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Uranium removal from aqueous solutions using environmentally friendly photocatalytic technology is
a novel approach for resource recovery. Herein, carbon nitride/activated carbon composite materials
(CN/JAC) were investigated for U(VI) reduction under visible light. An exceptional boost in photocatalytic
activity was observed for CN/AC composites (up to 70 times over the conventional bulk g-C3N4). The
strong interactive conjugated m-bond structure between g-CsN4 and AC accelerated the migration of car-
riers and then prolonged the electron lifetime. CN/AC composites exhibited excellent compatibility with
different water substrates and were resilience to a wide range of pH changes and abundant competi-
tive anions/cations. Quenching experiments and electron microscopy characterization indicated that U(VI)
was reduced by photogenerated electrons and deposited on the edge of CN/AC composites. The low-cost,
high-performance carbon-based composite material proposed in this work is a potential candidate for the

efficient treatment of radioactive wastewater.

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

Medica, Chinese Academy of Medical Sciences.

Uranium is the main fuel used to produce nuclear power and
its production is necessary to guarantee the sustainable develop-
ment of the nuclear industry [1,2]. However, the radioactive and
chemical toxicity of uranium presents a potential hazard to the
environment [3,4]. Therefore, the enrichment and removal of ura-
nium are critical to resource recovery and environmental purifica-
tion. Adsorption is an important means of uranium removal [5,6].
However, the adsorption capacity of a material depends largely on
the specific surface area and adsorption sites of the material. The
inherent limitations of the adsorption method limit its wide ap-
plication [7-10]. Therefore, the development of novel technologies
and strategies for uranium immobilization remains a central chal-
lenge.

Photocatalytic technology driven by economical and environ-
mentally friendly solar energy can reduce easily soluble hexavalent
uranium (U(VI)) to insoluble tetravalent uranium (U(IV)) precipi-
tates to achieve purification and recovery [11-14]. The key factor
determining reduction performance is well-known to be the rea-
sonable design of a photocatalyst. Graphitic carbon nitride (g-C3N4)
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has been widely used in the study of U(VI) reduction but has some
inherent defects: i) weak photocatalytic activity under visible light,
ii) a high recombination rate of photogenerated electron-hole pairs,
and iii) a low specific surface area [15,16]. Consequently, extensive
effort has been expended to develop methods to modify photo-
catalysts that improve U(VI) reduction performance, such as struc-
tural modification, elemental doping, and composite construction
[17-19]. Among these methods, the construction of composite ma-
terials can effectively inhibit the rapid recombination of photogen-
erated carriers in a system, accelerate electron transfer, and im-
prove photocatalytic activity.

Carbon materials, such as graphene, porous carbon, activated
carbon, and carbon nanotubes, have been widely investigated
and applied [20-22]. For instance, carbon nitride/graphene oxide
(g-C3N4/GO) composites synthesized by ultrasonic treatment ex-
hibited enhanced U(VI) extraction ability under simulated sun-
light compared to that of pristine g-C3sN4 and GO. However, the
GO manufacturing process is complex and not economically com-
petitive. Furthermore, toxic substances may be used in the syn-
thesis process that can cause secondary pollution in the environ-
ment. By sharp contrast, activated carbon (AC) has abundant pores
and surface functional groups, while being easier to prepare and
cost-effective [23]. However, AC is rarely regarded as a candidate
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Fig. 1. Characterization of catalysts. (a) XRD patterns and (b) FT-IR spectra of the
CN/AC composites; TEM images of (c) g-C3N4 and (d) CN/AC-0.3.

for constructing photocatalytic composites. Coincidentally, AC and
g-C3Ny4 are carbon-based materials with the same m-conjugated
structure and can therefore form a strong interactive structure of
conjugated m-bonds. Studies have shown that the strong interac-
tion between carbon-based materials and g-C3N4 caused by con-
jugative m-bonds can improve photocatalytic activity [24,25]. This
strong interaction can be exploited to accelerate the separation and
transfer of photogenerated carriers to achieve efficient U(VI) reduc-
tion under visible light.

Herein, we successfully constructed graphitic carbon ni-
tride/activated carbon (CN/AC) composite materials for U(VI) re-
duction under visible light. The photoreduction ability of the
CN/AC composites for U(VI) was systematically investigated under
different water chemistry conditions. The strongly interacting con-
jugated m-bond structure formed between g-C3N,4 and AC enabled
enhanced U(VI) removal capability for the CN/AC composites (70
times that of pristine g-C3Ny4). The excellent reduction performance
of CN/AC composites under visible light indicated a high applica-
tion potential for uranium enrichment/removal, making these com-
posites novel potential radioactive wastewater treatment materials.

