8], modified graphene materials [9-11].
Among these materials, the metal-free carbon nitride has attracted
much attention as it could be synthesized easily with low-cost,
high stability, visible-light activity and would not introduce ex-
tra metal pollution to the solution [12,13]. While, the uranium
removal performance of carbon nitride obtained from the tradi-
tional method is not good enough, thus many methods, such as
element doping, surface modification and constructing composite,
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have been developed to improve the adsorption and photocatalytic
performance [14-19].

Carbon dots (CDs) have shown great potential in many fields
such as biosensing, biological imaging, drug delivery, optoelectron-
ics, photovoltaic and photocatalysis due to their unique physical-
chemical, optical and electronic properties. In particular, their ex-
cellent optical-induced electron transfer capabilities have attracted
great interest from researchers for their application in photocat-
alytic fields [20-22]. Numerous works have been reported on the
construction of g-C3N4/CDs composites and their applications in
photocatalytic systems. By changing the raw material, synthesis
methods and reaction conditions, the obtained heterogeneous g-
C3N4/CDs nanocomposites could show broader absorption spec-
trum, appropriate electron band structure, faster carrier mobility,
making them effective photocatalysts for different photocatalytic
reactions [23-26]. However, the application of g-C3N4/CDs com-
posites in photocatalytic uranium removal is rarely reported. It is
attractive to develop and screening proper g-C3N4/CDs composites
for this application.

In this work, seven kinds of CDs were synthesized and com-
posited with g-C3N,4. Compared to pure g-C3Ny4, the photo-assisted
uranium removal performances of these seven composites were
all increased due to the introduction of CDs. The morphological
structure, photoelectric properties and photocatalytic uranium re-
moval properties of the composites with best performance were
system studied. It has shown an adsorption capacity of more than
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Fig. 1. (a) The photocatalytic performance of different CDs/CN composites for the
elimination of uranium. (b) Photocatalytic rate fitting of DCN and SerCDs/CN.

1690 mg/g, and could work under air atmosphere, showing great
application potential.

Seven kinds of carbon dots (CDs) were first synthesized by us-
ing different raw materials (Fig. S1 in Supporting information) [27-
31]. All these CDs showed a typical fluorescence property of car-
bon dots, such as the emission peak shifted with the change of ex-
tinction wavelength (Fig. S2 in Supporting information), but with
different emission peaks. The XRD and FTIR results also showed
the difference of these CDs (Figs. S3 and S4 in Supporting informa-
tion). Seven carbon dots/carbon nitride (CDs/CN) composites were
then prepared by mixing corresponding CDs (1 wt%) with the di-
cyanamide precursor and heating at 500 °C for 4 h. The obtained
CDs/CNs were named as ArgCDs/CN, BPEICDs/CN, GlyCDs/CN, CDs-
p/CN, PACDs/CN, CDs-b/CN and SerCDs/CN. Carbon nitride prepared
without adding CDs was named as DCN.

The XRD results showed that both the DCN and CDs/CN had
characteristic diffraction peaks of the graphitic carbon nitride, in-
dicating the presence of a layer structure (Fig. S3). FTIR suggested
that the DCN and CDs/CN composites had the similar structural
composition (Fig. S4). The emission wavelengths of all composites
did not move with the excitation wavelength (Fig. S5 in Support-
ing information), so the composites did not present fluorescence
properties of carbon dots, probably due to the low loading amount
of carbon dots, of which the mass fraction only possessed 1 wt%.
However, the fluorescence emission intensity of each composite
varied with the excitation wavelength, and the profile and peak
position of each composite varied, indicating that each carbon dot
composite had its own properties.

The photocatalytic performances of different CDs/CN were car-
ried out in Fig. 1. Before irradiated with visible light, CDs/CN was
mixed with uranium solution in dark for 300 min to reach an
adsorption equilibrium. During the light irradiation, each CDs/CN
composite reached the maximum removal capacity for uranyl ion
at around 180 min, while it was 540 min for DCN. The photocat-
alytic removal rate of SerCDs/CN was the highest all over the com-
posites, which was 0.0279 min~!, about two times of DCN (0.0130
min~!). The removal rate of other catalysts was listed in Table S2
(Supporting information) and the photoreaction rates of each com-
posite were fitted in Fig. S6 (Supporting information).

