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ABSTRACT: LaFeOj chalcocite precursor was prepared by solid-phase milling method, and LaFeOj-type chalcocite composite
catalyst, referred to as LECN catalyst, was synthesized by in situ doping of carbon and nitrogen (urea, melamine, dicyandiamide, and
carbon powder), The catalytic performance of the catalysts was investigated by the different mass ratios of LaFeO; chalcocite
precursor and carbon and nitrogen (1:1, 1:2, and 2:1) and the degradation mechanism. Various characterization analyses, such as X-
ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and Brunauer—Emmett—
Teller (BET), showed that the doped composite LFCN catalysts exhibited a hemispherical network structure with a larger specific
surface area than that of the pure phase LaFeO; material. In addition, the LaFeO; material adjusted the electronic structure of the
original LaFeO; chalcogenide material to a certain extent after in situ doping with organic C and N elements, which enhanced its
lattice oxygen oxidation ability. In the study of the catalytic degradation of sodium humate solution under natural light conditions,
the catalytic performance was significantly improved compared to that of the pure phase LaFeO;, and 10 mg of the catalyst degraded
30 mg/L of sodium humate solution in 50 min, with a degradation rate increasing from 40 to 98%. The degradation rate increased
from 40 to 98% after 4 applications, indicating that the LFCN catalyst has good stability and significant catalytic degradation
performance.

1. INTRODUCTION degradation of humic acid and other oxidative degradation that
Humic acids, a major component of natural organic carbon are easy to prepare, structurally stable, with strong catlallytic
resources, are formed naturally through microbial biodegrada- properties and easy to regenerate are a challenging task.

tion of plant and animal residues and are commonly found in In recent years, chalcogenide (ABOj;)-type materials have
media in which organic matter decomposes, such as water,"” attracted a lot of scientific and applied attention in the field of

13 . . 4,5 . . . . .

soil,” sediments, and organic wastes.”” In fact, it has also been photocatalysis due to their properties such as low price,
recognized that the presence of humic acids in untreated water adaptability, and thermal stability.'” For example, LaFeO; has

inhibits the oxidative degradation of other target contaminants
through competitive reactions and produces toxic disinfection
byproducts during conventional chlorination disinfection.’
Consequently, the need to eliminate the water pollutant
nature of humic acid in view of its high distribution in aqueous
environments has attracted much attention.” To date, the main
methods used for the removal of humic acids from water
bodies include adsorption such as activated carbon type
adsorption, advanced oxidation, and photocatalytic degrada-
tion."" '’ Among them, new catalytic materials for oxidative

excellent catalytic activity in the photocatalytic degradation of
organic matter due to its wide band gap, high chemical
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stability, nontoxicity, nonharmfulness, and excellent visible
light response.”'*> Among them, hybridized LaFeOj-like
materials such as TiO,-coupled N-doped porous perovskite
LaFeOj; have excellent visible photocatalytic activity, whereas
Co-doped LaFeO; is an excellent advanced oxidation (AOPs)
catalyst for the efficient oxidative degradation of organic matter
by activated monopersulfate.*'* The construction of hetero-
junction classes such as NiS/LaFeO;'¢ and LaFeO;@TiO,"
has been recently reported to be efficient LaFeO;-based
catalysts for photocatalytic degradation of dyestuffs.'"® These
studies show great potential for the photocatalytic activity of
doped modified LaFeO; However, the above modified
materials have the following drawbacks: they are all metal-
containing raw materials, which are difficult to be popularized
due to the limitation of the types, and the cost of raw
materials;'”*° as well as the preparation of LaFeO; nano-
particles requires high temperatures (700—1000 °C high-
temperature calcination). In addition, the codoping of
nonmetallic elements in semiconductor photocatalysts has
become a new direction, and due to the synergistic effect
between the two dopants, the codoped catalysts have a
stronger visible light absorption capacity than those doped
with a single element, which can effectively improve the
photocatalytic performance.”’ Therefore, the development of
LaFeO; chalcogenide hybridized materials with nonmetallic
elements such as C and N elements is an important strategy to
solve the above problems.”' ~*** In particular, the preparation
of novel nonmetal-doped LaFeOj; chalcogenide nanoparticles
to trap humic acid-based pollutants in water is more
challenging.**

