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Satisfactory degradation of tetracycline
by a pH-universal CoFe-LDH/MoS,
heterojunction catalyst in Fenton process

Meng Wang,'? Xiaoyu Li," Yanrui Su,’ Jiaoge Wu," Tian Sun,” Xuan Xu," Faying Fan,® Yufei Zhao,”*
and Wa Gao'4*

SUMMARY

Fenton or Fenton-like reactions have been widely used in various fields, including solar energy conversion
to generate hydroxyl radicals, environmental remediation, biology, and life science. However, the slow
Fe®*/Fe?* cycle and narrow applicable pH range still present significant challenges. Here, a heterostruc-
tured CoFe-layered double hydroxide/MoS, nanocomposite (CoFe-LDH/MoS,) was prepared via simple
electrostatic interactions. The heterostructure establishes a robust interfacial contact, leading to an abun-
dance of exposed Mo®* sites. Consequently, the developed CoFe-LDH/MoS,+H,0, system exhibited su-
perior performance in the degradation of tetracycline (>85%) within 60 min across a wide pH range from
acidic to basic. Moreover, the CoFe-LDH/MoS; heterojunction catalysts exhibited exceptional resistance
to common anions and efficiently degraded various organic pollutants. The mechanism study verified that
the CoFe-LDH/MoS had high efficiency in producing 'O, and -OH to degrade various organic pollutants.
The present study will serve as a foundation for creating efficient catalyst systems for related environ-
mental remediation.

INTRODUCTION

Tetracycline hydrochloride (TCH), a broad-spectrum antibiotic, is extensively utilized in the medical, aquaculture industries and animal hus-
bandry. Unfortunately, its complete metabolism or absorption remains unattainable, thereby posing carcinogenic and mutagenic threats to
ecosystems through leaching from medical antibiotics as well as agricultural, forestry, animal husbandry, and fishery applications.'™ Research
has indicated that TCH is widely present in aquatic environments, such as pig farm wastewater and surrounding groundwater, with antibiotic
concentrations ranging from 19.9 to 416.4 ng/L. Additionally, hospital pharmaceutical wastewater contains high levels of TCH, reaching con-
centrations as high as 100-500 mg/L.>° Due to its complex ring structure, it exhibits a high degree of resistance to biodegradation.” Although
physical technologies such as adsorption and membrane filtration can effectively eliminate TCH, they merely transfer it to a different phase
without degradation, potentially leading to secondary pollution and incurring substantial costs.®"'? Therefore, the development of highly
effective strategies for the remediation and treatment of TCH remains one of the major objectives of exploration.

Recently, advanced oxidation processes (AOPs) using Fenton catalysts have attracted significant attention due to their potent oxidizing
capacity, environmental friendliness, and high chemical stability."'~"* The Fenton process involves the reaction between Fe?* and H,O, to
generate robust reactive oxygen species (ROS), such as hydroxyl radical (- OH), superoxide radical (+O,7), and singlet oxygen (0,)."° These
species exhibit efficient degradation of various organic contaminants into small molecules with low or no toxicity through a rapid and non-
selective mechanism.'®"” Heterogeneous Fenton processes employing solid catalyst for the remediation of organic pollutants overcome the
limitations associated with homogeneous Fenton processes that use ferric salts in an acidic environment (pH < 3), which lead to sludge for-
mation, reduced utilization of H,O,, and increased costs. As is known, the rate-limiting step in the Fenton reaction is the conversion of Fe3*to
Fe?*, which severely restricts the degradation rate and presents a multitude of challenges for practical applications.'”'” However, Fe**/Fe?*
cycle suffers from the extremely slow dynamics in the conventional Fenton process. Therefore, there is an urgent need for strategies to
address this issue.

Layered double hydroxides (LDHs), which are 2D nanomaterials characterized by brucite-like laminates, exhibit great potential as inor-
ganic materials for efficient heterogeneous Fenton catalysis in the removal of organic dyes due to their unique structure, compositional
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Figure 1. Schematic of the synthesis of CoFe-LDH, MoS,, and CoFe-LDH/MoS; catalysts, respectively

versatility, ease of preparation, and cost-effectiveness.'”'®?" Furthermore, the presence of hydroxyl groups on the sheets endows LDHSs with
highly hydrophilic properties, which facilitate the adsorption of hydrophilic contaminants and promote proximity between H,O, molecules
and active sites. This is crucial for driving the reaction. For example, Lu et al. employed CuZnFe-LDH/H,O, to remove acetaminophen and
arsenic pollutants in water, achieving complete degradation of acetaminophen within 24 h.?° Zhang et al. shows that another important
feature of LDH is that it may be composed of different divalent and trivalent metals, including Fe?" and Fe3*.?" Nevertheless, there is still
significant scope for enhancing the catalytic efficiency of Fe-containing LDHSs by addressing the limited cycling of Fe**/Fe?*, particularly in
terms of improving the degree of mineralization. Transition metal sulfides (M,S,) are currently regarded as highly promising materials in
the fields of biomedicine and wastewater treatment due to their diverse structures, variable valences, and limited solubility in aqueous solu-
tions.”?> As a representative metal sulfide, molybdenum sulfide (MoS,) has been identified as an efficient cocatalyst that significantly en-
hances the degradation efficiency of Fe**-catalyzed AOPs by facilitating the recycling rate of Fe**/Fe®* through the Mo®*/Mo** sites located
at the edges of MoS, nanosheets.”**

Herein, we have successfully developed a CoFe-LDH/MoS, heterojunction catalyst via simple electrostatic interactions. Experimental,
HRTEM, XPS and EPR have effectively proven that the strong interface interaction of CoFe-LDH and MoS, can effectively promote Fe**/
Fe?* cycling and ensure rapid electron transfer, thereby facilitating the decomposition of H,O, to generate a large amount of ROS through
the built-in redox couple (Fe, Co, and Mo). As expected, the as-prepared CoFe-LDH/MoS, heterojunction catalysts exhibited robust perfor-
mance in Fenton reaction across a wide pH range from acidic to basic for removing organic pollutants.