The morphological structure and photoelectric properties of
SerCDs/CN were further studied to figure out the origin of the per-
formance enhancement. As shown in Fig. 2a, the CDs were smaller
than 10 nm and dispersed on the CNs nanosheets. The introduc-
tion of CDs could influence both the adsorption and photocat-
alytic property. The photo-current density of the SerCDs/CN com-
posite was higher than DCN (Fig. 2b), which implied that elec-
trons and holes could be separated more easily on the surface
of SerCDs/CN under irradiation. The EIS spectra radius of Ser-
CDs/CN was also smaller than DCN (Fig. 2c), suggesting that in-
terfacial charge transfer impedance of the composite was smaller
than pure DCN and the photogenerated charges could transfer
more easily from the photo active site to the adsorption site
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Fig. 2. (a) TEM image of SerCDs/CN. (b) Time dependent photocurrent responses
under light irradiation, (c) EIS Nyquist plots and (d) illustration of energy level dia-
grams of DCN and SerCDs/CN composite.

Fig. 3. (a) The photocatalytic performance and (b) the adsorption capacity in the
dark condition and the total removal capacity after irradiation of SerCDs/CN with
different concentration of uranium.

to react with uranium, improving the photocatalytic performance
of the composite. The forbidden band width of the two car-
bon nitrides was acquired with solid UV-vis spectra, and Mott-
Schottky curves were employed to obtain the conduction band
value (Table S4 and Fig. S7 in Supporting information). As shown
in Fig. 2d, the forbidden band width of SerCDs/CN was 2.33 eV,
much less than DCN (2.66 eV), indicating it could utilize UV
light as well as visible light below 532 nm, holding a higher uti-
lization rate of light than DCN. These results indicated that the
introduction of CDs could improve the photoelectric properties
of CN.

The photocatalytic removal performance of SerCDs/CN was fur-
ther investigated with different concentration of uranium (Fig. 3a).
SerCDs/CN was mixed with uranium solution at dark condition for
300 min to reach an adsorption equilibrium and then irradiated
with Xe lamp. The adsorption capacity and total removal capacity
were listed in Fig. 3b and both were enhanced along with the in-
creasing concentration of uranium. The final removal rate was all
higher than 90% at different concentration. When the initial con-
centration of uranium was 500 mg/L, the adsorption capacity of
SerCDs/CN was 161.2 mg/g and the removal rate after irradiating
for 8 h could reach to 91% with an unsaturated removal capacity
of 1690 mg/g.

To further understand the mechanism of the photo-assisted ad-
sorption reaction, the final uranium products were collected and
characterized with various methods. As show in Fig. 4a, the prod-
uct on the surface of SerCDs/CN was rod-like, and the ESB mode
scanning image in Fig. 4b verified the heavy metal elements were
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Fig. 4. (a) SEM image and (b) the ESB mode scanning image of SerCDs/CN after photocatalytic process. (c) The XRD pattern and (d) XPS spectra of the photocatalytic product.
EPR signals of (e) DMPO-"0,~ spin adducts and (f) DMPO-"OH spin adducts generated in CH;0H and H,O system, respectively.

distributed on the rods. The EDX mapping results of this area in
Fig. S8 (Supporting information) confirmed the existence of ele-
ments C, N, U and O. The XRD pattern (Fig. 4c) clearly showed that
new diffraction peaks was obtained after photocatalytic reaction
with uranium and the peaks were consistent with UO,(0,)<2H,0
(PDF#35-0571). Besides, the valence state of uranium in the prod-
uct was analyzed by XPS in Fig. 4d and the peaks were identi-
fied as U(VI), which also confirmed the products of uranium were
mainly metastudtite.

In most of the previous reports on photo-induced adsorption
method, it was proposed that soluble U(VI) could be reduced to in-
soluble U(IV) and deposited as UO, or other uranium oxide. While,
in this work, it was found that the U(VI) was not reduced to U(IV)
and the final product was not uranium oxide but uranium perox-
ide. The main difference of these two processes was that in the
literature, the reaction was operated under inert gas, while in this
work the reaction was operated under air atmosphere. The pres-
ence of oxygen might play an important role.

