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Abstract: The widespread occurrence of carbamazepine (CBZ) in aquatic environments
necessitates efficient water treatment technologies. This study developed a cobalt-
doped iron oxychloride (Co-FeOCl) catalyst via a facile calcination method to activate
peracetic acid (PAA) for enhanced degradation of CBZ. The incorporation of Co into
the FeOCl structure dramatically boosted the catalytic performance, with 0.5Co-FeOCl
exhibiting superior activity compared to pristine FeOCl. The 0.5Co-FeOCl/PAA system
achieved an apparent rate constant of 0.039 min⁻1, 19.5 and 5.6 times higher than that
of the PAA alone (0.002 min⁻1) and FeOCl/PAA (0.007 min⁻1) systems, respectively.
Mechanistic investigations revealed that the degradation was primarily driven by
organic radicals (CH3C(O)OO• and CH3C(O)O•) and high-valent metal species (Co(IV)
and Fe(IV)). The Co doping established synergistic Fe(II)/Fe(III)-Co(II)/Co(III) redox
cycles, effectively accelerating the rate-limiting Fe(III) reduction step and facilitating
continuous generation of reactive species. XPS analysis confirmed an increased
surface Fe(II) content after reaction, supporting this synergistic mechanism. Density
functional theory (DFT) calculations proved that Co sites exhibit superior adsorption
capacity for PAA compared to Fe sites on three main facets. This work not only
presents 0.5Co-FeOCl as a highly efficient and stable catalyst for PAA activation but
also provides fundamental insights into the synergistic mechanisms in bimetallic/PAA
systems for remediating refractory organic pollutants.
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Highlights 

 A Co-doped FeOCl catalyst was synthesized to overcome the slow Fe(III)/Fe(II) 

cycle inherent in pure FeOCl. 

 The optimized 0.5Co-FeOCl/PAA system achieved a reaction rate 5.6 times 

higher than the FeOCl/PAA system. 

 CBZ degradation was driven by organic radicals and high-valent Fe(IV)/Co(IV) 

species. 

 DFT calculations revealed that Co sites exhibit stronger affinity for PAA 

adsorption compared to Fe sites. 
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Abstract 20 

The widespread occurrence of carbamazepine (CBZ) in aquatic environments 21 

necessitates efficient water treatment technologies. This study developed a 22 

cobalt-doped iron oxychloride (Co-FeOCl) catalyst via a facile calcination method to 23 

activate peracetic acid (PAA) for enhanced degradation of CBZ. The incorporation of 24 

Co into the FeOCl structure dramatically boosted the catalytic performance, with 25 

0.5Co-FeOCl exhibiting superior activity compared to pristine FeOCl. The 26 

0.5Co-FeOCl/PAA system achieved an apparent rate constant of 0.039 min⁻1, 19.5 and 27 

5.6 times higher than that of the PAA alone (0.002 min⁻1) and FeOCl/PAA (0.007 28 

min⁻1) systems, respectively. Mechanistic investigations revealed that the degradation 29 

was primarily driven by organic radicals (CH3C(O)OO• and CH3C(O)O•) and 30 

high-valent metal species (Co(IV) and Fe(IV)). The Co doping established synergistic 31 

Fe(II)/Fe(III)-Co(II)/Co(III) redox cycles, effectively accelerating the rate-limiting 32 

Fe(III) reduction step and facilitating continuous generation of reactive species. XPS 33 

analysis confirmed an increased surface Fe(II) content after reaction, supporting this 34 

synergistic mechanism. Density functional theory (DFT) calculations proved that Co 35 

sites exhibit superior adsorption capacity for PAA compared to Fe sites on three main 36 

facets. This work not only presents 0.5Co-FeOCl as a highly efficient and stable 37 

catalyst for PAA activation but also provides fundamental insights into the synergistic 38 

mechanisms in bimetallic/PAA systems for remediating refractory organic pollutants. 39 