The crystal phase structure, as identified by XRD, was shown in
Fig. 1a. The in-plane structure packing motif and interlayer stack-
ing reaction of the aromatic system produced two distinct charac-
teristic peaks at 13.1° and 27.4°, corresponding to the (100) and
(002) crystal planes of g-C3Ny4, respectively. Note that with in-
creasing AC content, the peak intensity in spectra of the CN/AC
catalysts gradually decreased, and the characteristic peaks gradu-
ally shifted to a low angle. This result was attributed to the in-
troduction of amorphous AC, which reduced the crystallinity of
the CN/AC composites but did not change the C-N framework of
g-C3Ny. The result also indicated that the introduction of AC in-
creases the g-C3N4 layer spacing, inhibited stacking of the g-C3N4
layer to expand the contact area between CN/AC composites and
the target, and increased the number of reaction sites. A detailed
analysis of the functional groups of the catalyst was performed us-
ing Fourier transform infrared spectroscopy (FT-IR). Fig. 1b showed
characteristic peaks of g-C3Ny4 in the spectra of all the samples, in-
dicating that the chemical structure was not significantly changed.
The typical absorption peak at 808 cm~! represented the breathing
mode of the triazine unit, whereas the characteristic peak in the
range of 1200~1800 cm~! corresponded to the stretching modes
of the aromatic g-C3N,4 heterocycles. The broad absorption band at
~3000~3500 cm~! may reflect the stretching vibration modes of
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Fig. 2. The photocatalytic performance of the as-synthesized catalysts. (a) Compar-
ison of photoreduction performance of CN/AC catalysts for U(VI). (b) The pseudo-
first-order rate constant of U(VI) reduction by CN/AC catalysts. (c) PL spectra and
(d) time-resolved PL spectra of g-C3N4 and CN/AC-0.3.

N-H and hydroxyl groups of adsorbed water. The band intensity
increased with the AC content, which indicated that CN/AC com-
posites had a larger specific surface area and can absorb more H,0
than g-C3Ny.

The chemical states of the catalyst surface were further ob-
served by XPS (Fig. S1 in Supporting information). The C 1s peaks
located at 284.6 and 288eV correspond to sp? C-C and N-C=N,
respectively. The N 1s peaks of g-C3N,4 are attributed to N=C-N
(sp2-hybridized nitrogen), N-(C); (tertiary nitrogen bonded to car-
bon), C-N-H (an amino-functional group), and charge effects in
heterocycles. Note that the CN/AC-0.3 spectrum was shifted toward
higher binding energy than that of g-C3N4. This phenomenon im-
plied a strong interaction between g-C3N4 and AC.

Figs. 1c and d showed the morphological structures of g-C3Ny
and CN/AC-0.3, respectively. The g-C3N4 had a thick and com-
pact flake structure, whereas CN/AC-0.3 had a thinner and lighter
two-dimensional layered nanosheet structure. This result could in-
dicate that the introduction of AC during the thermal etching
of melamine contributes to the formation of ultrathin nanosheet
structures. The morphology of CN/AC-0.3 was consistent with the
XRD analysis results. The increase in the g-C3N4 layer spacing re-
sulted in the formation of thinner and lighter nanosheets.

The photocatalytic performance enhanced by CN/AC composites
was confirmed by performing uranium removal experiments un-
der visible light. Fig. 2a showed that in an aqueous solution of pH
5, g-C3N4 had almost no reducing ability toward U(VI). This re-
sult was attributed to the rapid recombination of photogenerated
electron-hole pairs in bulk g-C3Ny4, such that there were insuffi-
cient electrons to participate in the uranium reduction reaction.
The photoreduction ability of the CN/AC composites improved as
the quantity of AC introduced increased. CN/AC-0.3 (corresponding
to 0.3 g of added AC) exhibited an optimal removal effect as high
as 98.5%. The uranium removal capability of CN/AC-0.3 was com-
petitive with those of reported materials (Table S1 in Supporting
information). However, adding more than 0.3 g of AC to the CN/AC
composites weakened the photoreduction ability. This result may
have been obtained because excessive AC can cover g-C3N4 and af-
fect visible light absorption. The corresponding reaction rate was
calculated using a pseudo-first-order kinetic model (-In(C/Cy)=kt)
[13] and was plotted in Fig. 2b. The use of CN/AC-0.3 resulted in
the fastest reaction rate (0.07164 min—1), which was 70 times that
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of g-C3N4 (0.00102 min~') (Table S2 in Supporting information).
The experimental results revealed that the introduction of an ap-
propriate quantity of AC can significantly improve the photocat-
alytic performance of g-C3Ng.