Here, we report on the preparation of LaFeO; chalcocite
(LFCN) with urea, melamine, and dicyandiamide as C and N
source references using a combination of solid-phase milling in
situ doping and low-temperature roasting methods and
investigate its behavior, such as the degradation of humic
acid in artificially configured aqueous humic acid solutions.
The effects of C/N doping on the structure and catalytic
performance of LFCN catalysts were also investigated. The
structure, morphology, and optical properties of the samples
were also analyzed by X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), and electrochemical tests. Finally, the possible
degradation mechanisms were speculated and analyzed by
free radical trapping experiments and EPR tests. The synthetic
routes and results of the materials reported in this work will
provide new ideas for the application of chalcogenide materials
in the field of catalytic degradation of organic pollutants in
water.

2. CATALYST PREPARATION

2.1. Preparation of LaFeO; Precursors. The traditional
preparation method was used.”> La(NO,);-6H,0 (0.433 g, 1.0
mmol), Fe(NO;);-9H,0 (0.404 g, 1.0 mmol), and citric acid
(0.420 g, 2.0 mmol) according to the mass ratio of 1:1:2 were
placed in a 100 mL beaker, and 30 mL of deionized water was
added to fully dissolve the solution by stirring for 4 h and then
dried at 80 °C until the solution dried to a reddish brown gel.
In the solid-phase milling method, without adding deionized
water, the raw materials (as above for ingredients) were added
to the mortar one by one and milled for 30 min until the
samples were in the form of reddish brown gel and dried at 120
°C in an oven to obtain the LaFeO; chalcogenide precursor.

2.2. Preparation of LaFeO;. The prepared LaFeOj,
calcium titanium ore precursor was ground into powder form
uniformly and placed in a ceramic crucible, which was placed
in a muffle furnace for calcination. The initial temperature was
set to 25 °C; with a heating rate of 3 °C/min, the temperature
was raised to 170 °C and held for 2 h for the water to
evaporate to dryness. Then, the temperature was further
increased to 500, held for 4 h to ensure that the reaction was
sufficient, and ultimately increased to 700 °C to bake the
mixture for 6 h, which was then cooled to room temperature.
The products were taken out one by one, ground to powder
form, and collected to obtain the LaFeQOj; calcium titanium ore.

2.3. Preparation of C/N-Doped LaFeO; Chalcogenide
Composites. The composite catalysts were synthesized by the
solid-phase milling modified sol—gel method and calcination
method (Scheme 1). LaFeO; precursor (1 g) and CH,N,O (2

Scheme 1. Schematic Diagram of Sample Synthesis Process

La(NO,);*6H,0

> U-LFCN
700°C Precursor
Fe(NO3);*9H,0 .
o . I LaFeO, P s-LaFeO;
Citric acid —> g-LaFeO,

g) were added to the mortar and milled uniformly and then
calcined at high temperature in a muffle furnace (heating
procedure: 170 °C for 2 h, then 500 °C for 4 h, then 700 °C
for 6 h at a temperature rate of 3 °C/min); the composite
catalyst with optimum catalytic performance was collected
after cooling and recorded as U-LFCNO.66 (Prefix letters such
as U is the first letter of the English capitalization of urea,
subscripts such as 0.66 is based on the C/N source in the total
proportion of raw materials, and the full text of the preparation
of the sample subscripts are based on this basis for labeling. ).

The catalysts with different doping amounts were prepared
by varying the amount of CH,N,O added (m precursor/m
organics = 1:1, 2:1) and were denoted as U-LFCNO.S and U-
LFCNO0.33. The composites were obtained by using melamine,
dicyandiamide, and graphite instead of urea with the doping
amount of m precursor/m organics = 1:2 and were denoted as
M-LFCNO0.66, D-LFCNO0.66, and G-LFCNO.66, respectively.
Pure phase LaFeOj; chalcogenides were prepared by the sol—
gel method and the solid-phase milling method and were
denoted as g-LaFeOj; and s-LaFeOj, respectively.

