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Abstract

Magnetic Fe30,/TiO,/g-C3N,, as a stable and recyclable ternary two-layer heterojunction nano-
photocatalyst, has been synthesized to integrate the merits of each which can remove U( ) and Sb( )
through responding to almost full-wave band of visible of sunlight. Meanwhile through the combination
of actual tests (free radical trapping tests), characterization (XRD, FT-IR, Raman, XPS, EXAFS and EPR)
and theoretical calculations structure optimization, band structures, TDOS, electrostatic potential, charge
density difference and Bader charge analysis) revealed reaction route, catalytic mechanism and reaction
procedure of this photocatalytic reaction. It was found that the adsorption process took place between
TiO,/ g-C3N, heterostructure in the form of (C3)=N-U( )=0y—Ti and N...Sb( ) =04~ Ti where Ny c3na)

and Orip 2 played decisive roles. The built-in electric field and electronic structure motivated TiO, and g-
C3N, to accumulate a large amount of e to reduce U( ) and h* to oxidize Sb( ) respectively, and
completed the light-induced redox reaction by making full use of the e, 'OH and O," produced by
photoexcited carriers which were difficult to recombine, finally, heterojunction complexes of (C3)—N-

U( )—05.—Ti, C=N-U( )—0,.—Ti and N...Sb( )-0,.~Ti were formed. Moreover, the two-way effect of O,°
proved that the redox of U( ) and Sb( ) had a coupling relationship. In addition, Fe;0,/TiO,/g-C5N,4
prevented the damage of Fe;0,'s photodissolution to its structure while Fe;0, provided a new and
interrelated path for the redox of U( ) and Sh( ).

1. Introduction

As a source of clean energy, nuclear power has attracted increasing attention ['l. Uranium, the main
constituent of spent nuclear fuel, has been used more frequently, causing damage to healthy biological
organisms through migration in groundwater or surface-water systems by numerous highly soluble
hexavalent uranium ions (U( )) 2. Simultaneously, the trivalent antimony, Sb( ), is an important pollutant

in mine drainage 3! and the fission product of uranium 4! exhibits high toxicity and mobility. Therefore, it
is important to develop new methods and mechanisms to effectively treat wastewater containing
uranium and antimony.

Presently, there are a few reports on several methods to remove U( ), such as ion exchange [, chemical
reduction [}, and adsorption 7. Sb( ) can be removed by adsorption 8], coagulation 18], and chemical
oxidation °!. The general route of chemical reduction and oxidation considered as a valid approach is to

change U( ) "% and Sb( ) "into low- or high-valence states with low toxicity and low mobility, which
can easily be adsorbed.

Photocatalysis treatment technology has been widely studied for the remediation of polluted water, owing
to its characteristics of using clean energy and mild reaction conditions 2 131, |n the photocatalysis
system, titanium dioxide (TiO,) ["# and graphitic carbon nitride (g-C3N,) ['5 are widely used as low-cost
photocatalysts. The formation of a TiO,/g-C5N, heterostructure can improve their photocatalytic ability
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by overcoming their limitations, including TiO,'s inability to respond to visible light and g-C3N,4's high
recombination of photogenerated electron—hole pairs ['®l. Tong et al. and Ma et al. reported TiO,/g-C3N,

nanosheets with enhanced photocatalytic activity toward the degradation of organic pollutants ['”! and
NO [18],

In principle, the photocatalytic reaction is a redox process. The valence band (VB) and conduction band
(CB) positions of TiO, are approximately + 3.1 and - 0.1 V, respectively. Contrarily, g-C3N, has a lower VB
position and a more negative CB position; therefore, the special electronic structure of the heterojunction
facilitates photogenerated electron and hole transfer directly between TiO, and g-C3N, and separates

them 1'%, Therefore, we can use this heterojunction as a bridge to realize the coupling of uranium
reduction and antimony oxidation, which enables a high removal rate. To the best of our knowledge, there
are no reports on the simultaneous removal of U( ) and Sb( ) by photocatalysis technology.

Concomitantly, the photocatalysts are doped with Fe;0, to endow them with high magnetism to improve
the catalyst recovery and avert groundwater pollution 20211 Additionally, because the photodissolution of
Fe;0, will affect the photocatalytic efficiency, it should be prevented from being sandwiched between the
g-C3N, and Ti0, 22, Therefore, Fe30,/Ti0,/g-CsN, with a two-layer heterojunction is designed to reduce
environmental pollution while ensuring the stability of the material.

This study focuses on the preparation of highly efficient and magnetic catalysts that can couple uranium
reduction and antimony oxidation and reveals the photocatalytic mechanism and changes in system
structure with complex redox paths and competitive systems under the participation of photocarriers, free
radicals, uranium, and antimony. The results showed that the magnetic heterojunction catalyst had great
potential in wastewater treatment, thereby laying a foundation for the further development of highly
efficient heterojunction photocatalyst materials that can simultaneously complete the oxidation and
reduction of multiple pollutants.

2. Experimental
2.1. Synthesis of nanometer TiO,

Three types of nanometer TiO, exposed {001}, {100}, and {101} facets via facile hydrothermal routes were
synthesized here. According to the removal efficiency of them for U( ) and Sb( ), {001} facet TiO,
exhibited best performance. Therefore, {001} facet TiO, was applied to the following study. The detailed
synthesis methods and photocatalytic performance of three facet TiO, were exhibited in the Supporting
Information (Text S1 and S2).

2.2. Synthesis of TiO,/g-C3N,4

Page 3/34



6 g of urea was mixed with the as-prepared 0.25 g of {001}TiO,, then the mixture was calcined under

550°C in a muffle furnace for 2 h at a heating rate of 8°C/min. After the reaction, the alumina crucible
was cooled to room temperature, and the TiO,/g-C3N, with the yellow color was obtained, which

abbreviated as TC. Basis of selecting for the optimum amount of urea were exhibited in the Text S3 and

S4.
2.3. Synthesis of Fe30,/TiO,

In the synthesis of Fe30,/TiO,, acid-resistant Fe30,4 nanoparticles were adopted to decrease the
incidence of Fe leaching during photocatalysis. A typical synthetic route was as follows [23l: 0.25 g of
{001}TiO, was first transferred into a mixed solution containing KOH (4.05mL, 0.5 M), KNO5 (4.05 mL, 2.0
M), and Milli-Q water (21.80 mL). After purged with N, for 1 h, a freshly prepared FeSO, solution(10.50
mL, 0.1 M) was added, followed by another 10 min N, purge. Finally, the reaction mixture was statically
aged at 90°C for 2 h. The final black product was thoroughly washed by ethanol via magnetic separation
and dried in vacuum at 50°C for 4 h. The abbreviation of Fe30,/TiO, is FT. The optimization of Fe;0,
ratio in Fe30,/TiO, could be found in the Text S5.

