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Deep mineralization of VOCs
in an embedded hybrid structure CoFe2O4/MoS2/PMS
wet scrubber system

Xiai Zhang,1,4 Wenquan Zhang,2,4 Xinwei Zhang,1 Jun Li,1 Tong Wang,1 Qikui Fan,1 Hao Zhu,3 Zhimao Yang,1

and Chuncai Kong1,5,*

SUMMARY

Peroxymonosulfate (PMS)-based advanced oxidation processes in liquid phase systems can actively
degrade toluene. In this work, the catechol structural surfactant was introduced to synthesize the
dispersed and homogeneous CoFe2O4 nanospheres and embedded into MoS2 nanoflowers to form
magnetically separable heterojunction catalysts. The innovative approach effectively mitigated the tradi-
tionally low reduction efficiency of transition metal ions during the heterogeneous activation process. In
CoFe2O4/MoS2/PMS system, the toluene removal efficiency remained 95%within 2 h. The contribution of
SO4

,-, $O2
�, $OH, and 1O2was revealed by radical quenching experiment and electron paramagnetic reso-

nance spectroscopy. The results illustrated that MoS2 offers ample reduction sites for facilitating PMS
activation via Fe3+/Fe2+ redox interactions. Furthermore, an investigation into the toluene degradation
pathway within the CoFe2O4/MoS2/PMS system revealed its capability to suppress the formation of toxic
byproducts. This ambient-temperature liquid-phasemethod presented promising route for the removal of
industrial volatile organic pollutants.

INTRODUCTION

The term ‘‘volatile organic compounds’’ (VOCs) designates a class of organic compounds characterized by a boiling point range of 50�C–
260�C at atmospheric pressure and a saturated vapor pressure exceeding 133.32 Pa at room temperature.1–3 VOCs are air pollutants that

are widely emitted during production processes in the chemical, ceramics, paints, and coatings industries. Furthermore, they constitute a sig-

nificant portion of total organic content found in petroleum or refinery wastewater, often containing various aromatic hydrocarbons.4 The

emission of VOCs has been increasing serious environmental problems and putting human health at risk, leading to symptoms such as dizzi-

ness, headaches, memory impairment, vision impairment, and even fatalities.5,6 A majority of VOCs encompass alkanes, alkenes, alkynes, ar-

omatics, aldehydes, and sulfur/nitrogen compounds, with aromatics and alkenes particularly being highly detrimental molecules, significantly

contributing to haze and photochemical ozone creation.7–9

Currently, primarymethods for VOCs treatment involve adsorption recovery, photocatalytic decomposition, catalytic combustionmethod,

and biologicalmethod.10–12 The substantial concentration of VOCs and non-biodegradable components renders standalone biological treat-

ment unviable. Despite advancements in mitigating chemical waste gas pollution, challenges like elevated treatment costs, short equipment

and catalyst lifespans, extended catalyst regeneration cycles, and potential secondary pollution persist.13 Researchers have explored various

removal methods for monocyclic and polycyclic aromatic hydrocarbons, including UV/oxidant based AOPs, Fenton and photo-Fenton pro-

cesses, photocatalysis, electrochemical advanced oxidation processes, sulfate radical based advanced oxidation process (AOPs) and other

techniques.14 Additionally, the researchers proposed a hybrid approach based on the combination of cavitation and advanced oxidation to

enhance the oxidation capacity. The hybrid process is capable of degrading persistent pollutants and reducing the overall consumption of

energy and oxidants.15 Among these techniques, AOPs has been recognized as a promising means of removing gaseous VOCs via wet

bubbling scrubber systems.16,17 Themechanism hinges on transferring gaseous VOCs to the liquid phase, capitalizing on the robust oxidation

capacity of potent reactive oxygen species to comprehensively degrade VOCs into harmless carbon dioxide and water.16,18,19 The conven-

tional AOPs, hydrogen peroxide (H2O2), persulfate (including PS, PMS, and PDS), and ozone (O3) are activated by the catalyst to produce free
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radicals [such as hydroxyl ($OH), sulfate (SO4
,-), and superoxide ion radicals (O2

$-)].20–22 While $OH has been themain reactive radical in tradi-

tional AOPs for pollutant degradation, sulfate radical-based AOPs (SO4
,--AOPs) typically utilize PMS as a precursor for producing SO4

,- via

peroxide bond cleavage in the PMS molecule through energy and electron transfer reactions.23 Notably, sulfate radical exhibit higher redox

potential (E0 (SO4
,-) = 2.5–3.1 eV), longer half-life, and wider pH range than hydroxyl radical in the removal of benzene series VOCs.24,25 Thus,

sulfate radical offers more efficient decomposition and mineralization ability in the removal of VOCs.