3. RESULTS AND DISCUSSION

3.1. Chemical Structure of Catalysts. XRD character-
ization analyses (Figure 1) were carried out on different LFCN
catalysts separately, with the aim of investigating whether their
structures were changed or not. Figure 1a shows the full XRD
spectra of LFCN with different doping amounts from which it
can be found that both the solid-phase milling and the sol—gel
method can finally obtain the corresponding ABO;-type
chalcogenide structure. Compared to the sol—gel method,
the diffraction peaks of chalcocite (U-LaFeO;) prepared by
solid-phase milling are stronger in intensity, which may be
related to the synthesis method in which the metal salts are
squeezed by the mechanical force of milling during solid-phase
synthesis, resulting in a higher degree of crystallinity after
sintering.% Meanwhile, it can be learned from the full
spectrum that after doping with organic elements, the
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Figure 1. XRD spectra of different catalysts: (a, ) full spectrum; (b, d) partial magnification.

Figure 2. (3, b) SEM images of U-LFCNO0.66. (c, d) TEM images of U-LFCNO.66. (e—j) EDX elemental surface scan energy spectra of U-

LFCNO.66.

composites still maintain the characteristic ABOj-type
structure of chalcogenide. However, from Figure 1b, it can
be found that the peak and positions of the composites at the
(121) and (202) crystal planes were shifted after organic
doping, which may be related to the change in the dopant
2728 Moreover, the higher the amount of N doping, the
more obvious the shift is, which may be due to the distortion
of the crystal planes caused by N doping. This shift in the peak
position may lead to a certain degree of lattice defects, which in
turn expose more active interfaces at the oxygen vacancy sites
in the chalcogenides,””*® which is intrinsically conducive to the
enhancement of the catalyst activity, which is consistent with
the difference in catalytic activity of the catalysts in the
catalytic activity test,”? 72! je, the higher the amount of N

size.
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doping the more pronounced rightward shift of the peak
positions of the major crystal planes is positively correlated
with their catalytic degradation effects.”” This is a very
interesting phenomenon, the different preparation methods
and organic elements doping amount, although did not directly
change the intrinsic structure of the chalcogenide materials but
can be adjusted to some extent the crystalline state of the
composites and photoelectronic effect.

Figure lc shows the XRD patterns of LECN composites
prepared by doping with different organics. It can be seen that
the different carbon and nitrogen sources also do not affect the
ABOj-type structure, and the characteristic peaks of the
distinct chalcogenide structure appear in all composites,
including graphite-doped materials. The composites prepared

https://doi.org/10.1021/acsomega.3c06161
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Figure 3. XPS spectra of U-LFCNO0.66: (a) full spectrum; (b) La 3d; (c) Fe 2p; (d) C 1s; (e) O 1s; and (f) N 1s.

with graphite doping showed a particularly strong diffraction
peak at 26.5°, which was attributed to the (002) crystallo-
graphic peak.”' The reason for this peak may be that the main
substance in graphite is elemental C. The pure phase of
elemental C is not oxidized to CO, during sintering but still
retains a large amount of elemental C, which reforms at high
temperatures and thus exhibits a sharp peak. From Figure 1d,
which is a partial enlargement of the composites doped with
different organics, it can be seen that the materials of graphite,
melamine, and dicyandiamide are shifted in the (121) and
(202) crystal planes, indicating that the electronic structure of
LFCN materials can be adjusted by the different organic C and
N elements and the doping of different organics, this affects the
catalytic activity of the catalyst.

3.2. Morphological Characterization of Catalysts.
Usually, the catalytic activity of a catalyst is directly related
to its morphology since all oxidation—reduction reactions take
place at the catalyst interface. For this reason, the material with
the best catalytic performance, U-LFCNO.66, was characterized
using SEM, TEM, and EDX elemental surface scanning energy
spectroscopy. As can be seen from Figure 2ab, the U-
LFCNO.66 catalyst has a nanoparticle structure consisting of
many regular cylindrical nanorods of about 200 nm that are
stacked and aggregated. The surface shows many irregular
stacked pores, which are relatively stable because they are fused
and connected by some neighboring nanoparticles during the
sintering preparation. Figure 2c¢,d shows high-resolution
transmission electron micrographs of the U-LFCNO.66
catalyst. The short rodlike structure of the U-LFCNO.66
catalyst can be seen. The U-LFCNO0.66 catalyst can be seen to
have obvious lattice stripes in the high-resolution transmission,
and the lattice spacings of 0.2612 and 0.2774 nm correspond
to the (210) and (121) crystal planes of the LaFeO material,"®
respectively. This also once again confirms that the U-
LFCNO.66 catalyst maintains the characteristic structure of