2.4. Synthesis of Fe30, /TiO,/g-C3Ny4

30 mg of as-prepared TC and 30 mg of as-prepared FT powders were mixed in a solution containing
Absolute Alcohol and Glycerin (3:1). After sonicated for 30 min, the as-prepared mixture was transferred
into a Teflon-lined stainless steel autoclave, and then heated at 200°C in an oven for 24 h. The final black
product was thoroughly washed by ethanol via magnetic separation and dried in vacuum at 50°C for 4 h.
The abbreviation of Fe;30,/TiO,/g-C3N, is FTC. The details of best scale between FT and TC were

mentioned in Text S6.

2.5. Simultaneous removal experiment of U(K) and Sb(g):
Adsorption & Photocatalytic experiment

The stock solution with 20 ppm U( ) and 20 ppm Sb( ) was prepared by UO,(NO3),*6H,0 (>99.9% purity,
MERYER) and CgH,4K,04,Sb,+0.5H,0 (>99.9% purity, MACKLIN) into 100 mL Milli-Q water. The pH values
of the suspension were adjusted to 5.03 by adding a negligible volume of H,S0, (0.1 M) or NaOH (0.1 M)
solution.

During each experiment, 30 mg of FTC was suspended in the sealed colorimetric tube filled with the
solution above mentioned. The solution was magnetically stirred in dark for 2 h to reach the adsorption-
desorption equilibrium of U( ) and Sb( ) on the surface of photocatalyst. The colorimetric tube used a
rubber plug, on which two disposable needles were inserted, one of which named No.1 was filled with the
gas required, and the other named No.2 was empty.

Experiments were conducted in a box-type photoreactor with magnetic stirring cooled by circulation 20°C
water. A 300 W Xe lamp (wavelength range 320 nm < A < 780 nm, light intensity 160 mW/cm?) was used
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as the source of simulated sunlight. 5 mL aliquot of the solution were pipetted by No.2 needle in each 1 h
and filtered through 0.45 pm nylon syringe filters after sealed the rubber plug in time, meanwhile injected
5 ml of gas with No.1 needle to maintain pressure balance. The pictures of photoreactor and colorimetric
tube were in the Fig. S5.

The concentration of Sb( ) was analyzed by atomic fluorescence spectrophotometer 24 And the
concentration of U( ) was analyzed by UV-vis spectrometry with Arsenazo- as the chromogenic agent at

wavelength of 652 nml25.26]. The concentration of iron was determined by ICP-OES.

All tests were performed for three times and results were averaged. Removal rate (%) of U( ) and Sb( ) by
photocatalysts in solution were defined as Eq. (1)

C
removalrate (%) = Ft
0

1
where Gy and C; are the concentration (mg/L) of uranium and antimony at initial and contact time t (h),
respectively. Removal rate (%) of U( ) and Sb( ) by photocatalysts during redox process were defined as

Eq. (2)

Ct

reduction /oxidationremovalrate (%) = e
adsorbent

2
where Cy4sorbent iS the concentration (mg/L) of uranium and antimony after being completely adsorbed.

2.6. Free radical capture

To further investigate the photocatalytic mechanism, free radicals species in the photocatalytic process
were detected [27]. TBA (0.5 mM), EDTA-2Na (0.5 mM), BQ (0.5 mM), and K,Cr,0, (0.5 mM) were
introduced as scavengers of hydroxyl radical (‘OH), hole (h*) superoxide radical (0, ) and e”,

respectively 28], In order to eliminate the influence of adsorption, all the above reagents were added after
adsorption-desorption equilibrium. Other experimental steps were completely consistent with those in 2.5.
The photoreaction process was expressed by a first-order kinetic model after adsorption according to

Eq. (3) 29I

c

Cadsorption

= —kt

In

3
where k is the first-order constant.

2.7. Recycling and Co-existing ions experiment
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The stability of FTC was investigated through 7 cycles. After every cycle run, the photocatalysts were
collected and washed by agitating magnetically for 6 h with Absolute Alcohol and Milli-Q water,
respectively. Afterward, the photocatalysts were dried by in vacuum at 50°C for 4 h for the next cycle

reaction. Because the condition of real water was complexity and the general cations (e.g., Na*, K¥, Mg?*,
etc.) and anions (e.g., SO, _4, CO, _3, Cl7, etc.) would influence the speciation and migration of the target
metal ions [39-32] 5o the effects of co-existing ions were explored by 10 mM NaNO, KNO3, Mg(NO5),,
Na,CO3, Na,S0O,, and NaCl solution. The detailed methods were showed in the Text S7.

2.8. Material Characterization and Computational details

The material and reaction process were characterized and tested through SEM, TEM, XRD, FT-IR, Raman,
UV-vis, EIS, Photocurrent measurements, the Mott—Schottky plots, VSM, XPS, PL, Zeta, ESR, and EXAFS.
The detailed methods were showed in the Text S8 and the computational details were showed in the Text
S9.