SO4
,- is generally generated by ultraviolet/visible light irradiation, heating, or the activation of persulfates with carbon or transitionmetal cat-

alysts.26–28 Comparedwithphotocatalysis/thermal catalysis, transitionmetal catalysis for PMS activation hasbeen favorable, as devoid of external

energy.29–32 Transition metals like Co, Fe, Cu, and Mn offer low cost-effectiveness and reusability, allowing for effective catalytic oxidation of

PMS. For instance, Yuan et al.33 synthesized three-dimensional mesoporous a-Co(OH)2 nanosheets on nickel foam (NF) by a facile electrodepo-

sition method, and the Co(OH)2/NF-activated PMS could almost completely remove phenol at 7 min, which had outstanding catalytic perfor-

mance. Bimetallic catalysts with a spinel structure possessing special geometric and electronic structures can exhibit high stability, with

CoFe2O4, a prominent ferrite, showcasing outstanding catalysis, magnetic recovery, and stability. However, the slow regeneration rate of

Co3+ and Fe3+ catalytic sites in cobalt ferrite limits its practical application. In this context, synergistic coupling and enhanced conductivity be-

tween spinel ferrite and active substances substantially enhance catalytic performance.34 Molybdenum sulfide, resembling graphite in its two-

dimensional layered structure, offers abundant active sites and high electron mobility.35 It can be used as a co-catalyst to accelerate the cycle of

Fe3+/Fe2+.36 The abundance of unsaturated sulfur atoms on MoS2 surface captures protons and exposes Mo4+ reducing metal ions, facilitating

catalyst reactivation and enhancing oxidant decomposition.37 A single reduction pathway basedonmetal ions is not sufficient for efficient degra-

dation. Therefore, the design of complex catalysts with unique structures can provide more reducing charges for active centers regeneration.

Herein, homogeneous cobalt ferrite nanospheres were successfully prepared by introducing small molecule compounds with short-chain

structure. The nanospheres were embedded into molybdenum sulfide nanoflowers through a one-step hydrothermal method, resulting in

catalysts with a unique hybrid structure. The typical VOC, toluene was selected to investigated the catalytic potential of the CoFe2O4/

MoS2/PMS system for toluene removal. We systematically evaluated the effect of catalyst dosage, PMS concentration, initial pH, and inhib-

itors on toluene decomposition efficiency. The CoFe2O4/MoS2/PMS system achieved efficient and consistent oxidation performance than

CoFe2O4/PMS system. Free radical species were identified using electron paramagnetic resonance spectroscopy (EPR), and their contribu-

tion to the degradation process was further analyzed through radical quenching experiments. Combining experimental data with theoretical

calculations, it was proved that the protonation on the surface of MoS2 induces sulfur vacancy, which led to the highly exposedMo4+ site and

enhanced Fe3+/Fe2+ cycle. The embedded hybrid CoFe2O4/MoS2 activated PMS system facilitated extensive toluene mineralization,

rendering it highly promising for industrial applications.

RESULTS AND DISCUSSION

Characterization of the catalysts

Figure 1 depicted the schematic representation of CF/MS embedded hybrid structure. The morphology and composition of the obtained

products were extensively examined by TEM, FESEM, and EDX mapping. As shown in Figures 1C1 and 1C2, cobalt ferrite nanospheres

were uniformly embedded intomolybdenum sulfide nanoflowers, forming composite catalyst with embedded hybrid structure. Themagnetic

cobalt ferrites regulated by the short-chain surfactant dopamine showed highly dispersed, uniform, and spheroidal morphology with an

average particle size of 200 nm (Figures 1A1 and 1A2). The measured lattice spacing was 0.254 nm, 0.27 nm, and 0.62 nm, corresponding

to the crystal planes of CF (311) and MS ((100) and (002)), respectively.38,39 From an economic and environment-friendly perspective, dopa-

mine (DA) as a surfactant and interparticle linker was employed instead of traditional surfactants.40,41 DA as bidentate enediol ligands facil-

itated strong coordination affinity to magnetite surface sites, binding the catechol groups originating from DA molecules on the magnetite

nanocrystal cluster surfaces, thus forestalling aggregation into sizable single crystals.42 The TEM and SEM-EDS elemental mapping indicated

the high dispersions of Co, Fe, O, Mo, and S elements within CF and CF/MS (Figures 1E–1I).

The X-ray diffraction analysis confirmed the formation of the crystal structure. As shown in Figure 2A, the well-defined diffraction peaks

were observed at 18.24�, 30.06�, 35.45�, 37.28�, 43.47�, 53.89�, 57.17�, and 62.73�, aligning with crystal planes (111), (220), (311), (222),

(400), (422), (511), and (440) (JCPD#03–0864). The diffraction peaks at 32.6�, 36.4�, and 58.2� align convincingly with the standard pattern

of 2H-MoS2 phase (JCPDS no. 37–1492). Additionally, two distinct peaks at 9.36� and 18.7� belong to crystal planes (002) and (004) of 1T-

MoS2.
43 FTIR analysis of the different catalysts was studied as shown in Figure 2B. The strong transmission bands appeared at 585 cm�1, which

could be attributed to the tensile vibrationmode of spinel CF nanospheres. The presence of an S-S bond at 821-985 cm�1 and aMo-S bond at

608 cm�1 becameevident inMS. Furthermore, a hydroxyl peak at 3427 cm�1 was observed in all catalysts, verifying the existenceof the surface

hydroxyl groups. The characteristic peaks of the FTIR spectra were consistent with XRD analysis, confirming the successful synthesis of the

target product. As shown in Figure 2C, the catalyst could be easily separated from the solution under the action of an external magnetic field.

The VSM characterization revealed that the catalyst has good ferromagnetism, which had a saturation magnetization intensity of 0.5 emu/g

and it was easy to separate and collect during practical application.