Keywords: Co-doped FeOCl; Peracetic acid; Carbamazepine degradation; Advanced 40 

oxidation processes; Synergistic mechanism  41 



1. Introduction 42 

Pharmaceuticals and personal care products have emerged as a pervasive class of 43 

trace organic pollutants, increasingly detected in diverse environmental matrices, 44 

including drinking water. Among them, carbamazepine (CBZ), a widely prescribed 45 

anticonvulsant for epilepsy and trigeminal neuralgia [1], is of particular concern due 46 

to its high persistence, potential for bioaccumulation, and resistance to degradation, 47 

even after metabolic excretion, thereby posing significant risks to aquatic ecosystems 48 

and human health [2, 3]. 49 

Various water treatment technologies have been explored to address this issue, 50 

including membrane filtration [4], electrochemical treatment [5], adsorption [6], and 51 

advanced oxidation processes (AOPs) [7]. Owing to their capacity to generate highly 52 

reactive oxygen species (ROS) capable of mineralizing pollutants or converting them 53 

into less toxic byproducts, AOPs represent a particularly promising solution [8]. 54 

Recently, peracetic acid (PAA) has gained traction as a superior alternative to 55 

conventional AOP precursors like peroxymonosulfate (PMS), H2O2, and persulfate, 56 

owing to its lower O–O bond energy, which facilitates more efficient activation [9]. 57 

Upon activation, PAA can produce a diverse array of reactive species [10, 11], 58 

including hydroxyl radical (•OH) and organic radical (R-O•) [12, 13], driving the 59 

development of efficient PAA-based AOPs for water decontamination [14-18]. 60 

PAA activation can be achieved by multiple methods, including ultraviolet 61 

irradiation [19], thermal energy [20], and transition metals (e.g., Co, Cu, Mn, Fe) [21, 62 

22]. Among these, transition metal-based activation is highly suited for large-scale 63 



applications due to its high catalytic efficiency, broad applicability, and 64 

energy-independent operation. Iron species (e.g., Fe2+, Fe3+) are widely employed 65 

owing to their low toxicity and effectiveness. However, homogeneous Fe-catalyzed 66 

systems are plagued by inherent drawbacks, including significant oxidant scavenging, 67 

stringent pH dependence, difficulties in catalyst recovery, and the risk of secondary 68 

pollution from residual iron ions. These limitations elevate operational costs and 69 

potential environmental risks, underscoring the critical need to develop efficient, 70 

eco-friendly, and reusable solid iron-based catalysts. 71 

Two-dimensional layered metal oxychlorides, such as FeOCl and BiOCl, have 72 

recently attracted considerable interest in catalysis due to their unique coordination 73 

structures, strong visible-light absorption, and high structural tunability [23, 24]. 74 

FeOCl, featuring characteristic linear Cl–Fe–O and Fe–O–Fe configuration, exposes a 75 

higher density of unsaturated iron sites on its surface compared to conventional iron 76 

oxides (e.g., Fe2O3 and Fe3O4), thereby enhancing its catalytic potential [25, 26]. 77 

Despite this advantage, the practical application of FeOCl is substantially hampered 78 

by the sluggish regeneration of Fe(II) from Fe(III), which severely restricts its 79 

degradation kinetics and overall efficacy [27]. Heteroatom doping has emerged as a 80 

powerful strategy to overcome this kinetic limitation. Recent studies confirm that 81 

bimetallic catalysts often exhibit superior performance due to synergistic inter-metal 82 

effects [28]. Consequently, doping FeOCl with metals such as Zn [29], Sn [30], or Cu 83 

[31] has proven effective in boosting its catalytic activity. Notably, cobalt (Co) stands 84 

out among transition metals for PAA activation, given its versatile redox chemistry 85 



(Co2+/Co3+), efficient electron transfer capability, and ability to modulate oxygen 86 

vacancy density. 87 

Inspired by these insights, we designed and synthesized a novel Co-doped FeOCl 88 

(Co-FeOCl) catalyst via a facile calcination method. We hypothesize that introducing 89 

Co will establish synergistic Fe(II)/Fe(III)-Co(II)/Co(III) redox cycles, thereby 90 

accelerating the rate-limiting Fe(III) reduction step and enhancing the overall catalytic 91 

performance. Nevertheless, research on PAA activation by Co-FeOCl remains scarce, 92 

and the underlying mechanisms governing its efficacy are still elusive. 93 

Therefore, this study aims to construct a Co-FeOCl/PAA system for CBZ 94 

degradation. The specific objectives are to: (i) optimize the synthesis parameters of 95 

Co-FeOCl; (ii) evaluate the effects of key operational conditions (e.g., initial pH, 96 

catalyst and PAA dosages, and common anions) on CBZ removal; (iii) identify the 97 

dominant reactive species and quantify their contributions; (iv) elucidate the 98 

structure-activity relationship of the catalyst and the PAA activation mechanism; and 99 