The source of the enhanced photoreduction performance of
CN/AC composites was explored via a series of careful character-
izations. The photocatalytic activity of the catalysts was mainly af-
fected by three factors: i) the sunlight absorption range, ii) the
specific surface area, and iii) the recombination of photogenerated
electron-hole pairs. The UV-vis/DRS results showed that the light
absorption range of g-C3N4 was wider than that of the CN/AC com-
posites (Fig. S2 in Supporting information), which indicated that
widening of the solar light absorption range could not explain
the enhanced photocatalytic performance of the CN/AC compos-
ites. The specific surface area (SSA) is generally considered to be
an important factor affecting photocatalytic activity. Generally, the
larger the SSA is, the higher the adsorption performance and the
photocatalytic performance are. Unexpectedly, the SSA of CN/AC-
0.3 (18.72 m2/g) was lower than that of g-C3N, (20.52 m?/g) (Fig.
S3 in Supporting information), which meant that the SSA was not
a key factor in determining the U(VI) reduction performance. This
conclusion was consistent with some reports in the literature [26].
From this point of view, the enhanced photocatalytic performance
of CN/AC-0.3 may be attributed to the fast migration of charge car-
riers. To confirm this speculation, a reliable indicator, i.e., the fluo-
rescence intensity of the catalyst, was used to evaluate the recom-
bination degree of photogenerated electron-hole pairs. In Fig. 2c,
the spectra for g-C3N4 and CN/AC-0.3 exhibited distinct charac-
teristic peaks at 475nm, where the peak intensity in the CN/AC-
0.3 spectrum was significantly weaker than that in the g-C3N4
spectrum, proving that the introduction of AC effectively inhibited
the rapid recombination of photogenerated electron-hole pairs. The
time-resolved photoluminescence results shown in Fig. 2d pro-
vided further strong evidence of the recombination degree of pho-
togenerated electron-hole pairs in the samples. The dynamics of
the photogenerated carrier were well fitted by using one fast-
component parameter (7;) and two slow-component parameters
(T4 and 73). As expected, the lifetime corresponding to the three
different v values of CN/AC-0.3 was much longer than that of g-
C3N4. More significantly, the proportion of the slow-component
parameters (7, and t3) increased, while the proportion of the
fast-component parameter (7;) decreased. These results unequiv-
ocally showed that the charge separation and transfer efficiency of
CN/AC-0.3 was higher than that of g-C3N4 and the recombination
of electron-hole pairs was suppressed in CN/AC-0.3. Based on the
abovementioned characterization results, it can be concluded that
the significant improvement of the photocatalytic performance of
CN/AC-0.3 was the considerable inhibition of the rapid recombina-
tion of photogenerated electron-hole pairs and the prolonged life-
time of photogenerated charge carriers in CN/AC-0.3.

Batch experiments were carried out to evaluate the U(VI) pho-
toreduction ability of CN/AC-0.3 in different environments. The pH
is the main factor affecting uranium species and surface electrical
properties [27]. Not surprisingly, photoreduction of U(VI) became
difficult at pH 4 (Fig. 3a). Uranium mainly existed as UO,2* under
these conditions, and the electrostatic repulsion between UQ,%*
and the positively charged catalyst made it difficult for the cata-
lyst to access uranium [18]. In addition, the large quantity of HT in
the solution competed with U(VI) for the limited number of elec-
trons [28]. This situation improved significantly as the pH value
increased, and the highest photoreduction rate of uranium was ob-
tained at pH 6. However, the reduction performance slightly de-
creased upon further increasing the pH. This result was obtained
because uranium existed as U0,(CO3),2~ and UO,(CO3)3% un-
der these conditions, resulting in electrostatic repulsion between
uranium and the negatively charged catalyst. Overall, the effective

3583

Chinese Chemical Letters 33 (2022) 3581-3584

Fig. 3. The photocatalytic performance of CN/AC-0.3. Effect of various pH (a), var-
ious anions (b), and cations (c) on photoreduction of U(VI); (d) Cyclic stability of
CN/AC-0.3 for photocatalytic removal of U(VI).

photoreduction of U(VI) over a wide pH range made CN/AC-0.3 a
potential candidate for uranium removal from radioactive wastew-
ater or alkaline seawater.