For in-depth analysis, X-ray photoelectron spectroscopy (XPS) was carried out to explore the elemental composition and valence states of

CF,MS andCF/MS. The full-scan spectrum showed the presence of Co, Fe,O,Mo, and S in the sample (Figure 3A). The fine spectrumfitting of

Co 2p for CoFe2O4 exhibited that the peaks with binding energies at 795.87 eV and 779.89 eV correspond to Co2+ 2p1/2 and Co2+ 2p3/2,

respectively. Notably, the peak at 782.05 eV was ascribed to Co3+ 2p3/2 within the octahedral site. Of note, the peaks at 802.94 eV and

786.38 eV were satellite peaks. Similarly, the two peaks with binding energies at 713.17 eV and 724.87 eV correspond to Fe3+ 2p3/2 and
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Fe3+ 2p1/2, respectively. The peak at 710.59 eV was attributed to Fe2+ 2p3/2. The peaks at 732.79 eV and 718.51 eV were satellite peaks. It was

worth noting that the combination with MoS2 enables the peak positions of Fe 2p, Co 2p, and O 1s toward the high binding energy, which is

due to the introduction of more electronegativeMo, resulting in redox reaction during the binding of CoFe2O4 andMoS2.
44,45 The conjecture

was further validated in theMo 3d and S 2p spectra. As depicted in the Figure 3E, after compounding withMoS2, the relative content of Mo5+

(229.81 eV) and Mo6+ (232.52 eV, 235.86 eV) on the surface of composite catalyst increases significantly, and the peak position of Mo4+ shifts

from 229.33 eV to low binding energy (228.83 eV). The 2p1/2 and 2p3/2 peaks of S in MoS2 were located at 163.48 eV and 162.32 eV, respec-

tively. The characteristic peak (edge S) strengths at 164.77 eV of CF/MS increased compared with MoS2, further indicating the formation of

Mo-S-Fe and Mo-S-Co bonds at the junction of MoS2 and CoFe2O4.
46 Moreover, the O 1s peak at 530.30 eV of CoFe2O4 was a typical metal-

oxygen bond (Fe-O/Co-O), the peak at 531.63 eV was associated with adsorbed oxygen. The O 1s XPS peak location shifts toward a high

binding energy after being combined with MoS2.

Toluene degradation performance

Figure 4 illustrated the quantitative analysis of toluene degradation facilitated by the prepared catalysts. As delineated in Figure S6, in the pres-

ence of PMS alone, the initial toluene removal was attributed to water absorption, the removal efficiency decreased rapidly with time, while the

Figure 1. Schematic diagram of catalyst preparation and morphology characterization

(A1 and A2) SEM images of CF.

(B1 and B2) TEM images and HRTEM images of CF.

(C1 and C2) SEM images of CF/MS.

(D1 and D2) TEM images and HRTEM images of CF/MS.

(E–H) TEM elemental mapping images of CF and CF/MS.

(I) SEM-EDS elemental mapping images of CF/MS.
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carbon dioxide production tended to zero also verified this result, and the experiment proved that the PMS system could not degrade toluene

effectively. The toluene conversion efficiencies of MoS2 and CoFe2O4-activated PMS were 34.7% and 81.3%, respectively, and the removal ef-

ficiency gradually decreased with the extension of degradation time. In the CF/MS/PMS system, a substantial and stable removal efficiency

was observed when compared to MS/PMS and CF/PMS systems. The degradation efficiencies of CF/MS-3, CF/MS-6, CF/MS-8, CF/MS-13

were measured at 73.22%, 94.43%, 94.82%, and 96.82%, respectively. Research into the effect of initial PMS concentration revealed that a molar

ratio of the oxidant to toluene equal to 0.003 was favorable for efficient toluene degradation. It was indicated that the remarkable catalytic per-

formance was attributed to the synergistic catalysis of CF andMS. The addition ofMoS2 as co-catalyst could significantly enhance the conversion

of Fe3+ to Fe2+, and further boosted the efficiency of toluene degradation.45 Turning to an essential indicator measuring the extent of toluene

Figure 2. Structural characterization of catalysts

(A) XRD patterns of catalysts.

(B) FT-IR spectra of MS, CF, and CF/MS.

(C) VSM characterization and magnetic diagram of CF/MS.

Figure 3. XPS spectra of CF, MS, and CF/MS

(A) Survey.

(B) Co 2p.

(C) Fe 2p.

(D) O 1s.

(E) Mo 3days.

(F) S 2p.
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mineralization, the CO2 outlet concentration produced by different catalysts was detected in the tail gas (Figure 4B). The MS/PMS reaction sys-

tem demonstratedminimal CO2 generation. The molar concentration of CO2 produced by CF/PMS stabilizes at 18 ppm. Notably, CF/MS/PMS

composite system revealed excellent performance in toluene mineralization process. The CO2 produced by CF/MS-3, CF/MS-6, CF/MS-8, and

CF/MS-13 activated PMS is 395.74 ppm, 589.01 ppm, 1216.45 ppm, and 1571.14 ppm, respectively. TOC concentration was further analyzed in

the aqueous solution of CF/MS/PMS systems with time (Figure 4C). The liquid samples were collected at intervals of 60min, 90min, and 120min

during the course of catalytic reaction for TOC analysis. The TOC values exhibited an upward trend, which indicated intermediates accumulated

in the water. The result further confirmed the excellent mineralization ability of the composite catalytic system.