(v) propose potential CBZ degradation pathways and assess the toxicity evolution of 100 

its transformation products. 101 

2. Materials and methods 102 

2.1. Chemicals 103 

All reagents were of analytical grade and used without further purification. PAA 104 

(10 wt% in water), FeCl3·6H2O, CoCl2·6H2O, NiCl2·6H2O, MnCl2·4H2O, ZnCl2, 105 

CuCl2, H2SO4, NaOH, NaCl, Na2SO4, NaHCO3, Na2CO3, and H2O2 were obtained 106 

from Aladdin Scientific Co., Ltd. (Shanghai, China). CBZ, sulfamethoxazole (SMX), 107 



sulfadiazine (SDZ), and tetracycline (TC), methanol (MeOH), tert-butanol (TBA), 108 

p-benzoquinone (BQ), 2,4-hexadiene (2,4-HD), furfuryl alcohol (FFA), phenyl methyl 109 

sulfoxide (PMSO), methyl phenyl sulfone (PMSO2), 5,5-Dimethyl-1-pyrroline 110 

N-oxide (DMPO), and 2,2,6,6-tetramethyl-4-piperidone (TEMP) were purchased 111 

from Sigma-Aladdin Chemical Co., Ltd (Shanghai, China). Ultrapure water (18.2 112 

MΩ·cm) was generated by a Millipore system (Bedford, USA). 113 

2.2. Synthesis of Co-FeOCl 114 

The xCo-FeOCl catalysts were synthesized using a one-step calcination method. 115 

Specifically, varying amounts of FeCl3·6H2O and CoCl2·6H2O were dissolved in 4 116 

mL of ultrapure water and sonicated for 30 min at room temperature. The mixture was 117 

then dried in an oven at 70 ℃ for 24 h. Subsequently, the dried solid was transferred 118 

to a muffle furnace, heated to 250 ℃ at a rate of 10 ℃/min, and held at that 119 

temperature for 2.5 h. After cooling naturally to room temperature, the product was 120 

thoroughly washed with methanol and deionized water, dried, and ground to obtain 121 

the final xCo-FeOCl material. Based on the molar ratios of CoCl2·6H2O to 122 

FeCl3·6H2O (1:10, 1:5, 3:10, and 2:5), the resulting catalysts were designated as 123 

0.5Co-FeOCl, 1.0Co-FeOCl, 1.5Co-FeOCl, and 2.0Co-FeOCl, respectively. For 124 

comparison, Ni-, Mn-, Cu-, Zn-doped FeOCl were synthesized using the same 125 

procedure. 126 

2.3. Experimental procedure 127 

Catalytic degradation experiments were conducted at ambient temperature in 128 

batch mode. A 50 mL CBZ solution was prepared in a 100 mL beaker by diluting a 129 



stock solution with ultrapure water. A specified dosage of Co-FeOCl catalyst was 130 

added, and the mixture was stirred for 10 min to achieve adsorption–desorption 131 

equilibrium. The reaction was initiated by rapidly adding the PAA solution. 132 

Subsequently, 0.5 mL aliquots were collected at prescribed time intervals (0, 10, 20, 133 

30, 40, 50, and 60 min), immediately filtered through 0.22 μm membranes, and 134 

quenched with an equal volume of methanol for analysis. If necessary, the initial pH 135 

of the solution was adjusted to a pre-determined value using 0.1 M H2SO4 or 0.1 M 136 

NaOH. The solution pH was measured by a pH meter (PHS-3C, INESA Scientific 137 

Instrument, China). The relative standard deviation was consistently below 5%. 138 

Quenching experiments were carried out by adding MeOH, BQ, TBA, FFA, Mn2+, 139 

PMSO, and 2,4-HD as scavengers. All degradation experiments were performed in 140 

triplicate.  141 

2.4. Catalysts characterization and analytical methods 142 

Scanning electron microscopy (SEM, ZEISS Sigma 300) was used to examine 143 

the surface morphology. High-resolution transmission electron microscopy (HRTEM, 144 

Thermo Fisher Talos F200X G2) and energy-dispersive X-ray spectroscopy (EDX, 145 

JEM-2100F) were employed to analyze microstructure and elemental distribution. 146 