RESULTS AND DISCUSSION
Synthesis and morphology characteristics of CoFe-LDH/MoS,
The synthesis procedure of catalysts was briefly summarized in the schematic diagram presented in Figure 1. After a facile hydrothermal treat-
ment, co-precipitation process, self-assembly technique, and subsequent impurity removal steps, a successful integration of CoFe-LDH/MoS,
heterojunction catalyst was achieved. As shown in Figure 2A, the X-ray diffraction (XRD) pattern of CoFe-LDH exhibited the characteristic set
of (00/) peaks, which were consistent with the expected lamellar structure of LDH materials.'” The diffraction peaks of Mo$S,, which were
observed at 20 of 14.1°, 33.4°, 39.5°, and 59.2°, could be attributed to the crystallographic planes (002), (100), (103), and (110), respectively,
in the 2H-MoS, phase (JCPDS card No. 37-1492).?° Fortunately, the XRD characteristic peaks of CoFe-LDH and MoS, were simultaneously
observed in the CoFe-LDH/MoS,, indicating successful chemical compounding between CoFe-LDH and MoS,. Additionally, Figure 2B pre-
sented the FTIR spectra of CoFe-LDH, MoS,, and CoFe-LDH/MoS,. The low-frequency band observed in the range of 500-900 cm ~* for CoFe-
LDH corresponds to the lattice vibrations of metal-oxygen and metal-oxygen-metal bonds (Co-O, Fe-O, and Co-O-Fe). The peak at
1,384 cm ™" was attributed to the tensile vibration of the CO3?~ anion. The absorption band at 3,600 cm™" was assigned to the overlapping
tensile vibration of the O-H group in CoFe-LDH. Furthermore, both the CO3®~ anion and O-H tensile vibrations were observed in the CoFe-
LDH/MoS; heterojunction catalyst. The Raman spectra of CoFe-LDH, MoS,, and CoFe-LDH/MoS; catalyst were presented in Figure 2C. The
peaks observed at 380.0 cm™" and 405.2 cm™" correspond to the in-plane vibrational mode (E291) and out-of-plane vibration mode (A;g) of
MoS,, respectively.”” In the CoFe-LDH/MoS; catalyst, simultaneous appearance of peaks at 380.0 cm™' and 405.2 cm™" was observed.
Furthermore, the presence of peaks at 672 cm™" and 890 cm ™" in CoFe-LDH/MoS, catalyst could be attributed to Mo-O bending vibration
and Mo-O-Mo stretching vibrations in the octahedron,”® respectively, providing further evidence for coordination between the two compo-
nents in CoFe-LDH/MoS,. These analyses provided compelling evidence for the successful synthesis of the CoFe-LDH/MoS, heterojunction
catalyst.

The morphologies of the MoS,, CoFe-LDH, and CoFe-LDH/MoS, were characterized using SEM and TEM imaging, as depicted in Figure 3.
Pristine MoS, exhibited a hierarchical flower-like structure assembled by flakes, with nanoflowers having a diameter of approximately 200
500 nm (Figure 3A). The HRTEM image in Figure 3B revealed lattice fringes displaying interplanar spacings of 0.66 nm, which could be indexed
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Figure 2. Structural characterization of the different catalysts

(A) XRD patterns of the MoS,, CoFe-LDH, and CoFe-LDH/MoS, catalysts.
(B) FTIR spectra of the MoS,, CoFe-LDH, and CoFe-LDH/MoS,; catalysts.
(C) Raman spectra of the MoS,, CoFe-LDH, and CoFe-LDH/MoS; catalysts.

as the (002) lattice plane of MoS,.%° Moreover, the HRTEM image (Figure 3C) revealed CoFe-LDH nanosheets of 50-80 nm with <5 nm thick,
thereby exposing a greater number of active sites due to their ultrathin structure. After sufficient electrostatic interaction, it was clearly
observed that the MoS, retained its original nanoflower morphology, whereas the LDH was uniformly dispersed within both the center
and edge petals of the MoS; nanoflowers (Figures 3D and 3E). The presence of a heterojunction between CoFe-LDH and MoS; nanosheets
was clearly observed in Figure 3F, where lattice fringes corresponding to the two precursors were seen in CoFe-LDH/MoS,. The lattice fringes
of 0.258 nm and 0.66 nm corresponded well with the (012) and (002) planes of the CoFe-LDH and MoS; precursors, respectively.% The TEM
elemental mapping images of the CoFe-LDH/MoS; heterojunction catalyst in Figure 3G illustrated that the Co and Fe elements were uni-
formly distributed on the MoS,, revealing the presence of CoFe-LDH on the surface of MoS,. This promoted the formation of compact het-
erogeneous interfaces and enhanced charge transfer ability at the contact interface.