The effect of different catalyst dosages on toluene degradation was evaluated in CF/MS/PMS system. From Figure 4D, at catalyst dosages

of 0.05 g/L, 0.1 g/L, 0.15 g/L, and 0.2 g/L, the toluene removal rates remained consistently above 95%, exhibiting no obvious attenuation trend

within 120 min. In addition, a comparative exploration of PMS addition was conducted (Figure 4E). The degradation rate was obviously slow

within the initial 30 min at a PMS dosage of 1 g/L. Upon raising the PMS concentration to 3 g/L, a decrease in degradation efficiency was

observed. This phenomenon could be attributed to two primary factors. On the one hand, excessive PMS additionmight inhibit the consump-

tion of the generated SO4
,-, thus hindering the catalytic reaction and potentially transforming them into weaker oxidant species, such as

SO5
,-. On the other hand, the presence of abundant PMS in the solution could influence the pH balance by generating protons. This distur-

bance in the pH environment due to elevated PMS levels could lead to suppressed catalyst activity and consequently result in a deceleration

of the degradation efficiency.24 This phenomenon had been extensively investigated and could be better understood through the pH depen-

dency study (Figure 4F). As illustrated in Figure 4F, highly acidic and strongly alkaline conditions noticeably diminished the removal efficiency

of toluene, with conversion rates sharply dropping to 20.63%when the pH reached 3. Undermildly acidic conditions (pH = 5), the initial 10min

degradation efficiency was 95.74%, which subsequently decreased to 60% after 2 h. This phenomenon could be attributed to the detrimental

impact of excess H+ ions, disrupting the initial catalyst complexation and occupying active sites, thereby inhibiting the adsorption and further

activation of PMS. Simultaneously, the presence of an excessive quantity of chloride anions in the solution, due to the excessive consumption

via reaction with hydroxyl radicals, hindered the oxidation of pollutants upon the evident addition of hydrochloric acid, consequently dimin-

ishing the degradation efficiency of the target pollutants.47 Under mildly alkaline conditions (pH = 9), the initial 10 min removal efficiency was

relatively low (50.61%), gradually increasing thereafter. However, as the pH rises to 11, the conversion rate of toluene declined to 39.53%. On

one hand, the surplus OH� ions transformed HSO5
� into SO5

2�, with limited capability for SO5
2� to further convert into SO4

,-. Additionally,

the strong alkaline conditions accelerated the transformation of SO4
,- into $OH, which was unfavorable for toluene conversion. On the other

hand, in high pH environments, the protonated H+ ions could capture unsaturated S atoms on the catalyst surface, generating H2S and thus

rendering the active sites of Mo4+ inaccessible.

In practical engineering applications, co-existing inorganic anions in wastewater could exert adverse effects on the removal of target pol-

lutants. Hence, a thorough evaluation of the impacts of Cl�, HCO3
�, NO3

�, and H2PO4
� on toluene removal efficiency was specifically

Figure 4. Influence of reaction systems on the degradation of toluene

(A and B) Removal efficiency and CO2 concentration of different materials.

(C) TOC concentration with time in solution of CF/MS/PMS system.

(D) Effect of catalyst dosage.

(E) Effect of PMS concentration.

(F) Effect of initial pH for toluene degradation. ([Toluene] = 30 ppm; [catalyst dosages] = 0.1 g/L; [PMS concentration] = 2 g/L; T = 30�C; [pH]0 = 7).
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conducted. As illustrated in Figure S7, Cl� and HCO3
� exhibited inhibitory effects on toluene degradation at rates of 30.91% and 13.22%,

respectively. Within the initial 30 min, NO3
� demonstrated a suppressive effect of 9.27% on toluene degradation, with an overall effect

that could be considered negligible. The decreased degradation efficiency with HCO3
� was also observed because the scavenging effect

and the low reactivity of the resulting secondary species toward the pollutant and vice versa.48 Free radical quenching experiments and

EPR characterization also confirmed that SO4
,- play a dominant role in the degradation process. Intriguingly, HPO4

2� displayed themost pro-

nounced impact, with toluene removal efficiency is almost zero after 2 h, indicating almost complete inhibition by the presence of HPO4
2�.

The research indicated that phosphates possessed a substantial affinity for the surface of ferrite oxides, forming complexes with surface-

bound Fe3+. It could be inferred that this interaction was related to the substitution of active sites such as surface hydroxyl groups, influencing

the catalytic capability of the catalyst through their substitution.49 The demonstrated results underscored the significance of understanding

the intricate interactions between inorganic anions and catalytic surfaces in enhancing pollutant removal efficiency within complex treatment

systems. Moreover, it was noteworthy that the formation of nitro-substituted products was quite common in advanced oxidation processes

(AOPs) in the presence of nitrite or nitrate ions. Nitro compounds constitute one of the toxic byproducts generated during wastewater treat-

ment processes. Hence, when employing liquid-phase wet scrubbing techniques for the treatment of gaseous VOCs, careful attention must

be paid to the potential secondary pollution risk arising from the formation of nitro-substituted compounds due to the presence of nitrate ions

in the liquid phase.50 Furthermore, the selection of inorganic acid species for adjusting the solution pH could also influence the degradation

efficiency of pollutants. This phenomenon primarily stems from ion recombination, the generation of novel radical species, or the scavenging

of radicals through reactions with inorganic ions, subsequently leading to either enhancement or diminishment in the degradation efficiency

of target organic pollutants.47

For the practical application of industrial VOCs removal, the continuous stability and cyclic stability of heterogeneous catalysts were very

important. Figure 5 represented the stability and cyclic stability of the developed composite catalyst under long-term continuous operation.