X-ray diffraction (XRD, D8 Advance, Bruker) with Ni-filtered Cu Kα radiation (scan 147 

rate: 0.02°/s in 2θ) was performed to determine crystallinity and phase composition. 148 

X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) was conducted 149 

to analyze surface elemental composition and chemical states. Fourier transform 150 

infrared spectroscopy (FTIR, Thermo Fisher Scientific Nicolet iS20) was used to 151 



identify functional groups. Element content was analyzed by inductively coupled 152 

plasma mass spectrometer (ICP-OES, Agilent 7800MS). The electron spin resonance 153 

(ESR) spectra were recorded by an ESR spectrometer (Bruker EMXnano, Germany). 154 

Analytical details are provided in Text S1 (Supplementary Material). The 155 

concentration of CBZ was measured by high-performance liquid chromatography 156 

(HPLC, Waters 2695) equipped with diode array detector (PDA waters 2998) and 157 

fluorescence detector (Waters 2475). An Waters symmetry C18 column 158 

(4.6 mm × 150 mm, 5 μm particle size) was used. The HPLC analysis parameters for 159 

CBZ, SMX, SDZ, TC, PMSO, PMSO2 are listed in Table S1. 160 

3. Results and discussion 161 

3.1. Optimization of synthesis parameters for x-Co-FeOCl 162 

The catalytic activities of various transition metal-doped FeOCl catalysts 163 

(M-FeOCl, M = Co, Ni, Mn, Cu, Zn) were evaluated for PAA activation. As shown in 164 

Figure 1a, the Co-FeOCl/PAA system exhibited superior performance, achieving over 165 

90% degradation of CBZ within 60 min using 0.1 g/L of Co-FeOCl and 0.6 mM of 166 

PAA. In contrast, Ni-, Mn-, Cu-, and Zn-doped FeOCl catalysts showed moderate to 167 

low activities. The remarkable efficiency of Co-FeOCl is attributed to the strong 168 

redox capability of cobalt and its synergistic effect with iron, promoting efficient PAA 169 

activation. The apparent first-order rate constants (kobs) followed the order: Co-FeOCl 170 

(0.039 min⁻1) > Ni-FeOCl (0.027 min⁻1) > Mn-FeOCl (0.011 min⁻1) > Cu-FeOCl 171 

(0.004 min⁻1) > Zn-FeOCl (0.003 min⁻1) (Figure S1). 172 



Control experiments confirmed the necessity of both the catalyst and the oxidant. 173 

As depicted in Figure 1b, negligible CBZ removal was observed with PAA alone or 174 

0.5Co-FeOCl alone. The FeOCl/PAA system achieved only 31.5% removal after 60 175 

min. In sharp contrast, the 0.5Co-FeOCl/PAA system removed over 90% of CBZ 176 

within the same timeframe, highlighting the synergy between Co doping and PAA 177 

activation. The kobs value for the 0.5Co-FeOCl/PAA system (0.039 min⁻1) was 19.5 178 

and 5.6 times higher than those of PAA alone (0.002 min⁻1) and FeOCl/PAA (0.007 179 

min⁻1) (Figure S2), respectively. These results clearly demonstrate that Co doping 180 

significantly enhances the catalytic activity of FeOCl and that PAA activation is the 181 

primary pathway for CBZ degradation. 182 

The influence of Co doping content was further investigated. As shown in Figure 183 

1c, the catalytic activity of xCo-FeOCl was highly dependent on the doping ratio, with 184 

an optimal concentration yielding the highest degradation efficiency. Both lower and 185 

higher doping levels reduced performance, indicating the importance of balancing the 186 

number of active sites and electron transfer efficiency. Catalyst stability was assessed 187 

by measuring metal leaching (Fe and Co). Figure 1d shows that the leached Fe 188 

concentration remained consistently low (0.5–0.6 mg/L) across all samples, while Co 189 

leaching increased significantly with higher doping levels. Considering both activity 190 

and environmental safety, 0.5Co-FeOCl was selected for further study. 191 

3.2. Catalysts characterizations 192 

The surface morphology of the as-synthesized catalysts was examined by SEM 193 

and TEM. As shown in Figure 2a and b, both FeOCl and 0.5Co-FeOCl display a flat, 194 



smooth surface composed of well-defined solid flakes (4–18 μm in length) stacked in 195 

a layered architecture (Figure 2c), which is characteristic of the FeOCl structure. EDS 196 

elemental mapping (Figure 2d) confirms the homogeneous distribution of Co, Fe, O, 197 

and Cl throughout the 0.5Co-FeOCl sample. XRD analysis (Figure 2e) shows that the 198 

pristine FeOCl exhibits distinct diffraction peaks at 2θ = 24.3°, 34.0°, 36.0°, 41.2°, 199 