3. Results And Discussion
3.1. Material performance

The morphological structure of FTC was examined by SEM and TEM. Figure 1a shows spherical Fe;0,4
nanoparticles, TiO, nanosheets with characteristics corresponding to the 001 facet 33] and rod-shaped g-
C3N, aggregated by many irregularly shaped sheets 34, Fe;0,, Ti0,, and g-C3N, coexisted in FTC, where
Fe;0, and g-C3N, were accumulated on both sides of TiO,, successively, in a noncontact manner. The
area corresponding to Fe;0,/TiO, was observed in the front of the TEM image of FTC (Fig. 1b), which
was dull and thick because of the sticking of Fe;0, at the center of the sample. A rough area with TiO,/g-
C3N, caused by the wrinkled sheets of g-C3N, was observed behind Fe;0,/TiO,. The Fe;0,/TiO, and
TiO,/g-C3N, regions were extracted to obtain high-resolution (HR)-TEM images, where the lattice
spacings of 0.24, 0.23, and 0.34 nm corresponded to TiO,(001), Fe30,(311), and g-C3N,(002),
respectively. This confirmed that Fe;0,/TiO, and TiO,/g-C3N, connected by TiO, formed an entire
nanometer FTC with a two-layer heterojunction. The models of FTC, TiO,/g-C5N,, and Fe;0,/TiO, (Figs.
1b~-c) intuitively described the structures of these materials.

Figure 1d shows the FT-IR spectra of the prepared materials. Compared with the known standard FT-IR
spectrum, the absorption peaks of the prepared Fe;0,4, TiO,, and g-C3N, could be attributed to the

stretching vibration of the corresponding bond in the standard [35:36]. One of the outstanding peak bands

observed at 617 cm™

in the pure Fe;0, was the symmetric stretching of oxygen atoms along Fe—-O-Fe
bonds. This peak could not be found in FTC because of the overlap with the characteristic peak of the
stretching vibrations of the Ti—0 octahedron. The FT-IR results showed that the FTC heterojunction

structure contained the undestroyed structures of Fe;0,, TiO,, and g-C5N,.
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Compared with the standard XRD patterns of the pure anatase phase (JCPDS No. 21-1272), Fe;0,
(JCPDS No. 01-1111), and g-C5N, (JCPDS No. 50-1550), Fig. 1e shows that the corresponding

characteristic peaks were observed in the FT, TC, and FTC nanocomposites. The positions of these peaks
did not shift, indicating that the composition of these composites met the requirements. In addition,
compared with the patterns of g-C3N, and FT, the 37.8° and 27.4° peaks of TC were not evident probably
because a large heterojunction formed between g-C3N, and {001} TiO, restricted the stacking of g-C3N,4
perpendicular to the (002) direction. The formation of the heterojunction also caused a series of peaks of
Fe;0, to be concealed in FT. Noteworthily, all the peaks in FT and TC were present in FTC, suggesting that
FTC stably retained the ternary two-layer heterojunction with Fe30,/TiO, and TiO,/g-C3N,.

As shown in Fig. 1f, the structure of FTC was established by Fe;0, 7], anatase Ti0, [38], and g-C3N,
because all the peaks of FTC correlated with those in the Raman spectra of Fe30,, TiO,, and g-C3N,4. The
corresponding spectrum showed the following changes: the signals attributed to the Fe;0, phase in FT
were diminished, and the signals attributed to the g-C3N, phase in TC became less intense and wide,

suggesting a decrease in its crystallinity. These conversions attributed to the phonon confinement effect
caused by the distortions led to the TiO, interaction with the Fe;0, or g-C3N,4 lattice. The FTC results
showed that the peaks further shifted based on retaining the characteristic peaks of FT and TC, implying
that electronic interaction occurred among the TiO, nanoparticles and Fe;0,4 or g-C3N, sheets. Thus,
Fe;04, g-C5N,4, and TiO, were successfully coupled into a two-layer heterojunction.

The band-gap energies and absorption thresholds were calculated using the Tauc 139 plot approach after
UV-VIS diffuse reflectance spectroscopy (Figs. 2a-b). The band-gap energies of the as-prepared Fe;0,,
g-C3N,4, and TiO, were 1.87, 2.80, and 3.20 eV, respectively, which correlated with reported results [40, 41]
According to the change trend of band-gap energies, the absorption intensity of FTC (675 nm) extended
to UV-VIS light regions. The band-gap energies of FTC reduced to 1.96 eV after FT coupled with TC,
which was mainly due to the addition of Fe30,. Thus, the high photocatalytic activity of FTC was

demonstrable by an almost full-wave band of visible sunlight.

FTC exhibited the highest intensity and fast photocurrent response, and the photocurrent slowly
decreased (Fig. 2c). Fig. S6 shows the EIS results with a decreased electron-transfer resistance in FTC
with the smallest diameter of the semicircular Nyquist plots. Thus, FTC exhibited more efficient charge
separation. The transient photocurrent responses and EIS results of FTC and g-C3N, were similar,

showing that the heterojunction between g-C3N, and TiO, had a more evident influence on photocatalytic
performance. The flat-band potentials of g-C3N, and TiO, shown in Mott—Schottky plots (Fig. 2d)
correlated with reported results [%]. These plots, including the minimum slope belonging to FTC, exhibited
positive slopes, indicating that they were all n-type semiconductors, and FTC exhibited the fastest charge-
transfer rate. As shown in Fig. 2d, the flat-band potential (Egg) of FTC was - 0.36 eV (vs. Ag/AgCl [42),
signifying the CB potential (E¢g) for FTC confirmed to be - 0.14 eV. Therefore, the corresponding VB
potential (Eyg) of FTC was calculated as 1.82 eV using the band-gap energy (1.96 eV) (Fig. 2a). The Ep,
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Eyg values of g-C3Ny4, TiO,, and TC were calculated to be - 0.28, 2.52; -0.20, 3.00; and - 0.26 2.74 eV
using the same method, respectively, indicating that the positions of g-C3N, were lower than those of
TiO,. Therefore, electrons formed a space-charge layer when transferring in the CB from g-C3N, to TiO,.
The amount of Fe;0, (Ecg=-0.04 eV, E\5 = 3.16 eV as reported) was relatively small, and the
photoelectrochemical performance of Fe;0,/TiO, was poor. The follow-up adsorption model showed that
the Fe30,4/TiO, heterojunction did not adsorb reactants. Therefore, the influence of Fe;0, was not
analyzed here.