The specific surface area and pore volume of the samples were characterized by N, adsorption-desorption method. According to the cal-
culations based on the BET equation, the specific surface areas of pure CoFe-LDH and CoFe-LDH/Mo$S, were determined as 93.29 m?/g and
123.31 m?/g, respectively. These results indicated that the incorporation of MoS; effectively prevented agglomeration of CoFe-LDH particles,
resulting in a more uniform dispersion. Figure S1 exhibited a pore size distribution ranging from 2 to 10 nm for CoFe-LDH/MoS,, indicating
the presence of a mesoporous structure (2-50 nm) that offered abundant reaction sites and a substantial interfacial area. Moreover, CoFe-
LDH/MoS, (Table S1) exhibited significantly higher pore volume (0.202555 cm®/g) compared with CoFe-LDH (0.187827 cm®/g). The above-
mentioned results indicated that CoFe-LDH/MoS, heterojunction catalyst possessed an exceptional pore structure and a considerable sur-
face area, which were favorable for the interaction between pollutants, catalysts, and H,O, during the catalytic process.

Effects of different systems on TCH degradation

Firstly, adsorption experiments were conducted using CoFe-LDH, MoS,, and CoFe-LDH/MoS, as adsorbents to investigate the removal of
organic pollutants with TCH serving as the model pollutant. Figure S2 showed that MoS; exhibited a removal efficiency of 55.22% for TCH
(100 mg/L) within a duration of 300 min, whereas CoFe-LDH demonstrated a slightly higher removal efficiency of 58.65% under the same con-
ditions. The incorporation of CoFe-LDH/MoS; significantly enhanced the removal efficiency of TCH to an impressive rate of 60.91% within a
shorter duration of 180 min, with the maximum adsorption capacity reaching 205.59 mg/g at an adsorbent dosage of 30 mg. The results
demonstrated that the active adsorption sites became saturated as the TCH gradually adsorbed at this higher initial concentration, resulting
in more TCH not to be adsorbed and retained in the solution. Therefore, the CoFe-LDH/MoS, could be employed as a heterogeneous cata-
lyst for effectively removing TCH through Fenton-like reaction in the presence of H,O,. As depicted in Figure 4A, it was found that the degra-
dation of TCH by CoFe-LDH and H,0O; alone was negligible, indicating their limited efficacy as catalysts. In the absence of H,O,, the CoFe-
LDH/MoS; catalyst also exhibited a lack of TCH oxidation capability. These findings strongly suggest that chemical degradation serves as the
primary mechanism for decontaminating TCH. When CoFe-LDH and MoS; were added simultaneously, representing the physical mixture
(CoFe-LDH+MOoS,), the degradation efficiency of TCH was almost the same as CoFe-LDH alone. Interestingly, the removal efficiency of
TCH was up to 94.1% in CoFe-LDH/MoS,+H,0; system, and H,O, was nearly completely consumed after the reaction. Therefore, we inferred
that the significant enhancement of the degradation efficiency observedin CoFe-LDH/MoS,, as compared with the physical mixture, primarily
originated from the formation of a heterojunction between CoFe-LDH and MoS,. A pseudo-first-order kinetic model was used to calculate the
rates of TCH degradation.®
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Figure 3. Morphology characterization of different catalysts

(A) TEM image of MoS,.

(B) HRTEM image of MoS,.

(C) HRTEM image of CoFe-LDH.

(D) SEM image of CoFe-LDH/MoS; catalyst.

(E) TEM image of CoFe-LDH/MoS; catalyst.

(F) HRTEM image of CoFe-LDH/MoS; catalyst.

(G) The elemental mapping of Mo, S, Co, Fe, and O of CoFe-LDH/MoS, catalyst.

where k is the TCH degradation rate, t is the reaction time, and Co and C, stand for the TCH content at time 0 and t (min), respectively. The
results presented in Figure 4B showed that the calculated k values for the H,O,, CoFe-LDH, CoFe-LDH/MoS,, MoS,+H,0,, CoFe-LDH+H,0,,
CoFe-LDH+MoS;,+H,0,, and CoFe-LDH/MoS,+H,0; systems were 0.00143, 0.00301, 0.00287, 0.00534, 0.01952, 0.02356, and 0.03454 min~’,
respectively. Obviously, the abovementioned results further confirmed that the CoFe-LDH/MoS,+H,0, system had the best degradation
performance for TCH.

It is well known that the bottleneck of Fenton reaction is the slow Fe**/Fe?* cycle. To elucidate the role of MoS; in the Fenton reaction, we
conducted TCH degradation experiments in a CoFe-LDH+H,O, system with and without MoS;. Figure S3 showed that the removal efficiency
of TCH decreased rapidly from 93.6% to 32.1% in CoFe-LDH/MoS,+H,0; system as the ratio of MoS, decreased, indicating termination of
reactions due to rapid exhaustion and slow regeneration of Fe?*. Comparatively, the TCH removal efficiency in CoFe-LDH+H,0, system was
significantly lower at 75.5%, emphasizing the enhanced capability of MoS; to facilitate TCH degradation by efficiently activating H,O5 through
an accelerated Fe**/Fe?* cycle (Figure 4A). In addition, incorporating MoS, improved the dispersion of CoFe-LDH and increased exposure to
catalytic sites for generating active species via HyO, activation.

Effect of process conditions on catalytic reactions

The impact of key factors on the degradation of TCH was investigated. Figure 4C showed that the removal efficiency of TCH increased with an
elevated dosage of CoFe-LDH/MoS, ranging from 10 to 50 mg/L, due to the enhanced availability of adsorption sites for TCH removal and
catalytic sites for H,O, activation facilitated by an increased quantity of CoFe-LDH/MoS,. However, the treatment efficiency of TCH was
almost unchanged when the dosage of CoFe-LDH/MoS; exceeded 30 mg/L, indicating that a dosage of 30 mg/L provided an adequate sup-
ply of catalytic sites. Considering the associated increase in treatment cost and risk of metal leakage with higher CoFe-LDH/MoS, dosages,
30 mg/L was determined as the optimal dosage. Figure 4D showed that the treatment rate decreased from 94.1% to 87.52% as the concen-
tration of the TCH increased from 30 mg/L to 70 mg/L, resulting in a decrease in removal efficiency. This decline in removal efficiency was
attributed to the limited availability of active species, which were unable to fully degrade TCH molecules present in the system, resulting
in a slight decrease in degradation efficiency. However, it was noteworthy that even with an initial concentration of 30 mg/L, a removal effi-
ciency of over 90% was still achieved within a span of 60 min.
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Figure 4. Effects of different systems on TCH degradation

(A) The degradation of the TCH under different catalyst systems.