49.9°, 54.6°, 62.6°, and 64.4°, corresponding to the (110), (021), (111), (130), (131), 200 

(002), (221), and (150) crystal planes, respectively. These peaks match well with the 201 

standard reference pattern for β-FeOCl (JCPDS No. 24-1005), confirming the 202 

successful formation of a crystalline FeOCl phase. Importantly, the introduction of Co 203 

did not induce significant changes, and 0.5Co-FeOCl retained the fundamental FeOCl 204 

framework, with sharp and intense diffraction peaks indicating high crystallinity. 205 

FTIR spectra was collected to compare the functional groups present in pure FeOCl 206 

and 0.5Co-FeOCl (Figure 2f). Both samples exhibit a broad absorption band around 207 

3418.0–3421.8 cm⁻1, potentially indicating the presence of very strongly 208 

hydrogen-bonded or distinct metal–hydroxyl (M–OH) environments. As for the 209 

0.5Co-FeOCl, the band at 1606.4 cm⁻1 can correspond to H–O–H bending vibrations 210 

of adsorbed water. The band at 1371.3 cm⁻1 is related to deformation vibrations of 211 

metal–bonded hydroxyl groups (M–OH). The peak at 804.7 cm⁻1 likely arises from 212 

metal-oxygen stretching vibrations. It could be associated with the formation of Co–O 213 

bonds or modified Fe–O bonds within the lattice. The absorption bands below 750 214 

cm⁻1 are characteristic of metal-oxygen (M–O) stretching vibrations in metal oxide 215 

lattices. In the XPS Cl 2p spectra (Figure 2g), 0.5Co-FeOCl exhibits peaks at binding 216 



energies of 198.9 eV (Cl 2p3/2) and 200.5 eV (Cl 2p1/2), corresponding to the covalent 217 

Fe–Cl bonds. The Fe 2p spectra (Figure 2h) shows coexisting Fe(II) (711.2 eV and 218 

723.9 eV) and Fe(III) (726.1 eV and 712.4 eV). 219 

In conclusion, SEM, TEM, XRD, FTIR, and XPS analyses confirm the 220 

successful synthesis of 0.5Co-FeOCl catalyst while perfectly preserving the parent 221 

FeOCl crystal structure. 222 

3.3. Influence of key operational parameters on CBZ removal 223 

The efficacy of the 0.5Co-FeOCl/PAA system was evaluated under various 224 

operational parameters. As shown in Figure 3a, CBZ degradation exhibited a positive 225 

correlation with catalyst dosage (0.04 to 0.20 g/L). The highest dosage (0.20 g/L) 226 

achieved near-complete CBZ removal within 30 min, indicating a surface-reaction 227 

limited process under these conditions. Similarly, increasing PAA concentration from 228 

0.3 mM to 1.5 mM enhanced CBZ removal from 61.2% to 100% (Figure 3b), 229 

underscoring the critical role of oxidant availability. 230 

The initial solution pH also exerted a profound influence (Figure 3c). The 231 

removal of CBZ by the 0.5Co-FeOCl/PAA system was strongly suppressed at pH 3.0, 232 

peaked at over 90% removal at neutral pH (7.0), and declined to 53.4% at pH 9.0. 233 

This pH-dependent behavior is attributed to catalyst surface charge and PAA 234 

speciation. In acidic media, protonated PAA experiences electrostatic repulsion with 235 

positively charged active sites (Co2+, Fe2+), hindering electron transfer and the 236 

formation of reactive species [32]. The decreased performance under alkaline 237 



conditions is primarily related to PAA self-decomposition and inactive iron/cobalt 238 

hydroxide precipitates formation [32-34]. 239 

The influence of common coexisting inorganic anions (Cl⁻, SO4
2⁻, HCO3⁻, CO3

2⁻) 240 

on CBZ degradation is presented in Figure 3d. A significant inhibitory effect was 241 

observed in the presence of HCO3⁻ and CO3
2⁻, which can be ascribed to multiple 242 

mechanisms: (i) their hydrolysis increases the solution pH, creating unfavorable 243 

alkaline conditions; (ii) they act as scavengers of reactive peroxygen species [35, 36]; 244 

and they may form surface complexes that passivate active sites [33]. In contrast, Cl⁻ 245 

and SO4
2⁻ exhibited only minor effects, with CBZ removal remaining comparable to 246 

the anion-free control. This marked contrast highlights the critical role of carbonate 247 

species in determining the system’s applicability in complex water matrices. To gauge 248 

its practical potential, the system underwent evaluation using SMX, SDZ, and TC, 249 

common antibiotic pollutants exhibiting diverse molecular structures. As shown in 250 