3.1.2. Simultaneous removal experiment of U(K) and Sb(K)

Figures 3a—b show the changes in U( ) and Sb( ) with time or different materials. Figure 3b shows that
there was no concentration change in U( ) and Sb( ) without FTC. Under simulated sunlight irradiation,
the concentrations of U( ) and Sb( ) rapidly decreased in the solution over FTC after reaching an
adsorption—desorption equilibrium. After 3 h of photocatalysis, approximately 93.0% of U( ) and 83.0%
of Sb( ) were removed by FTC, which exhibited the best photocatalytic performance among TiO,, g-C3Ny,
Fe;0,4, FT, and TC (Fig. 3b). The normalized U L,edge EXAFS and Sb K-edge EXAFS spectra (Fig. 3c)
could verify the photocatalytic effect of FTC, i.e., the valence states of U( ) and Sb( ) were maintained
during the adsorption process. After the 3-h photocatalysis, the valence state of U( ) decreased close to +
4, while that of Sb( ) increased to approximately + 5. Figure 3b also shows that the removal rate of FTC
for the solution with only U( ) was merely 70.8%, while it was just 63.9% for the pure Sb( ) solution; these
rates were considerably lower than that for the mixed solution. The removal rate for the mixed solution
was higher because the major active species for photocatalysis of U( ) and Sb( ) were reductive e” and
photooxidative groups (such as *OH), which competed for photogenerated electrons and holes,

(27]

respectively '“/1, thereby fully harnessing the photocatalytic ability of FTC by preventing their

recombination.

The magnetic property of these materials was characterized (Fig. 3d and Table S1). The saturation
magnetic induction of FTC with a value of 16.02 emu/g was considerably higher than that of
nonmagnetic TC. The coercive force of 116.75 Oe confirmed that FTC was a permanent magnet 43 44]
with stable magnetism and good dispersibility in the aqueous phase. Figure 3d shows that FTC could be
easily separated using an external magnet and redispersed in the solution by slight shaking, which
facilitated the recovery and reusability of the photocatalysts.

3.1.3. Recycling and Co-existing ions experiment

As shown in Fig. 4a, FTC could still maintain a relatively high removal rate for U( ) and Sb( ) after being
recycled seven times. Although Fe;0, was dissolved [22] after four cycles, the mass of photodissolution
after seven cycles was still less than 4% of the mass of Fe;0, in FTC. The barrier to the photodissolution
of Fe30, was due to the effect of g-C3N, with a low-lying CB, which hindered the transfer of

photogenerated electrons in TiO, to Fe;0,. With an emergence of Fe3* and Fe?*, which could react with
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U( ) 30451 and Sb( ) 16.47] a new redox path was observed, leading to an increase in the removal rate
after four cycles. The TEM and VSM results (Fig. 4d) showed that the morphology was maintained with a
two-layer heterojunction, and there was practically no change in the magnetism of FTC after a seven-run
cycle test and cleaning. Compared with those of Fe;0,4, TiO,, g-C3N,4, and TC, the PL peak intensity of FTC

was considerably less and just slightly changed after seven cycles (Fig. 4c), showing that FTC exhibited a
low and stable recombination rate of photogenerated electrons and holes. These results confirmed that
the properties of FTC were extremely stable. Furthermore, FTC could be used, as confirmed by the results
shown in Fig. 4b, which indicated that the coexisting ions had only a minimal effect on the photocatalytic
removal of U( ) and Sb( ) by FTC.

3.2. Reaction route
3.2.1. XPS analysis

For the XPS measurements (Fig. 5a), the peaks around 288, 399, 459, 531, 712, and 724 eV were

attributed to the C 1s, N 1s, Ti 2p, O 1s, Fe 2p5,,, and Fe 2p,,, photoelectrons. Notably, new peaks at 382
and 393 eV after adsorption and 380 and 391 eV after a 3-h photocatalysis were attributed to the U 4f,,
and U 4f5,, photoelectrons, respectively, indicating the successful adsorption and reaction of U( ) [48] on

FTC. The spectra of O 1s and Sb 3d partly overlapped; therefore, the analysis of Sb( ) refers to the HR
XPS spectra.

As shown in Fig. 5b, the HR O 1s spectrum exhibited two characteristic peaks at 530.0 and 531.5 eV,
which could be assigned to the oxygen atoms in the lattice of TiO, or Fe30, and the "OH group of FTC. It

was further confirmed that the oxygen-containing functional groups contributed to the adsorption and
photocatalysis of U( ) and Sb( ).

The HR XPS spectra of the N 1s (Fig. 5¢) of FTC could be deconvoluted into three peaks at 398.7, 400.0,
and 401.1 eV, which could be ascribed to C—N = C, N—(C53), and C—N-H, respectively. The peak of N-(Cs)
shifted to a low binding energy after adsorption till the end. The C—N = C bonds exhibited a similar
change after the 3-h photocatalysis, which verified the stretching of bonds and a shift in the charge
center. Therefore, preliminarily, it was assumed that N—(C3) was the location where the adsorption

occurred; C—N = C and N-(C5) were regarded as the adsorption sites of the photocatalytic product.

It was concluded that the material exhibited excellent stability because the areas of all the peaks
(including HR Ti 2p, C 1s, and Fe 2p XPS shown in Fig. S7) rarely changed after the reaction.

As shown in the HR U 4f XPS spectra (Fig. 5d), the peaks of U 4f5,, and U 4f,,, were deconvoluted into
two components at 390.2 and 391.1 eV and 379.5 and 380.2 eV, respectively, where the peaks of 380.2
and 391.1 eV, instead of corresponding to U( ), belonged to UO,, ,, and the rest belonged to U0, 49501,

This confirmed that all the U( ) was practically reduced. Similarly, as shown in the HR XPS spectrum of
Sb 3d (Fig. 5b), the peaks corresponding to Sb( ) at 529.9 and 539.8 eV after adsorption moved to 530.8
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and 540.2 eV, respectively, corresponding to Sb( ) or Sb( ) 5" after a 3-h photocatalysis, confirming that
all the Sb( ) was nearly oxidized.