(B) The corresponding degradation rate constant k under different catalyst systems.

(C) Effect of CoFe-LDHs/MoS, dosage on TCH degradation.

(D) Effect of TCH dosage on TCH degradation. Conditions: [TCH] = 30 mg/L, [Catalyst] = 30 mg/L, [H2O,] = 80 mmol/L, pH = 5.4, and T = 25 + 2°C.

Narrow applicable pH range was another major bottleneck in Fenton reaction, even in the presence of MoS; as co-catalyst.**” Therefore,
an investigation was conducted to examine the effects of initial pH values on the CoFe-LDH/MoS,-catalyzed Fenton reaction. To investigate
the effect of initial pH on TCH degradation, the initial pH of the reaction solution was adjusted using 0.01 M HCl or NaOH prior to conducting
the degradation experiment. Figure 5A demonstrated that over 85% of TCH could be rapidly eliminated across a wide pH range from 3.0 to
11.0. Such a broad pH window eliminated the need for traditional Fenton reactions’ pH adjustment, providing significant advantages in terms
of cost-effectiveness. In addition, considering the potential presence of variety co-existing substances in wastewater, Figure 5B illustrated the
degradation statuses of TCH by CoFe-LDH/MoS; heterojunction catalyst under different anions conditions (CI~, NO3 ™, CO4%~, HCO5™, and
H,PO,4™) with the same concentration of 10 mM. The inhibitory effect of these substances on TCH degradation was only marginal, as complete
degradation of TCH could still be achieved within 90 min. The inhibiting effect of CI~, NO3 7, CO3%~, HCO;5™, and H,PO,~ on TCH degrada-
tion was attributed to the quenching of the active radicals and subsequent formation of secondary radicals with lower activity that impede
TCH oxidation.”” From what has been discussed earlier, the CoFe-LDH/MoS,+H,0, system has obvious resistance to inorganic anions. Fig-
ure 5C further evaluated the performance of the CoFe-LDH/MoS,+H,0, system in degrading various organic pollutant. Notably, RhB, MO,
and Phenol exhibited removal efficiencies of approximately 74.2%, 72.9%, and 84.9% within a span of 90 min, respectively. These results vali-
dated the effectiveness of the CoFe-LDH/MoS,+H,0; system in decomposing diverse organic pollutants, thereby highlighting its potential
for practical applications.

Reusability and stability of CoFe-LDHs/MoS,
The recyclability of the catalyst is a crucial factor for its industrial application. Cycling experiments were conducted to evaluate the stability of
the CoFe-LDHs/MoS, heterojunction catalyst. As depicted in Figure 5D, even after 10 cycles, the efficiency degradation of TCH remained at
90.4%, slightly lower than the initial value. This slight decrease in TCH degradation can be attributed to both cobalt- and ion-leaching-induced
loss of catalytic sites and adsorption of intermediates on the surface of CoFe-LDH/MoS, heterojunction catalyst.”®

The leakage of total cobalt and iron ions during cycling was evaluated using ICP-OES, as depicted in Figure S4. Over 10 cycles, the system
environment experienced minimal amounts of iron ions (<0.20 mg/L) and cobalt ions (<0.15 mg/L) leakage, which complied with China’s Sur-
face Water Environmental Quality Standards (GB3838-2002). According to previous reports, Fe?" and Fe* can be colored by 1,10-phenan-
throline and potassium thiocyanate (KSCN), respectively.'” Therefore, dynamic simulations were conducted to monitor the fluctuations in
Fe?* and Fe** concentrations in both CoFe-LDH/MoS,+H,0, and CoFe-LDH+H,O, systems throughout the reaction process. The results
showed that the leaching of Fe?* and Fe®" concentrations remained below the detection limits of UV-vis spectrometer during the entire
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Figure 5. The effect of process conditions on the degradation of TCH by CoFe-LDH/MoS,+H,0, system

(A) Effects of initial pH.

(B) Effect of various typical anions.

(C) Removal of different kinds of organic pollutants, which were referred to TCH, RhB, MO and Phenol, respectively.

(D) Cycle test of CoFe-LDH/MoS,, Conditions: [TCH] = 30 mg/L, [Catalyst] = 30 mg/L, [H,O,] = 80 mmol/L, pH = 5.4, and T = 25 + 2°C.

course of the reaction, indicating excellent stability and reusability of CoFe-LDH-based catalysts. Additionally, Figure S5 showed that there
was no obvious change in the characteristic peaks of XRD patterns of CoFe-LDH/MoS; after 10 cycles, further confirming the stability of CoFe-
LDH/MoS,. Importantly, it was noteworthy that the CoFe-LDH/MoS, synthesized in this study exhibited superior degradation of TCH
compared with recent catalytic systems reported in Table S2.