Figure S3, over 90% removal of each compound was achieved within 60 min, 251 

demonstrating the strong effectiveness and broad applicability of the 252 

0.5Co-FeOCl/PAA system for degrading diverse organic pollutants in water treatment. 253 

XRD patterns of fresh and used 0.5Co-FeOCl showed no detectable structural 254 

changes (Figure S4), attesting to the catalyst’s stability. 255 

3.4. Mechanisms for CBZ degradation in the 0.5Co-FeOCl/PAA system 256 

3.4.1 Identification of reactive species 257 

PAA-based AOPs can generate a diverse range of reactive species capable of 258 

degrading organic pollutants, including •OH, O2•
–, 1O2, and organic radicals such as 259 



acetylperoxy (CH3C(O)O•), peracetyl (CH3C(O)OO•), methylperoxy (CH3OO•), and 260 

methyl (CH3•) radicals [37]. To identify the dominant reactive species, quenching 261 

experiments were performed using several scavengers: MeOH for •OH and organic 262 

radicals; TBA as a selective •OH quencher (k = 3.8–7.6×108 M⁻1 s⁻1); 2,4-HD and 263 

Mn2+ for CH3C(O)O• and CH3C(O)OO•, respectively; BQ for O2•
– (k = 2.9×109 M–1s–264 

1); FFA for both •OH (k = 1.5×1010 M–1s–1) and 1O2 (k = 1.2×108 M⁻1 s⁻1); and PMSO 265 

for high-valent metal–oxo species. As shown in Figure 4a, the addition of MeOH (50 266 

mM) caused the most striking inhibition (5.6% CBZ removal). TBA (50 mM) reduced 267 

the removal to 71.3%, implicating the contribution of both •OH and organic radicals, 268 

with the latter exerting a more dominant influence. BQ and FFA slashed efficiency to 269 

44.6% and 50.3%, respectively, confirming the participation of O2•
– and 1O2. 2,4-HD 270 

and Mn2+ markedly reduced the degradation to 22.3% and 19.1%, highlighting the 271 

crucial contribution of CH3C(O)O• and CH3C(O)OO•. Also, PMSO profoundly 272 

inhibited the degradation (15.5% removal), underscoring the role of high-valent 273 

metal–oxo species. 274 

Electron paramagnetic resonance (EPR) spectroscopy can provide direct 275 

evidence of radical generation. As shown in Figure 4b-c, characteristic signals of 276 

DMPO-ROO•, DMPO-•OH, and TEMP-1O2 adducts were detected, confirming the 277 

formation of ROO•, •OH, and 1O2 [38, 39]. To probe high-valent metal species, we 278 

employed PMSO, a substrate selectively oxidized to PMSO2 by high-valent metal-oxo 279 

species [32]. As shown in Figure 4d, 37.7% of PMSO was consumed over 60 min, 280 

with 44.8% of the consumed amount stoichiometrically converted to PMSO2 (1.69 281 



μM), providing compelling evidence for the involvement of high-valent Fe(IV)/Co(IV) 282 

species. 283 

In summary, CBZ degradation in the 0.5Co-FeOCl/PAA system was driven by 284 

multiple reactive species, with organic radicals (CH3C(O)OO•/CH3C(O)O•) and 285 

high-valent Fe(IV)/Co(IV) playing major roles. 286 

3.4.2 XPS analysis of 0.5Co-FeOCl before and after reaction 287 

XPS analysis probed the evolution of chemical states in 0.5Co-FeOCl during the 288 

catalytic reaction (Figure 5). The Fe–Cl peak in the Cl 2p spectra remained observable 289 

in the used catalyst, confirming structural stability (Figure 5a) [40]. In the O 1s 290 

spectra (Figure 5b), three distinct components were identified: lattice oxygen (OL, 291 