3.2.2. EXAFS

To investigate the binding environment and short-range structure of Sb( ) and U( ) interacting in FTC,
EXAFS spectroscopy was employed to confirm the sorption mechanism between them. Figures 6a and 6c¢

show the k3-weighted U L ,redge Sb K-edge EXAFS spectra of the reference (U02 + 2, UO,, Sb(OH)3, and
Sb(OH)5); adsorption; and after-3-h-of-photocatalysis samples, which exhibited a distinct cyclic evolution.

The corresponding Fourier-transforms results are shown in Figs. 6b and 6d, and the corresponding
parameters are tabulated in Table 1. The R-factor showed that this fitting work had high reliability.
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Table 1

Structural parameters around U and Sb uranium for the reference and in
the solution over FTC after adsorption and 3h photocatalysis derived
from EXAFS analyses.

Sample Path N RA® A(R?)c Rfactor
Uo2+2 U-O, 2 1.75 0.0026 0.0058
U-Ogq 5 2.51 0.0130
uo, U-0 8 2.34 0.0086 0.0012
u-u 12 3.65 0.0026
U-0, 24 423 0.0013
Sb(OH) Sb-0 3 1.99 0.0039 0.0177
Sb(OH); Sb-0 6 1.97 0.0037 0.0155
After adsorption U-O, 2 1.82 0.0018 0.0184

U-O/O 6 2.23 0.0064

U-N 1 274  0.0038

Sb-0 3 2.04 0.0040 0.0164
After photocatalysis  U-O 2 2.11 0.0035 0.0131

U-O 6 2.36 0.0069

U-N 2 2.63 0.0038

U-u 3 3.65 0.0065

U-0, 14 423 0.0032

Sb-0 1 1.92 0.0030 0.0075

Sb-0, 5 2.02 0.0036

@ Coordination number.
b Distance between absorber and backscatter atoms.
¢ Debye-Waller factor to account for both thermal and structural disorders.

9 |Indicates the goodness of the fit.
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As shown in Figs. 6a—b, for the typical structure of UO2 + 2, the spectral fitting led to O,, (axial oxygen
atom) at 1.75 A and Oeq (equator oxygen atom) at 2.51 A, which correlated with the distances reported for
other uranyl aqueous species 2. When U( ) was adsorbed in the middle of the TiO,/g-C3Ny
heterojunction by FTC, the aforementioned amplitudes were slightly stretched to 1.82 and 2.23 A,
respectively, and the other Fourier-transforms feature could be fitted by U-N with a bond distance of 2.74
A. However, no new bond distance corresponding to that formed by the expected active-site formation of
TiO, and U( ) after adsorption could be found in the results. Based on the change in coordination number,

it was speculated that the active site of TiO, should be oxygen, which formed a coordination bond in the

heterojunction whose length was similar to that of U= 0 bonds in UO2 + 2 and was listed with them. The
formation of the heterojunction and coordination could also explain why the oscillation feature near 2.34

A in the typical structure of UO, [53] changed to 2.11 and 2.36 A after the 3-h photocatalysis. The
coordination number of the U-N shell at 2.63 A increased, suggesting that the nitrogen groups of g-C5N,
were more closely bound to U( ).

As shown in Figs. 6¢—d, the change in the bond length of Sb( ) and its products after adsorption
correlated with the aforementioned rule, i.e., squashing by the heterojunction altered the length Sb-0,
compared with the standard bond length of the main species of Sb( ) (Sb(OH)3) 5%, and the bond formed
by Sb( ) and active oxygen on TiO, was concealed in other Sb—0 bonds. The fitting results of the
samples tallied with those of the reference samples. Thus, it could be concluded that UO, and Sb(OH)5
existed in the product.

Finally, the adsorption of U( ) and U( ) could be attributed to the inner-sphere surface complexation
caused by Ng-c 3n 4)~U, Orio 2~ Uoz+ 2)/ Yo 2), @Nd Orio 2)= Sb(sp(oH) 3)/SP(sh(om) 5) Within the Ti0,/g-
C5N, heterojunction.

3.2.3. DFT of structures

The results of previous material characterizations showed that the reaction site could be related to the
TiO,/g-C3N,4 heterojunction. To confirm this, we optimized all the possible adsorption structures,

including U( ) or Sb( ) adsorbed on one side of {001}TiO, or g-C3N, and in the middle of the TiO,/g-C3N,
and Fe;0,/TiO, heterojunction (previous experimental results showed that Fe;0, hardly participated in

the reaction; therefore, no relevant adsorption structures were established). The corresponding adsorption
energies (Table S2) showed that the adsorption energies of UO2 + 2 and Sb(OH)5; adsorbed within the

TiO,/g-C3N,4 heterostructure were the lowest, which correlated with the previous conclusion that the
TiO,/g-C3N, heterostructure was where the reaction occurred. The final adsorption models are shown in

Figs. 7a and 7c. The models of the products in the heterojunctions after the reaction were optimized to
determine the mechanism of photocatalysis (Figs. 7b and 7d). The removal rate in the solution over FTC
was slightly higher than that over TC on the premise that no reaction occurred in the TiO,/Fe30,4

heterojunction. This could be because the addition of Fe;0, increased the dispersion of active sites on
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TiO, 138l The redox potentials of U0,2*/UO,, Sb(OH)s/Sb(OH)<, and Fe( )/Fe( ) were 0.411, 0.59, and
0.77 V, respectively. Therefore, as mentioned in subsection 3.1.3, Fe30, could also participate in the

reduction of U( ) and the oxidation of Sb( ) in an insoluble form, such that more U( ) and Sb( ) were
removed. However, since these were not the main reactions, we do not discuss the TiO,/Fe;0,

heterojunction in detail herein.

The length of the bonds related to U or Sb shown in these models correlated with the EXAFS results,
which confirmed the authenticity of these models. Furthermore, the models reflected the changes in
material structures, and the bonding environment correlated with the XPS results, thereby confirming that
the unsaturated O, sites (Fig. S8) of {001}TiO, were regarded as some of the reaction sites that
participated in the adsorption and photocatalytic reaction of U( ) and Sb( ). Based on this, N-(C5) and
C—N = C were the adsorption locations of U( ) and U( ), respectively, which were the products of the
photoreduction reaction. The new bond formed after the reaction between U( ) and TiO,/g-C5N,

strengthened the force between them, compared with that after adsorption. The corresponding adsorption
energies (Table S2) showed that the adsorption energies of UO, + TiO,/g-C3N, and Sb(OH)s+Ti0,/g-C3N,

were lower than those of UO2 +2 + TiO,/g-C3N, and Sb(OH)5+Ti0,/g-C5N,, respectively, which were
conducive for the removal of U and Sb from the solution after the reaction.