41747

the ABOj;-type chalcogenide materials. In addition, Figure 2e—
j shows the surface scanning EDX elemental spectra of the U-
LFCNO0.66 material, which shows that the La, Fe, O, C, and N
elements are uniformly dispersed in the material; especially,
the C and N elements do not appear to be localized
aggregation phenomena. This indicates that unlike the
traditional composite heterojunction materials, the small
amount of O, C, and N elements in the organic carbon- and
nitrogen-doped LFCN catalysts prepared by the in situ one-pot
method plays a role in regulating the microenvironment of the
electronic structure of the material. U-LFCNO.66 still has the
characteristic structure of 1:1:3 ABOj-type chalcogenides
(Figure 2j).

3.3. XPS Testing of Catalysts. X-ray photoelectron
spectroscopy (XPS) analysis of the U-LFCNO.66 catalyst was
performed to determine the elemental composition and
chemical oxidation state of the sample surface. Complete and
detailed spectra of La 3d, Fe 2p, O 1s, C 1s, and N 1s were
obtained. From Figure 3b, it can be seen that the main peaks at
833.6 and 850.6 eV can be attributed to La 3ds/, and La 3d;,,
of the trivalent state of the La ions, whereas the satellite peaks
at 837.8 and 854.7 eV can be attributed to charge transfer from
the ligand O 2p energy level to the La 4f energy level. The two
major peaks at 724.2 and 710.3 eV with vibrational satellites at
718.6 eV found in the XPS spectra of Fe 2p in Figure 3¢ can be
assigned to Fe 2p,/, and Fe 2p3/2,33_35 indicating that both Fe
and lanthanide ions are present in the chemical valence state
+3. In addition to the different La, Fe, and O spectral lines,
Figure 3d shows the C 1s signal, and the XPS spectrum can be
divided into three sets of peaks, with the peaks located at 284.8
and 286 eV corresponding to the C—C bond and the oxygen-
bound material produced from indeterminate carbon. The
third peak located at 288.7 eV can be attributed to lanthanum
carbonate produced by the reaction of CO, (formed by the
combustion process) with the lanthanum oxide surface during

https://doi.org/10.1021/acsomega.3c06161
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Figure 4. (a) Degradation rate of sodium humate by different catalysts. (b) Sequential kinetic response of sodium humate removal by different
catalysts. (c) Degradation rate of sodium humate by different C/N source catalysts. (d) Degradation rate of repeated experiments. (e) Amplified
degradation rate of sodium humate by the U-LFCNO0.66 catalyst. (f) Sequential kinetic response of sodium humate by the U-LFCNO0.66 catalyst.

the formation of LaFeO;*° Figure 3e shows the O 1s signals
for oxygen molecules with binding energies of about 529.9 eV
lattice oxygen, 531.1 eV oxygen vacancies, and 532.0 eV
surface adsorbed oxygen molecules, which correspond to the
main signals for the contributions from La—O and Fe—O
lattice bonds, some surface hydroxyl groups, and chemisorbed
water. Consistent with the expected composition among La,
Fe, and O, the atomic ratio was found to be about 1:1:3 by
comparing the relative signal intensities in different XPS
spectra. Figure 3f shows the N 1s signals with a binding energy
of about 400.18 eV, which corresponds to the main signals of
the C—NH, lattice bonds.”*

41748

3.4. Degradation Performance Testing of Catalysts.
Humic acid, which has large-sized molecules and is difficult to
degrade, was selected as a typical organic pollutant to
investigate the catalytic activity of the U-LFCNO0.66 catalyst
in aqueous solution. It is very interesting to note that unlike
other carbon-based catalysts or inorganic oxide materials, the
U-LFCNO0.66 catalyst does not require the promotion of an
external light source during the degradation of sodium humate.
Under natural light conditions, it still had strong catalytic
activity. This indicates that the U-LFCNO0.66 catalyst itself has
strong oxidizing properties. The results are shown in Figure 4a.
It can be found that the catalytic performance of the materials
prepared by either the solid-phase method or the sol—gel
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Figure S. (a) Photoluminescence (PL) and (b) EIS mapping of different catalysts.