Proposed reaction mechanisms of the catalytic CoFe-LDH/MoS,+H,0, process
Investigation of CoFe-LDH/MoS; interfacial effect

The chemical state changes of CoFe-LDH/MoS; were identified using XPS in order to investigate the underlying mechanism of H,O, activa-
tion by CoFe-LDH/MoS,. As shown in Figure Sé, characteristic peaks corresponding to Fe 2p, Co 2p, O 1s, Mo 3d, and S 2p were observed for
the prepared CoFe-LDH/MoS,, which was consistent with the results obtained from TEM elemental mapping. The high-resolution Fe 2p XPS
spectrum of CoFe-LDH exhibited five peaks (Figure 6A), including satellite peak at 718.53 eV. The peaks at 725.49 eV and 711.07 eV corre-
sponded to Fe?* 2p1/2 and Fe®* 2p3/2, respectively, whereas those at 713.31 eV belonged to Fe** 2p3/2, respectively.®'>?” The relative sur-
face content of =Fe?* in CoFe-LDH increased upon compounding with MoS,. It was noteworthy that the chemical combination with MoS;
induced a shift in the Fe 2p XPS peak position of CoFe-LDH toward higher binding energy (713.31-714.05 eV), which could be attributed to
electron transfer between MoS; and CoFe-LDH. This hypothesis was confirmed by the Mo 3d XPS spectra, as depicted in Figure 6B. The rela-
tive proportions of =Mo" (230.05 eV) and =Mo" (235.36 eV, 233.2 V) on the surface of CoFe-LDH/MoS, showed a significantincrease upon
compounding with MoS,, whereas the peak position of =Mo** (232.39 eV vs. 232.26 eV, 229.24 vs. 229.14 eV) shifted toward lower binding
energy.””*° The presence of high-valent Mo indicated the occurrence of a redox reaction during the combination of CoFe-LDH and MoS,.
Due to the lower electronegativity of Fe compared with Mo, the Mo-O-Fe bonds resulted in an increased electron cloud density around
=Mo*". Furthermore, compared with Mo$S,, a slight shift toward higher binding energy was observed for most of the S 2p peaks in CoFe-
LDH/MoS; (Figure 6C), indicating the potential formation of Fe~5-Mo or Co-S-Mo bonds between CoFe-LDH and MoS,.*°

The spectrum of Co 2p in Figure 6D showed peaks corresponding to Co 2p3/2 (781.99 eV, 780.68 eV) and Co 2p1/2 (797.29 eV, 796.61 V),
along with two satellite peaks in the CoFe-LDH. The peaks at 781.99 and 796.61 eV could be attributed to =Co?* and =Co>" in octahedral sites,
respectively. ' Notably, the content of =Co®* on the surface of CoFe-LDH significantly increased upon combination with MoS,, indicating that
the formation of Mo-S-Co bonds at the interface facilitated the generation of Co®* on the surface of CoFe-LDH after forming a heterostructure
with MoS,. Through the aforementioned XPS analysis, we have confirmed the presence of Mo—O-Fe, Mo-S-Fe, or Mo-S-Co bonds at the inter-
face between CoFe-LDH and MoS,. These bonds played a crucial role in facilitating the establishment of Fe**/Fe?* cycling on the catalyst sur-
face. After the reaction (Figure 6E), the fraction of Fe>* onthe CoFe-LDH/MoS, surface decreased from 47.59% to 33.47%, whereas the fraction of
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Figure 6. XPS spectra of CoFe-LDH/MoS; and used CoFe-LDH/MoS; catalyst
(A-D) (A) Fe 2p, (B) Mo 3d, (C) S 2p, (D) Co 2p scan of CoFe-LDH/MoS; catalyst.
(E-H) (E) Fe 2p, (F) Mo 3d, (G) S 2p, (H) Co 2p scan of used CoFe-LDH/MoS; catalyst.

Fe?* increased from 52.40% to 66.52%. Moreover, the relative ratio of two Co 2p3/2 peaks corresponding to Co®* and Co®* shifted from 44.59%
and 55.40% to 43.24% and 56.76%, respectively (Figure 6H). Additionally, Figure 6F demonstrated a reduction in the intensity of Mo** peaks
(82.99%-46.76%) and an enhancement in the intensity of Mo®* (17.01%-53.24%) pre- and post-reaction, accompanied by a slight shift in peak
positions. This phenomenon can be attributed to the oxidation of partial Mo** to Mo®*, concomitant with reduction of Fe** (Equations 1, 2,
and 3). These XPS findings indicated that the Fe**/Fe?* and Co®"/Co®" redox pair (Equations 9, 10, and 11) were realized by adding the MoS,.

Identification of active species

To elucidate the possible mechanism of CoFe-LDH/MoS; catalytic process for TCH degradation, we conducted trapping tests using scaven-
gers to detect the involved ROS. Specifically, p-benzoquinone (p-BQ), tert-butyl alcohol (TBA), and furfuryl alcohol (FFA) were introduced as
quenching agents to scavenge of <O, ", *OH, and 'O,, respectively.”” According to Figures 7A and S7, the addition of p-BQ at various con-
centrations did not significantly inhibit TCH removal, suggesting a slight effect of «O, ™. The introduction of different concentrations of TBA
into the process resulted in a decrease in TCH degradation efficiency to 56.45%, primarily due to the elimination of +OH. However, the
removal of TCH decreased significantly from 94.1% to 20.3% with the addition and increased concentration of FFA, thereby indicating
that 'O, was the dominant ROS in the CoFe-LDH/MoS,+H,0, system.