530.5 eV), surface hydroxyl groups (OA, 531.9 eV), and physically adsorbed H2O (OH, 292 

532.3 eV). After reaction, the OL content surged from 14.2% to 39.4%, while OA 293 

plummeted from 59.9% to 9.9%, and OH increased from 25.9% to 50.7%. This 294 

transformation indicates direct involvement of surface hydroxyl groups in the 295 

catalytic process. Deconvolution of the Fe 2p3/2 region (Figure 5c) revealed Fe(II) 296 

(711.1 eV) and Fe(III) (712.6 eV) [40, 41], with relative contents of 36.19% and 297 

63.81%, respectively [42]. After catalytic, the peaks shifted to lower binding energies 298 

(711.3 eV and 724.9 eV, respectively), and the Fe(II) content increased to 70.71% in 299 

the Fe 2p3/2 region, strongly supporting the involvement of iron redox cycling [43]. 300 

The Co 2p spectrum (Figure 5d) exhibited an atypical line shape, attributable to low 301 

cobalt loading and an elevated background signal [44, 45]. 302 

3.4.3 DFT calculations of PAA adsorption on various facets 303 



To further elucidate the role of doped Co atoms, DFT calculations were 304 

performed to investigate the adsorption of PAA on the dominant facets of FeOCl and 305 

0.5Co-FeOCl (see Text S2 for details). Based on XRD analysis, the (111), (110), and 306 

(021) facets were identified as the predominant facets for both materials. The 307 

optimized adsorption configurations of PAA on these facets of FeOCl and 308 

0.5Co-FeOCl are shown in Figure 5e and f, respectively. In all cases, the Fe and Co 309 

metal sites act as the primary adsorption centers for PAA. The calculated adsorption 310 

energies (Ead) of PAA on the (111), (110), and (021) facets of FeOCl are –2.93, –8.21, 311 

and –2.26 eV, respectively. For 0.5Co-FeOCl, the corresponding Ead values are –3.78, 312 

–8.66, and –3.06 eV. The (110) facet exhibits notably stronger adsorption, which can 313 

be attributed to its higher density of exposed metal sites. Importantly, across all three 314 

facets, Co sites show higher affinity for PAA adsorption compared to Fe sites, 315 

highlighting the crucial role of Co in promoting PAA activation. Differential charge 316 

density analysis further reveals that the amount of charge transfer follows the same 317 

trend as the adsorption energy. The (110) facet demonstrates the largest charge 318 

transfer, with values of 0.70 e- for FeOCl and 0.72 e- for 0.5Co-FeOCl. Moreover, 319 

charge transfer from Co sites to PAA consistently exceeds that from Fe sites. These 320 

results strongly corroborate the significant contribution of Co doping to PAA 321 

activation at the atomic level. 322 

3.4.4 Proposed degradation pathways of CBZ 323 

The degradation pathway of CBZ in the 0.5Co-FeOCl/PAA system was 324 

investigated by identifying thirteen intermediates via liquid chromatography–mass 325 



spectrometry (LC–MS) (Table S2). As shown in Figure 6, three primary degradation 326 

routes are proposed, initiated by reactive species (primarily organic radicals, Fe(IV),  327 

and Co(VI)). In Pathway I, the central C=C double bond of CBZ undergoes 328 

hydroxylation, forming P1 (m/z 253). This intermediate is further oxidized, leading to 329 

dihydroxylated (e.g., P2, m/z 271) or ketone derivatives (e.g., P3, m/z 269) via 330 

subsequent attacks on the azepine ring. Pathway II involves more extensive structural 331 

destruction, culminating in azepine ring opening. CBZ or its hydroxylated derivatives 332 

(e.g., P1) undergo ring rearrangement and contraction, often accompanied by 333 

decarboxylation (–CO2) or loss of the –CONH2 group, to yield the six-membered ring 334 

intermediate P6 (m/z 210). Subsequent oxidative cleavage of this contracted ring 335 

generates smaller fragments such as P7 (m/z 180) and P8 (m/z 251). Ultimately, the 336 

cleavage products are subjected to further radical attacks, breaking C–N and C–C 337 

bonds and yielding a series of low-molecular-weight carboxylic acids. This is 338 

evidenced by the detection of P9 (m/z 198) and P4 (m/z 224) from partial cleavage; 339 