method is unsatisfactory (g-LaFeO;: 40%, s-LaFeO;: 34%),
which suggests that although the LaFeO; material has a certain
oxidizing ability of its own,”” and this is not enough to induce
the sodium humate solution to complete the oxidative
degradation. The catalytic effects of the composites obtained
by doping with organic matter were all stronger than those of
the undoped materials. When the amount of organic matter
doping is gradually increased, the catalytic activity of the
catalyst material is more obvious, and finally, the catalyst
material of U-LFCNO0.66 has the best reaction performance,
and the degradation rate of sodium humate reaches 98%,
which is 2.88 times higher than that of the pure phase
chalcocite material. As shown in Figure 4b, the analysis of the
first 10 min kinetic experiments showed that the reaction rate
constant (k) of U-LFCNO0.66 was calculated to be 0.14638
min~’, which is about 4 times higher than that of g-LaFeO,.
Meanwhile, the effects of different doping sources on the
catalytic performance of LFCN catalysts were explored, and
the results are shown in Figure 4c. The catalytic activity of g-
LFCNO0.66 obtained from composites using graphite as the
doping element showed little performance enhancement
compared to the undoped pure phase material, which proved
that the C element alone is not the main influencing factor.
The catalytic performance of the material was significantly
improved when doped with dicyandiamide and melamine (60
min, 89%). It can be hypothesized that the introduction of the
N element is the key to enhancing the oxidative degradation
ability of the materials. However, after comparing different
nitrogen source doping, it was found that the catalytic
performance of the composites obtained from urea as dopant
was still the best, which may be related to the structure of urea
and its small amount of oxygen, although the material
preparation process was sintered in a muffle furnace and
completely exposed to the air atmosphere, but the oxygen
element in the sintering process could not completely replace
the oxygen in the structure of the material itself.”® In
conclusion, the doping of organic carbon and nitrogen
elements effectively improved the catalytic performance of
LaFeO; materials.

The results of the reusability of the U-LFCN0.66 composite
catalyst and the scaled-up reaction are shown in Figure 4d,e.
The reusability of the catalyst largely determines the value of
the catalyst.”” From Figure 4d, it can be seen that the
degradation rate of the U-LFCNO.66 catalyst on sodium
humate solution can still reach more than 80% after 4 times of
reuse. After the reaction was scaled up by a factor of 12.5, the
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catalytic performance of the U-LFCNO0.66 material could still
reach more than 95% (Figure 4e). In addition, kinetic
experimental analysis of the entire degradation process showed
that the calculated amplification reaction rate constant (k) for
U-LFCNO.66 was 0.02141 min™', which is more in line with
the first-order kinetics compared to those of the small-dose
experiments. The U-LFCNO0.66 material showed promising
catalytic activity and stability in replicated experiments and
scaled-up production, which opens up the possibility of its
application in practical production.

3.5. Electrochemical Performance Testing of Cata-
lysts. Fluorescence emission spectroscopy (PL) is an
important characterization tool used to elucidate the efficiency
of photoexcited electron capture, migration, transfer, and
separation in photocatalytic semiconductor materials.*’ Figure
Sa shows the PL spectra of materials U-LFCNO.66, g-LaFeOs,
and s-LaFeO;. According to the analysis of the working
principle of the fluorescence luminescence spectrometer, if the
PL peak decreases, it means that the energy band structure of
the material has changed and the energy difference between
electrons and holes has decreased. A smaller energy difference
reduces the possibility of spontaneous complexation between
electrons and holes.”’ Tt can be clearly seen that the three
catalysts exhibit different degrees of PL emission wave
intensities at the wavelengths of $00—700 nm.*” Among
them, the composite catalyst U-LFCNO.66 has a significantly
lower photogenerated electron hole complexation rate
compared to g-LaFeO; and s-LaFeO;. This is attributed to
the fact that C and N doping altered the charge transport rate
of the catalyst LaFeO; and reduced the photogenerated
electron—hole pair complexation, which in turn improved the
activity of the catalyst. Figure Sa shows the EIS Nyquist plots
of U-LFCNO.66, g-LaFeO;, and s-LaFeO;. The high-frequency
part of the Nyquist plots can provide important information
about the charge transfer resistance. The charge transfer
resistance (R,,) is usually attributed to the semicircle curve in
the high-frequency domain. The smaller the semicircle
diameter, the higher the conductivity of the semiconductor
material, the more efliciently the charge carriers move, the
lower the resistance, and the lower the recombination rate of
the electron pairs. As shown in Figure 5b, the semicircular
diameters of the three materials are, in order, U-LFCNO0.66 <
g-LaFeO; < s-LaFeO;. U-LFCNO0.66 has the smallest semi-
circular diameter, and thus, U-LFCNO0.66 has a smaller
electron transfer resistance. The results of the PL and EIS
tests are in accordance with those of the photocatalytic
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degradation experiments. All of them show that the C- and N-
doped LaFeO; samples can effectively reduce the recombina-
tion of photogenerated carriers.