Electron paramagnetic resonance (EPR) measurements, using 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO) and 2,2,6,6-tetramethyl-4-pi-
peridone (TEMP) as the spin-trapping agents, further confirmed this conclusion.'”*? Figure 7B showed that no DMPO-+OH signal peak
was observed in the initial reaction stage in the H,O,+DMPO systems and MoS,+H;0,+DMPO. However, a DMPO-+OH signal peak with
a ratio of 1:2:2:1 was observed in the CoFe-LDH+H,0,+DMPO and CoFe-LDH/MoS;+H,0,+DMPO, indicating that CoFe-LDH and
CoFe-LDH/MoS; possess the ability to activate H,O, to generate +OH (Equation 3). Besides, no DMPO-+O,™ signal was detected in either
the MoS,+H,0, or CoFe-LDH/MoS; system, providing further confirmation of the crucial role played by CoFe-LDH in enhancing degradation
efficiency. Additionally, the presence of six weak characteristic signals for DMPO-+O;~ in the CoFe-LDH+H,0, and CoFe-LDH/MoS,+H,0,
system suggested a lower possibility of radical-dominant oxidation (Figure 7C). Regarding the role of 'O,, the generated 'O, from the CoFe-
LDH+H,0,, MoS,+H,0, and CoFe-LDH/MoS,+H,0; system was effectively captured by TEMP (Figure 7D). The 'O, with an intensity ratio of
1:1:1 was observed in both CoFe-LDH+H,0, and MoS,+H,0, systems>; however, these two radicals exhibited a higher intensity in the CoFe-
LDH/MoS,+H,0, system, indicating that MoS, could promote pollutant removal through enhanced production of non-free radical 'O..
Compared with -OH, 'O, has a longer lifetime. Consequently, in the presence of «OH, a fraction of it will react with +O,~, leading to the
consumption of a portion of the latter and subsequently enhancing the production of 'O, according to Equations 6 and 7. Previous research
concluded that MoS, mixed with Fe?* form a Fenton-like system capable of generating abundant 'O, and effectively degrading organic pol-
lutants.* Therefore, eliminating both «OH and + O, resulted in an increase in 'O, levels, which was more favorable for achieving long-term
degradation of organic pollutants through Fenton or Fenton-like reactions.

In a heterogeneous Fenton reaction, the conversion rate of Fe>* to Fe?* is the rate-limiting step.*® In our work, the co-catalytic effect of
MoS, realized iron circulation on the surface of CoFe-LDH/MoS, (Equations 1,2, 3,4,5,6,7,8,9,10,and 11). The = Fe’* onthe catalyst surface
decomposed H,O, to generate +OH. However, due to the short lifetime and limited migration distance of «OH, it was easy to continue the
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Figure 7. Investigation of the mechanism of CoFe-LDH/MoS,+H,0, system
(A) Scavenger quenching test. Conditions: [TCH] = 30 mg/L, [Catalyst] = 30 mg/L, [H,O,] = 80 mmol/L, pH = 5.4, and T = 25 + 2°C.
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reactions to generate «O,~ and '0,, as shown in Equations 3,4, 5, 6,7, 8, and 11."%3% Moreover, the presence of =Co*" and =Mo®* on the
surface of CoFe-LDH/MoS, further promoted the directional conversion of <O, to 0, (Equations 10 and 11).306 Finally, the entire Fenton
system was dominated by 'O, for efficient degradation of organic pollutants, facilitating H,O, decomposition and generating a significant
amount of ROS through the built-in redox couple (Fe, Co, and Mo).

8

=Mo" + =Fe* - =Mo* + =Fe*

=Mo®* + H,0, — =Mo* + H,0+0,

=Fe? + H,0, —» +OH + =Fe* +OH~

4-0H —'0,+2H,0

+OH + H202 b H02 . +Hzo

HOz‘ - ‘O£+H+

2-0, +2H,0 - '0, + H,0,+20H"

EFe2+ + 0O, —

=Fe* + .0,

=Co? + H,0, —» =Co* + -OH

-O; +

-0, + =Mo* —
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Co3+ -
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(Equation 1)
(Equation 2)
(Equation 3)
(Equation 4)
(Equation 5)
(Equation 6)
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(Equation 8)
(Equation 9)
(Equation 10)

(Equation 11)



iScience ¢? CellPress
Article OPEN ACCESS

P1 m/z=461 P2 m/z=477 P3 m/z=368

TCH m/z=445

1 Pathway Il

P4 m/z=274

(5) H
O C
I ®°
. N
P8 m/z=262
|| [
. 4 N
Daphnid Green Algae
>
=
L
53 5 s
= B 2 2
g v 5 %mo
g -l - 8
o
I i
0 .
>
=
2
X o = =
24 o 5
. -
L E 100 £ Z100
Sz 5 3
[ g 2
= 10— Q 4o
5 pas
I )
0 I

I Very toxicity Toxicity I Harmiul I Not harmful

Figure 8. The pathways of TCH degradation in the CoFe-LDH/MoS, system and toxicity evolution throughout the degradation process

Degradation pathways of TCH intermediate products and their toxicities

Possible degradation pathways of TCH

Under the influence of ROS, we identified eight degradation intermediates of TCH through HPLC-mass spectrometry at different reaction times.
The comprehensive details regarding these intermediates, including their molecular weights and structures, were listed in Figures 8, S8, and S9.
Tentative degradation pathways for TCH were proposed and illustrated in Figure 8. We proposed two possible degradation pathways for TCH
(m/z = 445), which is known to contain amine group, phenolic group, and double bond that are susceptible to attack by reactive species.'** In
pathway |, the double bond was attacked by ROS to yield the intermediate P1 (m/z = 461), followed by hydroxylation to generate the interme-
diate P2 (m/z = 477).3%%° Subsequently, the intermediates P3 (m/z = 368) and P4 (m/z = 274) were generated through deamination, carboxylation,
and ring-opening.”>*! In pathway Il, P5 (m/z = 362) was generated through the elimination of the amide group facilitated by TCH and subsequent
removal of the methyl group in the -N(CHj),. This was followed by deamination and ring-opening, resulting in the formation of P6 (m/z = 340) and
P7 (m/z = 306)."” Subsequently, intermediates P8 (m/z = 262) were generated through a series of ring-opening, dehydration, and carboxylation
reactions.'® Eventually, these intermediate products from all pathways underwent continuous degradation into smaller molecules and subse-
quent mineralization into CO, and H,O. Additionally, Figure S10 demonstrated that the rate of TOC mineralization reached 76.6% within 60 min,
indicating that most intermediates were eventually oxidized and degraded to H,O, CO,, and inorganic ions.
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Toxicity assessments