The analysis results of the total density of states (TDOS) (Figs. 8a—b), projected density of states (PDOS)
(Figs. 8¢c—d), and models (Fig. 7) after the adsorption and reaction jointly illustrated the formation of the
new force. After adsorption, the new chemical bond originated from the U( ) 4f, Sb( ) 3s, and Sb( ) 3p
orbitals hybridized with the O 2p, Ti 3d, and N 2p orbitals to form these heterojunction complexes, N—-

U( )-0-Tiand N..Sb( )—0-Ti. The photocatalytic product, UO,, existed above the Fermi level in the

energy range of 0.71-2.11eV because the electrons occupied the antibonding orbitals between UO, and

the heterostructure. Through the analysis of the DOS redistribution caused by the exchange of electrons
and the formation of new bonding displayed as s character states of Sb elevated to above the Fermi level
of 2.9 eV, which hybridized with Ti, O, C, and N to form hybridization (Fig. 7d), we could infer that g-C3N,

used the accumulated holes to produce oxidized groups in the free space between it and Sb(OH); and
oxidized Sb( ) to create a strong interaction with g-C;N, after the reaction. This phenomenon again
clarified the role of g-C3N, in Sb oxidation.

3.3. Catalytic mechanism
3.3.1. XPS analysis

As shown in Figs. Sb—c, after being optically excited, the peaks of O shifted to high binding energies,
while the peaks of N slightly moved in the opposite direction, indicating that even if the photogenerated

carriers were consumed by U( ) and Sb( ), the amount of €™ around O increased, while that around N
reduced. It reflected the strong interface interaction between them and U and Sb. It was speculated that
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photogenerated electrons and holes were detained on TiO, to reduce U( ) and g-C5N, to oxidize Sb( ),
respectively, after they were directed to transfer in TiO,/g-C5N,.

3.3.2. DFT of Photocatalytic enhancement mechanism

The band structures, TDOS, and PDOS of the materials are shown in Figs. 9a and 9c. The calculated
band gap of these materials was underestimated, compared with the experimental Eg because the actual
materials had a certain thickness, while the models were single-layer structures. The DFT was limited in
that the discontinuity in the exchange-correlation potential was not considered °3], but the trend of
changes fitted with the experimental results and the calculated band gap of TiO, were similar to reported
results [94 561 which verified the rationality of the DOS. Figures 9a and 8c show that the N 2p, O 2p, and Ti
3d orbitals overlapped the 2rt* antibonding orbitals near the Fermi level, confirming that there was a
strong interaction among them, endowing FTC with high reactivity and a strong binding energy. Figure 9a
shows that the CB maximum (CBM) of TiO,/g-C3N, was mainly occupied by the O and Ti atomic orbitals

of TiO,, and the N atomic orbital of g-C3N, mostly controlled the VB maximum (VBM), which showed that

FTC had a heterostructure and again determined the direction of charge separation and transfer, similar
to the results of the Mott—Schottky plots and UV-VIS diffuse reflectance spectroscopy.

The calculated results of the charge-density difference (Fig. 9a) showed that charge redistribution
occurred in the heterostructure. Bader charge analysis showed that a 0.03-eV charge transferred from g-
C3N, to TiO, on the other side of the heterojunction. The electrostatic potentials (Fig. S9) showed that g-
CsN,4 with a large work function (4.68 eV) was an oxidation-type photocatalyst, whereas TiO, (4.00 eV)
was a reduction-type photocatalyst. When the electrons flowed from TiO, with a high Fermi level to g-
C3N,4 until the two Fermi energies reached the same level, the net charges distributed over both sides of

the heterostructure formed a built-in electric field where negative and positive charges accumulated at g-
C3N, and TiO,, respectively. Under illumination, since the CB edge potential of g-C3N, was more negative

than that of TiO,, the photoinduced electrons on the g-C3N, particle surfaces transferred easily to TiO,,
and the photoinduced holes on TiO, transferred to g-C3N,4. The built-in electric field promoted the transfer
of electrons from g-C3N, to the CB of TiO, and hindered the photoexcited electrons in the CB of TiO, and
holes generated in the VB of g-C3N, from moving, which made them accumulate and difficult to

compound. Oppositely, the recombination of photoexcited electrons and holes was more likely to occur in
the VB of TiO, and CB of g-C3N,, but it prevented the holes and electrons in TiO, and g-C3N,4, which had

accumulated numerous electrons and holes, respectively, from being compounded by themselves.

From the charge-density difference after the adsorption and reaction (Figs. 9b—e), there was charge
transfer among U( ), U( ), Sb( ), Sb( ), and TiO,/g-C3N,. Further Bader charge analysis of the TiO,/g-

C3N,4 + U model during the reaction showed that TiO, interacted with U and delivered 0.15 eV, whereas the
electron shift obtained by g-C3N, was 0.61 eV. With the same method used to analyze Sb, the two
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aforementioned values became 0.25 and 0.04 eV, respectively, indicating that TiO, provided electrons for
U during the photoreaction process. Contrarily, g-C3N, contributed more to the oxidation of Sb, This
correlated with the expected FTC performance and showed that the electrons accumulated on TiO, were
fully utilized by U. In addition, the holes accumulated on g-C5;N, were fully utilized by Sb.

These results showed that the improvement in the photocatalytic ability of FTC was due to the
enhancement of the separation of electrons and holes by the built-in electric field and the band structure
through the regulation of the transmission path of photoexcited carriers. This process is intuitively shown
in Fig. 10.