Employing a fixed quantity of catalyst and PMS, the toluene removal efficiency remained above 90% for continuous 8 h reaction, confirming

the excellent continuous stability of the catalyst. Furthermore, after adding fresh PMS every 120 min, the toluene conversion rate was stable

above 95% after 4 consecutive cycles, which indicated that the synthesized composite catalyst exhibits good cyclic stability.

PMS activation mechanism

In order to obtain the activation mechanism of PMS in CF/MS/PMS system, the surface element valence states of Co/Fe/O/Mo/S after degra-

dation were determined by XPS analysis. The binding energies at 796.63 eV (796.62 eV) and 782.80 eV (783.14 eV) were assigned to Co3+ 2p1/2

andCo3+ 2p3/2; the binding energies at 796.63 eV (796.62 eV) and 780.44 eV (780.74 eV) were attributed toCo2+ 2p1/2 andCo2+ 2p3/2. Similarly,

Fe 2p1/2 at 725.56 eV (725.30 eV) and Fe 2p3/2 at 711.38 eV (711.10) were attributed to Fe2+, Fe 2p1/2 at 725.56 eV (725.30 eV) and Fe 2p3/2 at

714.18 eV (713.30 eV) belong to Fe3+, respectively. Figure 6 displayed the change in the valence states of elements after the reaction. Fe el-

ements on the surface possess obvious valence change i.e., Fe2+ content reduced by 13.8% and Fe3+ content increased by 10.6%. Thus, Fe

sites on the catalyst surface participate in the activation of PMS. With the progress of catalytic reaction, the ratio of peak area of Co2+/Co3+ is

nearly unchanged i.e., Co2+ was first oxidized to Co3+, and then participated in the formation of 1O2. After the reaction, the binding energy of

Mo 3d5/2 is increased from 228.83 eV (before the reaction, Figure 3E) to 229.39 eV, the binding energy of Mo 3d3/2 is increased from 232.52 eV

(before the reaction, Figure 3E) to 232.68 eV, and the binding energy of S 2s is increased from 226.24 eV (before the reaction, Figure 3F) to

226.99 eV, while binding energy of O 1s is unchanged (Figure 6D). Results revealed that Mo 3days and S 2s orbitals lost electrons, and the

excited electrons mainly come from Co 2p and Fe 2p orbitals instead of O 1s orbital. Figure 8 assumed the proposed toluene degradation

pathway. In the process of activating PMS, high-state Fe andMo ions are reduced to low-state, forming a stable redox cycle.44 In addition, the

interaction of SO5
,- with H2O also accelerates the formation of 1O2.

51 To sum up, the degradation mechanism of toluene in CF/MS/PMS sys-

tem includes the following four processes. (a) Fe2+/Fe3+, Co2+/Co3+ on CoFe2O4 surface activates PMS to produce SO4
,- free radical

Figure 5. Cyclic stability of catalysts

(A) Degradation efficiency of toluene by continuous 8 h reaction ([Toluene] = 30 ppm; [catalyst dosages] = 0.1 g/L; [PMS concentration] = 2 g/L; T = 30�C;
[pH]0 = 7).

(B) Cycle efficiency in four consecutive cycles by re-adding PMS ([re-adding PMS concentration] = 1 g/L).
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(Equations 1–4).52 (b) the affinity of MoS2 for intermediates during the activation of MoS2 in PMS is conducive to accelerating the redox re-

action between Fe3+ and Fe2+ (Equations 5–7).53 (c) the formation of 1O2 occurs by the interaction between H2O and SO5
$- (Equation 8). (d)

H2O can combine with SO4
$- to form O2

$-, which is further transformed into 1O2 (Equation 9).54 Therefore, the synergistic action of sulfate

radical and non-radical (singlet oxygen) leads to the degradation of toluene.

Fe2+ + HSO5
,-/Fe3+ + $OH + SO4

,- (Equation 1)

Fe3+ + HSO5
,-/Fe2+ + H+ + SO5

,- (Equation 2)

Co2+ + HSO5
$-/Co3+ + $OH + SO4

,- (Equation 3)

Co3+ + HSO5
$-/Co2+ + H++ SO5

,- (Equation 4)

Mo4+ + HSO5
,-/Mo6+ + $OH + SO4

,- (Equation 5)

Mo6+ + HSO5
,-/Mo4+ + H+ + SO5

,- (Equation 6)

Figure 6. XPS spectra of catalysts after reaction

(A) Survey.

(B) Co 2p.

(C) Fe 2p.

(D) O 1s.

(E) Mo 3days.

(F) S 2p.
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Mo6+ + Fe3+/Mo4+ + Fe2+ (Equation 7)

2SO5
,- + H2O/1.51O2 + 2SO4

2� (Equation 8)

O2
,- +$OH/1O2 + OH$- (Equation 9)

SO4
$-/$OH/1O2/O2

$-+Toluene / Intermediate product/CO2/H2O, etc. (Equation 10)

Active oxygen sites identification

The free radicals involved in the activation of PMS include SO4
,-/$OH,O2

�, and 1O2 mediated electron transfer, namely their roles need to be

elucidation in order to better understand the reactionmechanism. The radical quenching experiments were conducted to identify the primary

free radicals generated within the CF/MS/PMS system. EtOH and TBA were selected as the quenchers of SO4
,- and $OH, and p-BQ and FFA

were selected as quenchers of O2
� and singlet oxygen, respectively. EtOH can eliminate both $OH (1.2–2.8 3 109 M�1 S�1) and SO4

$- (1.6–

7.7 3 107 M�1 S�1) at the same time. TBA exhibits a higher reaction rate with $OH (3.8–7.6 3 108 M�1 S�1) than SO4
,- (4.0–9.1 3 105 M�1

S�1).55,56 The obtained results revealed that a certain amount of ethanol can inhibit the degradation of toluene, the degradation efficiency

decreased from 91% to 20%, verifying the presence of SO4
$- and $OH in the degradation of toluene.