For practical application, the influencing factors of competing
ions on U(VI) removal must be considered. However, this core is-
sue has not been analyzed in depth. Anions interfere with uranium
removal by forming complexes with U(VI). Fig. 3b showed that in
the presence of CO32~, the photoreduction efficiency of U(VI) was
almost negligible because the anion was strongly coordinated with
U(VI). The underlying reason for this behavior was that the stan-
dard redox potential of uranyl carbonate (—0.69V) was more nega-
tive than that of aqueous uranyl (UO,2+ /U4t (0.267 V), U052t /U0,
(0.411V)), which made U(VI) reduction thermodynamically infea-
sible. Similar experimental results have been previously reported
[11]. By contrast, CI~ promoted the adsorption and photoreduction
of U(VI). This result was obtained because the following reaction
occurred in the solution: CI~+h* — CI'; that is, CI~ consumed
some of the holes and reduced the recombination rate of the pho-
togenerated charge carriers, thus allowing more electrons to partic-
ipate in the reduction of U(VI). Furthermore, the addition of a low
concentration of NO3~ (0.01 mol/L) did not affect the photoreduc-
tion effect of U(VI). A considerable increase in the NO3~ concen-
tration to 0.2 mol/L accelerated the U(VI) removal rate. This result
may have been obtained because the presence of NO3~ in the pho-
tocatalytic system alleviated the electrostatic repulsion between
the U(VI) and the sample. There are many fission products, such
as Cs* and Sr?*, in radioactive wastewater, and seawater is abun-
dant in Ca2t, Nat and K*. These cations typically compete with
uranium, thereby affecting U(VI) removal, and this inhibitory effect
becomes more noticeable with increasing ion valence and concen-
tration [29,30]. However, U(VI) removal using CN/AC-0.3 was little
affected by various cation interferences, which proved the excellent
photoreduction performance of CN/AC-0.3 (Fig. 3c).

Reusability decisively affects the economy and practicality of
U(VI) removal. The removal rate of U(VI) by CN/AC-0.3 remained
above 90% after 5 cycles of photocatalysis experiments (Fig. 3d).
In conclusion, CN/AC-0.3 can adapt to a complex pH environment,
had excellent anti-interference to various anions and cations, and
more importantly, was economically feasible and practical (being
reusable) and can thus be considered a prospective candidate for
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Fig. 4. Exploration of the mechanism of uranium reduction. (a) Effects of various
scavengers on photoreduction of U(VI) by CN/AC-0.3, (b) U 4f XPS spectra of used
CN/AC-0.3, (¢, d) TEM images of the CN/AC-0.3 after photoreduction, and (e) cor-
responding HRTEM image, (f-i) elemental mapping images of CN/AC-0.3 after pho-
toreduction.

uranium removal recovery from radioactive wastewater and natu-
ral seawater.

The mechanism of U(VI) reduction was elucidated by perform-
ing quenching experiments (Fig. 4a). TBA, P-BQ, and methanol
were selected as trapping agents for ‘OH, "O,~ and holes (h*).
The introduction of TBA and P-BQ deteriorated the reduction of
U(VI). By contrast, U(VI) was rapidly reduced in the presence of
methanol. These results showed that the photoreduction of U(VI)
was predominantly electron-dependent. The species and sites in-
volved in uranium immobilization were identified by XPS and TEM
analyses. Fig. S4 (Supporting information) showed the XPS spectra
of fresh and used CN/AC-0.3; the used CN/AC-0.3 spectrum con-
tained a clear U 4f signal, which indicated that uranium was de-
posited on the catalyst surface. To clarify the valence state of de-
posited uranium, high-resolution spectra of U 4f were analyzed
(Fig. 4b); visual inspection of the spectra showed that U(VI) and
U(IV) coexist, and the relative ratios of U(IV) and U(VI) were cal-
culated to be 73% and 27%, respectively. The residual U(VI) may
have been produced by reoxidation. Figs. 4c and d showed black
particles deposited on the edge of the CN/AC-0.3 composite, and
the corresponding HRTEM image showed a distinct lattice fringe
with an interplanar spacing of 0.31 nm in line with the (111) plane
of UO, [31]. The elemental mapping result presented in Figs. 4f-i
showed that uranium was evenly distributed at the edge of CN/AC-
0.3. Therefore, a reasonable conclusion was that most of the U(VI)
was effectively reduced to U(IV) and fixed at the edge of CN/AC-
0.3, proving that the method of photocatalytic reduction of U(VI)
was effective and feasible.

In summary, a novel low-cost, high-performance carbon-based
composite material consisting of carbon nitride/activated carbon
(CN/AC) was developed for U(VI) reduction under visible light. The
introduction of AC formed a conjugated w-bond structure with
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g-C3Ny4, expanded the layer spacing of g-C3Ny4, and inhibited the
accumulation of g-C3N4 layers. CN/AC composites exhibited excel-
lent photocatalytic activity, and the photoreduction rate toward
U(VI) was 70 times that of bulk g-C3N4, which was attributed
to suppression of the recombination of photogenerated electron-
hole pairs and prolonged carrier lifetimes. Furthermore, remark-
able U(VI) removal capacity was maintained in the presence of
competitive anions/cations. The results of cyclic experiments ver-
ified the excellent reusability of CN/AC composites. Reduced ura-
nium deposited on the edge of the CN/AC composites was observed
by electron microscopy. This low-cost, simple-to-synthesize, and
high-performing carbon-based composite material provide a novel
and efficient means of treating radioactive wastewater.
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