3.4. Reaction procedure: Photocatalytic enhancement
mechanism

The sorption tendency of U( ) and Sb( ) on FTC accounted for the synergistic effect, including
electrostatic interaction, surface complexation, and chemical precipitation. Sb( ) existed as uncharged

Sh(OH)5 over a wide pH range [*4, suggesting that Sb( ) was tightly bound on the surface sites via the
formation of surface complexes rather than electrostatic interaction. Zeta potential values (Fig. 11a)
revealed that the point of zero charge (pH,,) of the surface was 5.03 mV. Electrostatic attraction between
FTC and the positively charged U0,2* (the predominant U( ) species at low pH [57]) could be formed at
pH>5.03, which increased the pHy, to 5.42 mV after adsorption. The formation of electrically neutral
UO,, low-mobility Sb( ) species, or a negatively charged inner-sphere complex caused the pHp,. to move

toward a lower zeta potential after the reaction. Furthermore, using a pH of 5.03 for the solution ensured
an accurate analysis of the mechanism of the photocatalytic reaction.

To study the possible active species generated during the photocatalytic processes, ESR analysis was
performed (Figs. 11b—c). After 5 min of light irradiation, paramagnetic signals showed a 1:2:2:1 typical
cleavage pattern of OH+ and six characteristic peaks of the superoxide radical. The intensity of these

peaks decreased after 3 h of photocatalysis. This result confirmed that ‘OH and O, were the main
active species generated in the photocatalytic reaction. Considering that ‘OH and O,” were produced by
photogenerated holes, the photogenerated electrons on FTC were fully utilized.

To elucidate the mechanism of the photocatalytic reaction, free-radical trapping tests were performed
over FTC. Figures 11d-f show the changes in the redox rates and concentrations of U( ) and Sb( ), and
the first-order kinetic models are shown in Fig. S10. The reduction rate of U( ) was 87.9%, and the
oxidation rate of Sb( ) was 73.2% without a scavenger.

For antimony (Figs. 11d-e), the scavenging of O, and "OH led to a decrease in the oxidation rate of
Sb( ), indicating that they were both involved in the oxidation reaction. This conclusion correlated with
that of the ESR experiment. EDTA-2Na, a scavenger of h*, blocked the formation of "OH [28] resulting in
the poor oxidation of Sb( ). This was mutually verified by the results of trapping “OH by TBA. Compared
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with bubbling N, to discharge O, and prevent the generation of O," , the reaction speed and oxidation
rate of Sb( ) after BQ scavenged O," was higher, indicating that O, could directly participate in the
oxidation of Sb( ) (Sb( ) +0,—Sb( ) +0," ). This could be verified by the fact that after K,Cr,0,
consumed e, i.e., prevented O, from forming O," with it [58] the oxidation rate of Sb( ) only dropped
slightly and was considerably higher than that in the experiment of bubbling N,. Moreover, the reduction
rate and speed of Sb( ) increased after oxygen was added to the system to supplement O, and O," .

Thus, 0," , "OH, and O, jointly played important roles in the oxidation of Sb( ).

For uranium (Figs. 11d and f), the reduction rate of U( ) significantly dropped after K,Cr,0, consumed e,
confirming that e” was important for the reduction of U( ). Upon the addition of EDTA-2Na as an h*
scavenger, the photogenerated electrons and holes were not easy to composite, and FTC provided more
electrons for reduction. Therefore, it was again confirmed that e was significant for the reduction of U( )
through an increase in the uranium reduction rate and speed after h* was scavenged. The oxygen-free
environment caused by N, and the absence of O," caused by BQ reduced the reduction rate of U( ),
which showed that 0," had a positive effect on the reduction of U( ) 9. In addition, the reduction rate
and speed of U( ) after adding BQ were lower than those under N,. During the experiments filled with O,
or N, (Figs. S10a and 11f), the reduction rate of the former slowed down, and the latter sped up. Based on
these results and according to the premise that O, was the product of O, and €7, it could be inferred
that the interaction principle between O," and U( ) was as follows: O, competed with U( ) for
photogenerated electrons to generate O," , which led to a reduction in speed; however, 0," could react
with U( ) to generate low-valent uranium.

However, in theory, filling O, would lead to excessive O, competing for €7, lowering the reduction rate of
U( ) below that under N,. However, the opposite was the reality. A relationship was made with the
oxidation process of antimony, i.e., excessive O, oxidized antimony to generate O," without competing
for electrons, which reduced uranium. This conclusion that the O, produced by the oxidation of Sb( )
and consumed by the reduction of U( ) was complementary could explain why ESR showed that the
change in "'OH content during the reaction was more evident than that in the O,” content.

Summarily, the photocatalytic enhancement mechanism of FTC was to first use active substances,
including ‘'OH and e”, to compete for photogenerated electrons and holes, respectively, thereby fully
harnessing the photocatalytic ability of FTC by preventing the recombination of the electrons and holes.

The O," generated by Sb( ) and O, to reduce U( )) and the consumption of O, advanced the oxidation
of Sb( ).

The reaction process was summarized as follows (4)-(15) and is shown in Fig. 12.
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FTC + hv — his(g-CsNa) + ex(TiO2) (4)

U0 + 2 ew(Ti02) — UO2 (5)
his(g-CsN4) + H2O — H™ + *OH (6)
Sb(OH)s + *OH — Sb(OH)4 (7)
02 + ex(TiO2)— 02"~ (8)
H20 + Sb(OH)s+ O2— Sb(OH)s + 02"~ + H* (9)
202"~ + 2 his(g-CsNa)+ 2H20— 2H202+ 02 (10)
02"~ + hys(g-C3N4)— O2 (11)
202"+ 2H™— 2H202+ O2 (12)
Sb(OH); + H202 — Sb(OH)s (13)
02~ + U0 — UO; + 0s (14)
UO; + ees(Ti02) — UO2 (15)

4. Conclusions

In this study, a Fe;0,/TiO,/g-C5N, ternary two-layer heterojunction nano-photocatalyst was synthesized
whose removal rates of uranium and antimony under sunlight were 93.0% and 83.0%, respectively.
Fe;0,/Ti0,/g-C3N, harnessed the advantages of Fe;04, TiO,, and g-C3N, in its magnetism and response
to visible light and prevented the damage of Fe;0,'s photodissolution to its structure. Ultimately, we

fabricated a stable, recyclable, and efficient nano-photocatalyst material that can respond to an almost
full-wave band of visible sunlight.