Figure 7A revealed the inhibitory effect of TBA on toluene degradation. It could be inferred that the contribution of SO4
,- radical over that

of $OH. Introduction of p-BQ yielded an initial toluene efficiency of 76.27% within the first 10 min, which was decreased to 64.95% after 2 h,

with a change of 11.32%. Similarly, the presence of FFA precipitated a swift decline in degradation efficiency, plummeting from 93.57% to

36.19%. The inhibitory effect was more obvious than that of TBA, proving a major role of SO4
,- and 1O2 in the degradation process. Further-

more, the active free radicals produced by CF/MS/PMS system were confirmed by using DMPO and TEMP as free radical collector for EPR

Figure 7. Free radical quenching experiment and EPR spectrum

(A) Effects of radical scavengers on toluene degradation.

(B–D) EPR spectra of PMS activated by CF/MS with time using DMPO and TEMP as trapping reagents.
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detection. The EPR characterization exhibited clear signals corresponding to DMPO-$OH (1:2:2:1) and DMPO-SO4
,- (1:1:1:1) within the CF/

MS/PMS system, and the intensity of DMPO-$OH exceeded that of DMPO-SO4
,-.57,58 The observed outcomes demonstrated that the pres-

ence of MoS2 as a co-catalyst significantly enhances the degree of PMS activation, leading to a substantial generation of free radicals. In addi-

tion, weak DMPO $O2
� signal and obvious TEMP 1O2 characteristic signal were also observed in the system, further affirming the substantial

generation of free radicals during toluene degradation within the CF/MS/PMS system. In summary, the catalytic degradation of toluene via

the CF/MS/PMS system encompasses both free radical and non-free radical pathways. Among them, SO4
$- and 1O2 emerged as the primary

contributor, while the roles of free radicals $OH and $O2
� remain limited in the toluene degradation process. Furthermore, As illustrated in

Figure S5A, when 2 g/L PMS solution was added in 60 s, a significant negative current peak could be observed on the I-t current curve. Then

toluene was injected in 180 s, and obvious current output changes also occurred. This phenomenon suggested that CF/MS as a conductor

facilitated the transfer of electrons from toluene to PMS. Furthermore, the corresponding LSV curve in Figure S5B demonstrated a substantial

surge in current density upon PMS addition to the electrolyte, signifying electron transfer from CF/MS to PMS. The subsequent addition of

toluene further enhanced the current density, indicating that electrons were transferred from the catalyst-PMS complex to toluene.

Toluene degradation pathway

The establishedmodels of PMS adsorption on the catalyst’s crystal surface depicted the adsorption behavior of PMS (Figure 8A). The adsorp-

tion energy of PMS on the CF (311) crystal surface (Eads = �2.49 eV) was notably weaker compared to its adsorption on the MS surface

(Eads =�7.64 eV) (Eads = E catalyst + PMS–EPMS–E catalyst). It was suggested that Fe3+/Fe2+ adsorbed on the surface ofMS can effectively enhanced

the adsorption of PMS, which was more conducive to PMS activation on the surface of the catalyst. In order to further investigate the degra-

dation pathway of toluene in CF/MS/PMS system, GC-MS analysis was employed to detect intermediate products resulting from toluene

oxidation in both gas and liquid phases through a wet washing system. As depicted in Figure 8B, during toluene degradation, the CF/

MS/PMS system identified intermediates including ethyl acetate in the tail gas after 2 h reaction, and intermediates in the liquid phase

included benzyl alcohol, benzoic acid, benzaldehyde, etc. Fewer intermediates were detected in the gas phase than in the liquid phase.

This finding suggested that the majority of intermediates were retained in the liquid phase rather than being released into the atmosphere,

thusminimizing the potential for secondary pollution. The radical quenching experiment underscored the predominant roles of SO4
,- and 1O2

in activating PMS for toluene degradation. Specifically, SO4
,- radicals exhibited selective reactivity, preferentially engaging in direct electron

transfer reactions with specific functional groups. On the contrary, $OH radicals underwent non-selective reactions through a series of reac-

tions such as electron transfer, electrophilic/radical addition, hydrogen extraction, etc.59 More $OH radicals were required to attack specific

functional groups. As evidenced by the substances detected and analyzed by mass spectrometry, toluene was decomposed into small mo-

lecular intermediates (butene, acetic acid, ethyl acetate) in the liquid phase. These intermediates were subsequently attacked by free radicals

and decomposed into harmless substances such as CO2 and H2O.

The potential toluene degradation pathway by CF/MS/PMS system was depicted in Figure 8C. First, SO4
,- attacks toluene molecules by

pulling an electron away from the electron-rich methyl group.59 Then, the methyl group on toluene molecule was exposed to be attacked

by $OH and SO4
,-, forming unstable intermediates, which were oxidized to benzyl alcohol (C), benzaldehyde (D), benzoic acid (E) and other

Figure 8. PMS activation mechanism

(A) The adsorption model of PMS on catalyst surface.