3.6. Active Sites and Catalytic Mechanisms of
Catalysts. The UV—visible optical absorption spectra of the
samples are shown in Figure 6. The visible absorption fringes
of LaFeOj; and its elementally doped materials start at ~400
nm and end at ~800 nm, indicating that the LaFeO;-based
material significantly displays spectral photoabsorption from
UV to visible due to its narrow band gap. Comparison of the
UV-—visible diffuse reflectance spectra of U-LFCNO0.66 and
LaFeO; shows that although pure LaFeO; shows strong
absorption at about 250 and 400 nm, it is significantly weaker
than that of the elementally doped material, and the
elementally doped material also has a better photoabsorption
performance in the visible region at about 600 nm. These are
attributed first to the electronic leaps from the O 2p orbitals
forming the valence band to the Fe 3d orbitals in the
conduction band,*® and second to the electronic structure
changes caused by the distortion of the material’s crystal
structure and the exposure of more oxygen vacancy sites, as
described earlier.*” The optical band gap of LaFeO; is
calculated using the Tauc relation (ahv)"* = B(hv — E,)
(where a is the absorption coefficient,  is a constant
dependent on the constant on the hopping probability, and
E, is the optical energy gap). Extrapolation of the linear region
shows an optical band gap E, of about 2.0 eV for LaFeO; and
1.94 eV for U-LFCNO0.66, with a reduced modulation of the
band gap, strongly leading to an increase in the spectral
response throughout the visible region. In conclusion, the
elementally doped sample absorbs significantly more light
energy than the other samples, indicating that the reduction in
size of the material’s specific particle morphology (nano-
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cylindrical homojunctions of ~200 nm) and the reduction in
the modulation of the band gap lead to a significant redshift of
the optical absorption. Therefore, the U-LFCNO0.66 photo-
catalyst prepared by the solid-phase milling method can be
used as a potential visible light-driven photocatalyst.

The active species in the photocatalytic degradation of
sodium humate were investigated by radical trapping experi-
ments and electron paramagnetic resonance (EPR) studies. In
Figure 6¢,d, no signal peaks were observed for DMPO—OH
and DMPO—O0O, ™ under dark conditions. In contrast, DMPO—
OH and DMPO—O0," showed strong signal peaks at 5 min of
natural light irradiation, and the signals were even stronger
when the irradiation time was extended to 10 min, indicating
that *OH and *O,” produced during the degradation process
were the active species in the photocatalytic degradation of
sodium humate and that the *OH and *O,” produced were
continuous. In addition, by adding isopropanol (IPA),
disodium ethylenediaminetetraacetic acid (EDTA-2Na) and
p-benzoquinone BQ were used as trappers of hydroxyl radicals
(*OH), holes (h*) and superoxide radicals (O,”), respec-
tively."”” The results are shown in Figure 6e, where the
degradation rate without any scavenger was 98%. However, the
concentration of sodium humate decreased with the addition
of EDTA-2Na, indicating that h+ also played a role in the
degradation process. In addition, the degradation effect of the
catalyst on sodium humate was significantly inhibited by the
addition of IPA and BQ, indicating that *OH and O, were the
main active species in the degradation process. Therefore, by
combining the results of electron spin resonance (EPR) and
radical trapping experimental tests, it can be concluded that
O,” and *OH are the main active species involved in the
photocatalytic degradation process.