According to other report [32], the mechanism of photocatalytic
reduction of uranyl ions to uranium dioxide in inert atmosphere
such as nitrogen could be concluded in Egs. 1-3:

U0, +e~ — UO,*
U02+ +e” — U0, (S)
200," — U0,%* + U0, (s)

UO0,%" +2e~ — U0, (s)

Uranyl ion (UO,2*) could be reduced to UO,(s) in multiple
ways: Firstly, uranyl ion could be reduced to U(V) by a single pho-
toelectron (Eq. 1). Then UO, ™ could be further reduced by a single
photoelectron to UO, (Eq. 2a) or generate UO,2* and UO, through
the disproportionation (Eq. 2b). It was also possible that UO,2*+
could be reduced to UO, directly with a one-step two-electron re-
duction pathway (Eq. 3).

In this work, due to the generation of metastudtite, it could be
speculated that hydrogen peroxide was produced under light irra-
diation, and it could react with uranyl ion or uranium dioxide to
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produce metastudtite. The possible reaction paths were listed as
Egs. 4—12.

g-C3Ng+hv — ht +e”

0; +2H' +2e~ — H;0; (0.68 V vs. NHE)

0, +e~ — -0, (~0.16 V vs. NHE)

‘05 + e~ +2H* — H,0,(1.44 V vs. NHE) (7)
‘05 4+ Hy0,—'OH + OH™ + 0, (8)
CH30H + ‘OH/'0; — CO; + H,0 9)
U0,%" + H,0, + 2H,0 — U0, (0,)-2H,0 + 2H* (10)
U0,*t 4+ 2e~ — U0, (11)
U0, + 03 + 4H,0 — U0, (0,)-2H,0 (12)

H,0, could be generated through two pathways. The first one
was that oxygen was reduced to H,0, directly by two photoelec-
trons (Eq. 5). The other one was that oxygen was first reduced to
‘O,~ by one photoelectron (Eq. 6) and then "O,~ was reduced to
H,0, by another photoelectron (Eq. 7). The EPR spectra in the ab-
sence of uranium were carried out to investigate the photocatalytic
products with SerCDs/CN under irradiation.

As exhibited in Figs. 4e and f, the yield of both 'O, and 'OH
increased significantly under the light irritation, indicating the ex-
istence of reactions in Eqgs. 6-8. In detail, SerCDs/CN could reduce
0, to 'O, because the CB of the catalyst was more negative than
the redox potential of ‘0,7/0, (—0.16 eV). As a result, in this work,
the oxygen was reduced to H,0, via a two-step reduction with
‘O,~ as the intermediate products. Then H,0, could react with
U0,%* to form U0,(0,)*2H,0 (Eq. 10). It was also possible that
the U0,%*+ was first reduced to UO, (Eq. 11) and then react with
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oxygen to form UO,(0,)*2H,0 (Eq. 12). The current experiment re-
sults could not verify the existence of this reaction, which should
be investigated in future research. Based on the above theory, other
photocatalysts that could produce H,0, could also be used for this
mechanism.

In summary, we have synthesized seven kinds of carbon
dots/carbon nitride composites and SerCDs/CN with the best
photo-assisted uranium removal performance was screened out.
It was found that the introduction of CDs to CNs, could result
in higher photocurrent density, lower interfacial charge transfer
impedance and narrower band gap. SerCDs/CN had shown a re-
moval capacity as high as 1690 mg/g and most importantly the
reaction could be operated under air atmosphere which is more
promising in real application than that operated under inert gas.
The final product was found to be UO,(0,)-2H,0, which was dif-
ferent with most of other reports. Our work has further proved
that the photo-induced extraction of uranium could be operated
under air atmosphere. This work and further study of the forma-
tion mechanism of UO,(0,)-2H,0 would open a new way for the
photocatalytic removal of uranium, and more photocatalysts could
be designed and synthesized for this application.
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