(B) Degradation mechanism of toluene.

(C) The degradation pathway of toluene in MS co-catalytic CF/PMS system.
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aromatic intermediates under the action of hydroxyl group. Benzoic acid was attacked by 1O2 and produced phenyl through demethylation of

toluene, which was oxidized into phenol (F). Finally, the ring-opening reaction generated short-chain compounds (ethyl acetate, formic acid,

ethane, formaldehyde, etc.) (G), which are mineralized into CO2 and H2O (H).

Conclusions

In conclusion, we have designed and synthesized a distinctive embedded hybrid structure, the CoFe2O4/MoS2 magnetic separable compos-

ite catalyst. Through the chemical binding with MoS2, the highly active Mo4+ sites have been effectively incorporated onto the catalyst’s sur-

face, enhancing the stable cycling of Fe3+/Fe2+ and resulting in an efficiently stable toluene degradation performance. The CF/MS/PMS sys-

tem exhibited an optimal removal efficiency of 97.5% within 2 h, with a CO2 generation of 205 ppm. The continuous toluene degradation rate

remained above 90% over 8 h and retained a high efficiency of 95% even after 4 operational cycles. Themechanism of toluene degradation by

liquid-phase catalytic oxidation was elucidated by combining theoretical calculations and experimental investigations. Our finding confirms

the predominant roles of SO4
,- and 1O2 in driving the degradation process. This study offers a scientific insight into the deepmineralization of

toluene through heterogeneous low temperature catalytic reaction facilitated by MoS2 co-catalysis CoFe2O4.

Limitations of the study

While our study has demonstrated the effectiveness of the composite catalyst in the PMS-based wet scrubber for VOCs removal, it is impor-

tant to acknowledge certain technical limitations. Specifically, we did not explore the removal efficiency under higher airflows in this research.

Addressing this issue warrants further investigation in subsequent studies. Additionally, there is a need to develop PMS-based synergistic

oxidation techniques to achieve efficient degradation of high-concentration VOCs under low-temperature conditions. These avenues of

research hold promise for advancing the field of VOC removal technologies.
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This work did not involve experimental model and subject.

METHOD DETAILS

Fabrication of CoFe2O4 nanosphere

Homogeneous nano-spherical cobalt ferrites were synthesized through a one-step solvothermal process followed by high-temperature calci-

nation. Initially, Co (NO3)2$6H2O (6 mmol), Fe (NO3)3$9H2O (12 mmol) and CH3COONa (80 mmol) and Dopamine hydrochloride (10 mmol)

were completely dissolved in 70mL of ethylene glycol and themixture was stirred for 1 h. Subsequently, the homogeneous solution was trans-

ferred into a 100 mL Teflon-lined autoclave which was subsequently maintained at 200�C for 12 h. Afterward, the autoclave was allowed to

cool naturally to room temperature and the products were washed 3–5 times with ethanol and deionized water alternately until the superna-

tant turned transparent. The sample was dried for 12 h at 60�C in a vacuumoven. Finally, the dry samplewas calcined at 450�C for 3 h to obtain

the target CoFe2O4 nanosphere.

Fabrication of CoFe2O4/MoS2 catalysts

Ammonium molybdate and thiourea were dissolved in 30 mL ultra-pure water at a ratio of 1:35 and stirred until completely dissolved. Then

200mg of cobalt ferrite nanospheres weremixed with the solution for continuous ultrasonic for 1 h and themixture was transferred to a 50mL

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Ammonium molybdate tetrahydrate Aladdin CAS 12054-85-2

Thiourea Aladdin CAS 62-56-6

Iron nitrate nonahydrate Aladdin CAS 7782-61-8

Cobalt nitrate hexahydrate Macklin CAS 10026-22-9

Sodium acetate anhydrous Aladdin CAS 127-09-3

Dopamine hydrochloride Aladdin CAS 62-31-7

p-Benzoqulnone Aladdin CAS 106-51-4

Tert-butyl alcohol Aladdin CAS 75-65-0

Furfuryl alcohol Aladdin CAS 98-00-0

5,5-dimethyl-1-pyrroline Sigma-Aldrich CAS 3317-61-1

2,2,6,6-tetramethyl-4-piperidone Sigma-Aldrich CAS 2564-83-2

Ethanol Fuyu (Tianjin) CAS 64-17-5

Potassium hydrogenperoxomonosulphate Rhawn CAS 10058-23-8
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Teflon-lined autoclave andmaintained for 24 h at 200�C. The resulting product was washed several times by ethanol and ultrapure water and

dried for 12 h at 60�C. Additionally, the CoFe2O4/MoS2 -x (CF/MS-x) with the same process was obtained as reference samples (x = 3: Mo/S =

412/888 mg, x = 6: Mo/S = 206/444 mg, x = 8: Mo/S = 155/333 mg, x = 13: Mo/S = 95/205 mg).