https://doi.org/10.1021/acsomega.3c06161
ACS Omega 2023, 8, 41744—41754


https://pubs.acs.org/doi/10.1021/acsomega.3c06161?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06161?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06161?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06161?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
100 0.00
(a) —=— Adsorption (b) 4
& 801 —— Desorption
5 99 | WeightlLoss:1.5% —_
o0 Eret 1-005 0
—cxd N Al e A resh <
£ 60 4 PR NS
~ * 98} Veight hoss:1.3% 9‘1
= S fud H o -En
2, z N Jo10 3
5 S 97 Y~ =
2] = Weight Loss:0.8% .
< ) >
< =
2204 0 50 100 150 200 4-0.15 5
E Pore Diameter (nm) 96 - Weight
5 L oo-o Deriv. Weight
0 r r . . 95 " 1 L 1 1 L -0.20
0.0 0.2 0.4 0.6 0.8 1.0 100 200 300 400 500 600 700
Relative Pressure(P/P,) Temperature(*C)
(C) (d) (1] — 0.0
~ 30 —=— Adsorption Weightil_,oss:O.G% /'\
ﬁ —— Desorption 99|
2 25- o
3"25 ight Loss:1.5% I
e L et ~ 1-0.1 \c
£ After S times e . X S
) 20 4 § 8K N After 5 times =
T = 2
£ 151 K} =
2 fr— =z 97 Weight Loss:2.2% g
< 1-0.2 .=
<101 0720 40 60 80 100 120 140 g
.:é 5 Pore Diameter (nm) 96 Weight _
5 Deriv. Weight
0 T T T T L 1 1 4 A L -0.3
0.0 0.2 0.4 0.6 0.8 1.0 100 200 300 400 500 600 700
Relative Pressure (P/Po) Tempera(ure("c)

Figure 7. BET and TG-DSC analysis of U-LFCNO0.66 catalysts: (a, b) before reaction; (c, d) after reaction.

The changes of the catalyst before and after use were
compared by BET and TG-DSC to analyze the catalytic
degradation mechanism of the U-LFCNO0.66 catalyst more
accurately. Figure 7a,b shows the test results of the fresh U-
LFCNO.66 catalyst, from which it can be seen that the specific
surface area of the U-LFCNO.66 material before use is 17.59
m?/g, and its average pore size is 25.6 nm. However, the
specific surface area of pure phase LaFeOj; prepared by solid-
phase milling is 11.09 m?/ g, and its average pore size is 39.2
nm, which indicates that the doping of organic elements
increases the catalytic degradation mechanism. This indicates
that the doping of organic elements increases the specific
surface area of the material, which will be more favorable for
the attachment of humic acid molecules during the reaction
process. Since the overall material still maintains the rigid
structure of ABOj;-type chalcogenide material, its pore size
mainly comes from the formation of particle stacking, and the
doping of organic elements formed a link between the
particles, which resulted in the disappearance of some of the
stacking holes, so the pore size of the doped material became
smaller. In view of the large size of humic acid molecules, the
surface contains numerous polar groups such as carboxyl,
amino, and hydroxyl, as well as its colloidal properties; the
adsorption of the rest of the material is mainly through the
mechanism of hydrogen bonding and electrostatic forces, and
in general, the voids of the material and its pore size have little
effect on its adsorption. In addition, the pyrolysis process of
the fresh U-LFCNO0.66 material was smooth, with a total
reduction of 3.6% of the total mass from 25 to 700 °C. This
may be indicative of the loss of adsorbed water, and the overall
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thermal stability of the material is strong, representing its
structural stability.*

In the recycling experiments, we found that the catalytic
performance of the material would be greatly reduced;
therefore, it was hypothesized that some of the degraded
small molecules adhered to the surface of the material, masking
some of the catalytic active sites. Based on the above
speculation, the specific surface area and pore size distribution
of the material after 4 cycles of untreated reaction were tested,
and the results are shown in Figure 7c. It is obvious that the
specific surface area of the material decreased (7.517 m?/g)
and the pore size distribution broadened; in other words, the
mesopores of the material were partially blocked after use. The
same result is also confirmed in the TG-DSC results because
the thermal decomposition tendency is changed because of the
partially degraded organic matter adhered to the surface of the
material, and the inflection point occurs at 300 °C. The
thermal decomposition tendency of the material is also
changed because of the partially degraded organic matter
adhering to the surface of the material.** Its mass loss within
25-700 °C is 4.3%, which is 0.7% more than the material
before use, and this part of the difference may be caused by the
pyrolysis of the organic matter attached to the surface.