Simultaneously, the toxicity of TCH and its degradation products to daphnia, fish, and green algae were predicted using the ECOSAR (2.0)
software. The results were classified according to the Globally Harmonized Standard for the Classification of Chemicals (Table S3), as de-
picted in Figure 8."%*" The acute toxicity was estimated using LC50 for fish and daphnia, as well as EC50 for green algae; chronic toxicity
was indicated by corresponding chronic toxicity value (ChV). The initial partial intermediates (such as P1) exhibited higher toxicity, whereas
the low molecular weight intermediates (P7 and P8) demonstrated significantly reduced toxicity as degradation progressed, consistent with
previous findings.”**> Upon prolonged reaction time, these intermediates underwent further decomposition and conversion into carbon di-
oxide and water, thereby eliminating their potential toxic effects. Consequently, the CoFe-LDH/MoS, system developed in this study also
proved effective in detoxifying TCH.

Conclusion

In conclusion, the CoFe-LDH/MoS; heterojunction catalyst was synthesized through simple electrostatic interactions to facilitate Fenton
degradation of organic pollutants. The ultrathin CoFe-LDH and MoS; layers in the heterostructure establish a robust interfacial contact, lead-
ing to an abundance of exposed Mo®" sites that significantly enhance the degradation rate by promoting Fe**/Fe?* cycling and facilitating
rapid electron transfer. The developed CoFe-LDH/MoS,+H,0, system exhibited exceptional performance in the degradation of TCH (>85%)
within 60 min across a wide pH range from acidic to basic (3—11). Benefiting from its heterostructure and low metal leaching rate, the CoFe-
LDH/MoS; heterojunction catalyst exhibited superior cycling performance, with the TCH degradation rate still exceeding 90% after 10 cycles.
Through quenching tests and EPR analysis, it was determined that the CoFe-LDH/MoS,+H,0, system effectively degraded TCH by gener-
ating OH and 'O, with 'O, playing a crucial role. Additionally, based on HPLC-MS analysis of degradation intermediates, a reasonable
assumption can be made regarding the degradation pathway of TCH. Furthermore, the ECOSAR assessment revealed that the intermediate
product of TCH eventually transformed into a low-toxic compound composed of tiny molecules. Consequently, this study effectively ad-
dresses the bottlenecks in the Fenton reaction and will serve as a fundamental basis for developing novel catalyst systems for future organic
pollutant degradation.

Limitations of the study

The developed CoFe-LDH/MoS,+H,0; system exhibited superior performance in the degradation of tetracycline (TCH) (>85%) within 60 min
across a wide pH range from acidic to basic (3—11). In addition, the influence of anions on the degradation system was also tested. However,
significant progress still needs to be made in order to achieve the actual degradation of wastewater, and it is imperative to conduct degra-
dation tests using real wastewater samples.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Co(NO3),-6H,0 Aladdin, China 13478-00-7
Fe(NO3)3-9H,0 Aladdin, China 7782-61-8
Na,CO3 Aladdin, China 497-19-8
NaHCO3 Aladdin, China 144-55-8
NaOH Aladdin, China 1310-73-2
(NHz)¢M07024-4H,0 Aladdin, China 12054-85-2
thiourea InnoChem, China 62-56-6
H,O, InnoChem, China 7722-84-1
HCI InnoChem, China 7647-01-0
NaCl Aladdin, China 7647-14-5
NaNO; InnoChem, China 7631-99-4
NaH,PO4 Aladdin, China 7558-79-4
tert-butanol (TBA) InnoChem, China 75-65-0
p-benzoquinone (p-BQ) InnoChem, China 106-51-4
furfuryl alcohol (FFA) InnoChem, China 98-00-0
5,5-dimethyl-1-pyrroline-1-oxide (DMPO) InnoChem, China 3317-61-1
2,2,6,6-tetramethyl-4-piperidone (TEMP) InnoChem, China 826-36-8
tetracycline hydrochloride (TCH) InnoChem, China 64-75-5
rhodamine B (RhB) InnoChem, China 81-88-9
methyl orange (MO) InnoChem, China 547-58-0
phenol InnoChem, China 108-95-2
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wa Gao (gaowa@

bua.edu.cn).

Materials availability

Catalysts are available up on request.

Data and code availability

Data reported in this article will be shared by the lead contact on request.
This paper does not report original codes.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study does not use experimental models.