Equipment and procedures

The degradation of VOCs in CF/MS/PMS system was conducted in a continuous-flow system ((illustrated in the experimental equipment flow

chart, Scheme S1), comprising toluene gas distribution system, gas-liquid catalyst oxidation part and analysis system. The catalytic oxidation

portion consisted of a glass reactor with an effective working volume of 1 L. According to the typical VOCs emission concentration of the

printing coating industry, the inlet gas introduced 30 ppm initial concentration of toluene standard gas along with nitrogen as the carrier

gas. Mass flowmeter is used to control gas flow rate to 200 mL/min. The inlet gas was delivered into the reactor via a bottom-mounted

bubbler. Ultra-pure water is used in the reaction process, accompanied by magnetic agitation to ensure effective contact between catalyst

and PMS. The reaction temperature was maintained at a constant 30�C by the control of the water bath. The catalyst and PMS powder are

added to the solution and the reactor is sealed was sealed prior to commencing the degradation experiment. Toluene standard gas was

bubbled into the reactor to initiate the catalytic degradation process.

The whole system is in a closed state after initiating the catalytic reaction. We connected the degraded outgassing tube directly to the GC

for toluene concentration change and CO2 concentration detection, while we collected the tail gas and liquid to detect the intermediate

products formedbyGC-MS for further analysis. Therefore, the degradation efficiency and the amount of CO2 aswell as themass spectrometry

analysis can confirm whether toluene is absorbed or not. Moreover, it has been shown that the degradation of VOCs on the surface of the

catalyst has little effect on the overall degradation of VOCs, and thus the degradation of VOCs is highly dependent on the bulk solution.

In this case, the role of the catalyst is to effectively activate the oxidant through chemical reactions on its surface, generating free radicals

and further reacting with the pollutants in the bulk solution.

It is worth noting that the toluene gas used in the experiment is a standard gas, rather than through the evaporation of toluene solution

(there is a large concentration error). The standard gas with equal volume and different concentration is usually calibrated by manual sam-

pling. However, due to the particularity of the experiment, according to the suggestion of gas chromatography engineer, in order to further

reduce the error, we adopted mobile phase toluene standard gas automatic injection for calibration. The external standard method was em-

ployed for the calibration of the gas chromatograph using standard toluene gas (1 ppm, 30 ppm, 100 ppm). The standard toluene gas was

automatically injected into the system in 5 groups, and the peak heights of the standard samples overlapped, with a retention time of 3.5 min.

Curve equation: Y = 1.02002X-0.31727; R2 = 0.9999849.

Analytical methods

The size and morphologies of catalysts were observed by transmission electron microscopy (TEM, Talos L120C G2/Talos F200X) and

scanning electron microscope (SEM, ThermoFisher Apreo S)). The crystal structure of the samples was examined by X-ray diffraction

(XRD, Bruker D8 ADVANC). X-ray diffractometer with Ni-filtered Cu Ka radiation in 2q ranging from 5� to 80�. The elemental and

valence analysis were characterized by X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific ESCALAB Xi+ spectrometer).

The structure of the samples was determined by FTIR spectrometer (Thermo Fisher Scientific Nicolet iS50). A gas chromatograph (GC)

(GC-7920, Beijing China Education Au-light Co., Ltd.) equipped with two flame-ionization detectors (FID) was measured the inlet and

outlet concentrations of toluene and CO2 (FID1 was used to detect toluene, and FID2 was equipped with a methanizer that converts

CO2 to CH4 for detection.) The gas samples are collected online through an automatic sampling valve for detection (Toluene, SE-54

column, 30 m 3 0.32 mm 30.5 mm; CO2, TDX-01 column, 1 m 3 3 mm). The stationary phase of TDX-01 column was carbon molecular

sieve. Using DMPO and TEMP as spin trapping reagent, the presence of free radicals was determined by EPR test at room temper-

ature. Total organic carbon analyzer is used to test total organic carbon (TOC). The Gas Chromatography-Mass Spectrometer (Triple

quadrupole GC-MS, Agilent 8890-7000D) was used to detect intermediates extracted using dichloromethane in the water and gas

phases.

THE ELECTROCHEMICAL TEST INFORMATION

The electrochemical experiments were conducted on electrochemical workstation (CHI660e, CH Instruments, China) with standard three-

electrode system. Wherein, 2 mg catalyst, 336 mL Isopropyl alcohol, 144 mL deionized water and 20 mL Nafion solution (5%) were mixed

with ultrasonic for 30 min until forming uniform slurry. Next, 10mL uniform slurry was dropped onto the glassy carbon electrode and dried

naturally at room temperature to formworking electrode. The electrolyte was 50mMNa2SO4 solution, platinumplate was used as the counter

electrode and the reference electrode was Ag/AgCl electrode. The electrochemical data about i-t curves and linear sweep voltammetry (LSV)

were obtained from workstation.

Theoretical calculation methods

Using the density functional principle (DFT) andCambridge Sequential Total Energy Package (CASTEP)module inMaterials studio software, a

slab model is established on the (311) crystal plane with CoFe2O4 anti-spinel structure. The 12-layer atomic thickness is selected to build a

15 mm vacuum layer along the z axis direction. Perdew-Burke-Ernzerhof (PBE) of the generalized gradient integral (GGA) is adopted as
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the function. Compared with the ultra-soft pseudopotential, the ultrasoft pseudopotential optimized by OTFG can obtain more accurate re-

sults. The cutoff energy of electron plane wave is set to 500 eV and K-Piont in Brillouin zone is set to 1 3 231. The convergence criteria of

energy, maximum stress, maximum interatomic displacement and maximum interatomic force are 10�5 eV, 0.05 G Pa, 0.001 Å and 0.03

eV/Å, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical analysis is used.
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