In the cycling experiments and test analysis before and after
material use, we found that some of the large sodium humate
molecules would be attached to the surface of the U-
LFCNO.66 catalyst as small molecules during the degradation
process. This provides the possibility to further investigate the
degradation process of sodium humate pollutants. Usually, the
degradation process of organic pollutants is difficult to examine
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due to low concentrations, insufficient purity of solvents, and
other problems. When it was found that some of the
postdegradation products might be attached to the catalyst,
we sonicated the used catalyst with chromatographically pure
methanol, separated and collected the solution, and examined
the compounds in it using GC-MS (Table S1). In order to
deduct the effect of the catalyst itself and the solvent used in
the treatment process, we used the same reagents and methods
to treat the fresh U-LFCNO.66 catalyst that had not been in
contact with sodium humate as the blank control. After
deducting the influence of external environmental factors,
although many low molecular weight alcohols and alkanes were
found, the total amount of them was very limited, so we believe
that only a small portion of the products of the U-LFCNO0.66
catalyst, such as low molecular weight alcohols and alkanes,
were not completely degraded during the degradation process
of sodium humate, while most of the structural groups were
completely degraded to inorganic substances such as CO, and
H,O.

In summary, we can reasonably speculate on the possible
pathways for the degradation of sodium humate by the
photocatalyst U-LFCNO0.66 (Figure 8). When the catalyst U-

Figure 8. Schematic diagram of the U-LFCNO.66 catalyst for the
degradation of sodium humate.

LFCNO.66 is irradiated by natural light, electron—hole pairs
are generated. The generated electrons are easily captured by
water to produce -OH, while O, adsorbed on the surface of U-
LFCNO0.66 combines with the electrons to form °O,".
Meanwhile, h* itself is an active species that can directly
react with the small molecules produced by sodium humate.
Finally, all of these active species participate in the degradation
process of sodium humate, degrading the large molecules of
sodium humate substances adsorbed on the surface of the
catalyst to low molecular weight alcohols and alkanes as well as
nontoxic small molecules such as CO, and H,O.

4. CONCLUSIONS

In this article, the preparation process of novel LFCN
composites was synthesized using a one-pot method
combining solid-phase milling and in situ doping with organic
C and N elements, and their removal of sodium humate, a
macromolecular organic pollutant in aqueous solution, was
investigated. The effects of different doping amounts and
different organic dopants on the structure and catalytic
performance of the composites were investigated separately,
and the results showed that the U-LFCNO.66 catalyst prepared
by using urea and chalcocite precursor with a mass ratio of 2:1

had the strongest catalytic performance and the degradation
rate of sodium humate could reach 98% of 30 mg/L in 80 mL
of sodium humate within 50 min under natural light.
Meanwhile, the catalyst was stable enough to be reused
more than 4 times and still showed high catalytic activity after
12.5-fold magnification. The XRD and infrared character-
ization of the materials revealed that different doping amounts
and different organics mainly modulated the electronic
structure of the composites, thus enhancing their catalytic
activities. The catalytic activity of U-LFCNO0.66 was enhanced
by a factor of 2.88 compared to the pure phase LaFeO,
prepared by conventional sol—gel and solid-phase milling
methods, PL suggests that the doping of organic C and N
elements adjusted the electronic structure of the ABO;-type
chalcogenide material, thus changing its forbidden bandwidth
and enhancing the electron transport. Finally, the catalytic
mechanism of the U-LFCNO0.66 catalyst in the oxidative
degradation of sodium humate was investigated by using EPR,
BET, TG-DSC, and GC-MS characterization. The results
showed that the U-LFCNO.66 catalyst mainly activated the
oxygen in water to generate hydroxyl radicals and superoxide
radicals, which degraded the large molecules of sodium humate
adsorbed on the surface of the catalyst to low molecular weight
alcohols, alkanes, as well as nontoxic small molecules such as
CO, and H,0.
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