Theoretical calculations (structural optimization, band structures, and DOS) and characterizations
(EXAFS spectroscopies) revealed the changes in the chemical bonds during the reaction. The structures
of N-U( )-O-Tiand N...Sb( )—O-Ti were formed after adsorption, and new bonds were formed between
N in C-N = C and the photocatalytic products. The O,. in TiO, continuously played an important role in the

formation of bonds. These conclusions confirmed the specific microstructural changes in the materials.

Other theoretical calculations (adsorption energy, electrostatic potential, charge-density difference, and
Bader charge analysis) and characterizations (XPS) showed that the reaction occurred in the TiO,/g-C3N,

heterojunction. The electronic structure of TiO, and g-C3N, and the built-in electric field formed between
them prevented the recombination of photogenerated carriers and promoted TiO, and g-C3N,4 to

separately accumulate numerous electrons and holes to reduce U( ) and oxidize Sb( ), respectively, which
explains the high photocatalytic performance of Fe;0,/TiO,/g-C3N, during the photoreaction.
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The free-radical trapping and ESR tests confirmed that in addition to the photogenerated electrons and
holes, 0," and "OH participated in the redox reaction. Among them, O, , an important bridge to connect

the redox reaction, could be involved in the reduction of U( ) and the oxidation of Sb( ) in a two-way
manner, confirming that the redox of U ( ) and Sb (') exhibited a coupling relationship. In addition, Fe;0,

provided a new and interrelated path for the redox of U( ) and Sb( ).

The prepared FTC harnessed the advantages and bypassed the disadvantages, clarified the division of
different heterostructures, and exhibited a new coupling relationship between redox reactions. According
to the exploration path of material performance — reaction route — catalytic mechanism — reaction
procedure, this study completely explored the multiple interrelationships between a two-layer
heterogeneous material and a series of reactions in which the material participated. This study provides a
strategy for the construction of efficient photocatalysts for treating complex wastewater.
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Figure 1

SEM image of nanometer FTC (a); TEM image and model of nanometer FTC (b); HR-TEM images and
models of nanometer FTC (c); FT-IR spectra of TiO,, Fe30,4, g-C3N, and FTC (d); XRD patterns (e) and

Raman spectra (e) of TiO,, Fe30,4, g-C3N,, FT, TC, and FTC.
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Figure 2

UV-visible diffuse reflection of TiO,, Feg0,, g-C3N,, FT, TC, and FTC (a) and calculated by Tauc plot (b);

Transient photocurrent response of TiO,, g-C3Ny4, FT, TC, and FTC (c); Mott-Schottky plots of TiO,, g-C3N,,
TC, and FTC (d).
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Figure 3

Concentration of U( ), Sb( ) and Fe in the solution over FTC (a); Removal rate of U( ) and Sb( ) by
different materials (b); Normalized U L ,redge EXAFS and Sb K-edge EXAFS spectra after adsorption and

3h photocatalysis (c); Magnetic property of Fe;0,4, FT, TC, FTC before and after cycles (d).
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Figure 4

Removal of U( ), Sb( ) and Fe in the solution over FTC after cycling runs (a) and with co-existing ions (b);
PL of TiO,, Feg0,, g-C3N,, FT, TC, FTC, FTC after 4 cycles and after 7 cycles (c); TEM and model of FTC
after 7 cycles (d).
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(b)

(@)

XPS spectra of survey (a), high-resolution O 1s (b) and high-resolution N 1s (c) of FTC after adsorption
and 3h photocatalysis; XPS spectra of high-resolution Sb 3d (b) and high-resolution U 4f (d) in the
solution over FTC after adsorption and 3h photocatalysis.
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Figure 6

k3-weighted U L ,redge EXAFS spectra (a) and corresponding Fourier-transforms results (b) for the

reference and in the solution over FTC after adsorption and 3h photocatalysis; k3-weighted Sb K-edge
EXAFS spectra (c) and corresponding Fourier-transforms results (d) for the reference and in the solution
over FTC after adsorption and 3h photocatalysis.
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Figure 7

Adsorption model of TiO,/g-C3N,+U( ) (a); Adsorption model of TiO,/g-C3N,+U( ) (b); Adsorption model
of Ti0,/g-C3N,+Sb( ) (c); Adsorption model of TiO,/g-C3N4+Sb( ) (d).
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Figure 8

Band structures and TDOS of TiO,/g-C3N,, TiO,/g-C3N4+U( ), and TiO,/g-C3N4+U( ) (a); Band structures
and TDOS of Ti0,/g-CsN,, TiO,/g-CaNy+ Sb( ), and Ti0,/g-CsN,+ Sb( ) (b); PDOS of TiO,/g-CsN,,
TiO,/g-C3N4+U( ), and TiO,/g-C3N,+U( ) (c); PDOS of Ti0,/g-C3N,, TiO,/g-C3N,4+ Sb( ), and TiO,/g-
C3N4+ Sb( ) (d).
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Figure 9

Band structures and TDOS of TiO,, g-C5N,, and TiO,/g-C5N,4 (a); Charge density difference of TiO,/g-
C3N, (b), TiO,/g-C3N4+U( ) (c), TiO,/g-C3N,4+U( ) (d), TiO,/g-C3N4+ Sb( ) (e), and TiO,/g-C3N4+ Sb( ) (f).
(The yellow and blue bubbles represented negative and positive charges, respectively.)

Page 31/34



Figure 10

Built-in electric field and the transmission path of photoexcited carriers.
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(b)

M

Zeta potential of the FTC, FTC after adsorption and FTC after reaction (a); ESR spectra of DMPO-"OH
adducts over FTC and FTC after 3 h photocatalysis (b); ESR spectra of DMP0O-0," adducts over FTC and

FTC after 3 h photocatalysis (c); Reduction of U( ) and Oxidation of Sb( ) in the solution over FTC with
different scavengers (d); Influence of various scavengers on the concentration of Sb( ) in the solution
over FTC (e); Influence of various scavengers on the concentration of U( ) in the solution over FTC (f).



Figure 12

The reaction process of reducing U( ) and oxidizing Sb( ) in the solution over FTC.
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