METHOD DETAILS
The synthesis of ultrathin CoFe-LDH nanosheet

The formation process of ultrathin CoFe-LDH nanosheet was illustrated in Figure 1 (Step 1). Typically, itinvolved the double drop co-precipitation
of salt (n (Co(NO3),-6H,0)/n(Fe(NO3)3-9H,0) = 4:1) in a 40 mL aqueous solution and an alkali solution prepared by dissolving 2.732 g NaOH and
2.258 g Na,COg3 in 40 mL aqueous solution. Subsequently, the above two solutions were slowly dropped into 40 mL of deionized water simul-
taneously and vigorously stirred. The pH was maintained at approximately 8.5 through magnetic stirring at room temperature.”® Following centri-
fugation and water washing, a brown-colored sample was obtained. Finally, the resulting pellet was dried overnight in an oven set at 60°C.
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The synthesis of MoS; nanosheet

The formation process of MoS, was schematically illustrated in Figure 1 (Step 2). Briefly, MoS, was synthesized via the hydrothermal method at
180°C for 24 h using ammonium heptamolybdate and thiourea as precursors dissolved in 45 mL deionized water.’® After centrifuging and
washing with water and ethanol, the dark gray sample was collected.

The synthesis of CoFe-LDH/MoS, nanocomposite

The formation process of CoFe-LDH/MoS; nanocomposite was schematically illustrated in Figure 1 (Step 3). CoFe-LDH and MoS,, with the
mass fraction of 90% and 10% respectively, were dissolved in aqueous solution by gradually adding the MoS; nanosheet suspension to the
CoFe-LDH suspension while stirring magnetically for 48 h. The positively charged CoFe-LDH nanosheet and the negatively charged MoS,
nanosheet were electrostatically self-assembled in aqueous solution to obtain CoFe-LDH/MoS, nanocomposite.”® The color of the solution
gradually changed from brown to dark gray. Finally, after low-speed centrifugation, the supernatant became transparent, indicating success-
ful synthesis of the nanocomposite. The CoFe-LDH/MoS; nanomaterials with varying proportions were synthesized using the aforementioned
methods, with MoS; mass percentages of 2%, 4%, 6%, 8%, 10%, 20% and 30%.

Degradation experiments

All degradation experiments were carried out in 500 mL beaker at 25°C (£2°C). In a typical process, 30 mg of catalyst was added to a solution
of 200 mL with a concentration of TCH at 50 mg L™". Subsequently, the above mixture was magnetically stirred in the dark for 0.5 h to achieve
the adsorption/desorption equilibrium, followed by the addition of 80 mmol L=" H,O, (30%) and illuminated for 1.5 h. At specific time inter-
vals, a syringe was used to draw out 4 mL of the suspension every 15 min, and then the supernatant was obtained by filtering it through a micro-
porous filter with a pore size of 0.22 mm. The concentrations of TCH were determined using both UV-vis spectrometer (Shimadzu, UV-3600,
Japan) and HPLC-MS (Shimadzu, LC-6AD, Japan). The degradation efficiency was calculated using the following formula:

Degradation efficiency % = (1— C;/Co) X 100% (Equation 12)

where Cq and C, are the concentrations of TCH at irradiation time zero and any irradiation time, respectively.

The degradation experiment mentioned above was carried out three times in each group. The average result of the three repeated exper-
iments was considered as the final outcome, and the error bar in the figure represents the estimation of error. To identify the primary reactive
species generated during the catalytic process, corresponding free radical scavengers were introduced into the TCH solution. FFA, TBA and p-
BQwere used as the scavengers for '0,, *OH, and - O, ™, respectively. In a typical experiment, 30 mg CoFe-LDH/MoS, was added to 100 mL TCH
solution (100 mg/L), followed by adding different concentrations of FFA (20, 30, 40 and 50 mmol/L), TBA (50, 100, 200 and 300 mol/L) and p-BQ (2,
5,10 and 15 mmol/L) as the quenching agents.”’***’ The possible TCH degradation intermediates were ascertained by an HPLC-MS. The miner-
alization rate of TCH after the reaction was analyzed by a total organic carbon analyzer (TOC, Shimadzu TOC-L, Japan).

Characterization of catalysts

The crystallinities of CoFe-LDH, MoS,, and CoFe-LDH/MoS, were determined using X-ray powder diffractometry (XRD). Powder XRD mea-
surements were performed on a Rigaku XRD- 6000 diffractometer with Cu K, radiation (A = 0.15418 nm) at 40 kV and 40 mA. The scanning rate
was set at 5° min~", and the 26 angle ranged from 5° to 80°. The morphology of the CoFe-LDH/MoS; catalyst was investigated using a scan-
ning electron microscope (SEM, Zeiss Sigma 300, Germany) and high resolution transmission electron microscope (HRTEM, FEI Tecnai G2
F30, USA). The specific surface areas of the samples were recorded by the Brunner—-Emmett-Teller (BET) technique (ASAP2460, USA). The
catalyst surface’s functional groups were identified using Fourier transform infrared spectroscopy (FT-IR, Thermo Scientific, Nicolet iS5,
USA). X-ray photoelectron spectroscopy (XPS) information was obtained using a spectrometer (Thermo Escalab 250Xi, USA). The reactive ox-
ygen species were monitored by electron paramagnetic resonance (EPR, Bruker EMX Plus, USA) spectrometer, and DMPO and TEMP were
used as a trap for -O,~, -OH and '0,. Furthermore, HPLC-MS (Shimadzu, LC-6AD, Japan) equipped with a Waters XTerra C18 column was
used to investigate the intermediates during the degradation of TCH and its possible degradation pathways.

Toxicity evaluation

Biological toxicity tests were also conducted on the aqueous solution of tetracycline hydrochloride before and after degradation, using de-
ionized water as well as the pre-degradation and post-degradation solutions of tetracycline hydrochloride for mung beans cultivation. By
comparing the length and thickness of mung beans, we assessed the degradation effect and biological toxicity of TCH.

QUANTIFICATION AND STATISTICAL ANALYSIS

This study does not include statistical analysis or quantification.

ADDITIONAL RESOURCES

This work does not include any additional resource.
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