P10 (m/z 139) and P11 (m/z 123) from further fragmentation; and finally, P12 (m/z 340 

111) and P13 (m/z 99), which represent the ultimate products before mineralization 341 

(e.g., succinic, oxaloacetic, or oxalic acid derivatives). These small acids can 342 

ultimately be mineralized to CO2 and H2O [46-48]. 343 

3.4.5 Proposed mechanisms for CBZ degradation in the 0.5Co-FeOCl/PAA system 344 

A proposed catalytic mechanism for CBZ degradation in the 0.5Co-FeOCl/PAA 345 

system is illustrated in Figure 7. The process is driven by the redox cycling of 346 

Fe(II)/Fe(III) and Co(II)/Co(III), which facilitates the generation of radicals species 347 



and high-valent Fe(IV) and Co(IV) species. Initially, surface Fe(II) and Co(II) sites on 348 

the catalyst coordinate with adsorbed PAA, forming Fe(II)–PAA and Co(II)–PAA 349 

complexes. These complexes undergo intramolecular electron transfer, decomposing 350 

to produce Fe(III) and Co(III) alongside the CH3C(O)O• radicals. The resulting Fe(III) 351 

and Co(III) can subsequently complex with another PAA molecule (forming Fe(III)–352 

PAA and Co(III)–PAA) and be reduced back to Fe(II) and Co(II), thereby generating 353 

CH3C(O)OO•. Alternatively, the Fe(II)–PAA and Co(II)–PAA complexes may proceed 354 

via a two-electron transfer pathway, directly yielding highly oxidizing Fe(IV) and 355 

Co(IV) species. 356 

4. Conclusions 357 

In this study, a Co-doped FeOCl catalyst was successfully synthesized and 358 

employed to activate PAA for the efficient degradation of CBZ. Co doping 359 

significantly enhanced the catalytic activity of FeOCl. The optimized 360 

0.5Co-FeOCl/PAA system achieved excellent CBZ removal, substantially 361 

outperforming pure FeOCl and other transition-metal-doped FeOCl catalysts, 362 

highlighting the unique synergy between Co and Fe. Notably, 0.5Co-FeOCl exhibited 363 

a favorable balance between high catalytic activity and low metal leaching, suggesting 364 

its potential for practical application. Mechanistic investigations revealed that the 365 

system operated through a unique combination of organic radicals 366 

(CH3C(O)OO•/CH3C(O)O•) and high-valent Fe(IV)/Co(IV) species. The introduction 367 

of Co efficiently promoted the regeneration of Fe(II) from Fe(III), establishing a 368 

synergistic catalytic cycle that enhanced PAA activation. DFT calculations further 369 



indicated that Co sites possess superior PAA adsorption capacity over Fe sites on three 370 

dominant (111), (110) and (021) facets. Based on intermediates analysis, possible 371 

degradation pathways involving hydroxylation, ring contraction, and bond cleavage 372 

were proposed. This work not only presents 0.5Co-FeOCl as a highly effective 373 

catalyst for PAA-based AOPs, but also offers fundamental insight into the synergistic 374 

mechanisms in bimetallic/PAA systems, thereby supporting their future application 375 

for eliminating persistent organic pollutants from water. 376 
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Figure 1. (a) CBZ removal by different metal-doped FeOCl (Co, Ni, Mn, Cu, Zn) in the presence of 

PAA; (b) CBZ removal by different systems; (c) the influence of Co doping level on the catalytic 

activity of Co-FeOCl and (d) corresponding Fe and Co ions leaching from different xCo-FeOCl. 

Reaction condition: [CBZ] = 10 μM, [Catalyst] = 0.1 g/L, [PAA] = 0.6 mM, and without solution pH 

adjustment. 
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Figure 2. SEM images of (a) pristine FeOCl and (b) 0.5Co-FeOCl; (c) TEM image of 0.5Co-FeOCl; 

(d) EDS elemental mapping images of Co, Cl, Fe, and O in 0.5Co-FeOCl; (e) XRD patterns and (f) 

FTIR spectra of FeOCl and 0.5Co-FeOCl; XPS spectra of (g) Cl 2p and (h) Fe 2p in 0.5Co-FeOCl. 
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Figure 3. Effects of (a) 0.5Co-FeOCl dosage, (b) PAA concentration, (c) initial solution pH, and (d) 

common coexisting anions on CBZ removal in the 0.5Co-FeOCl/PAA system. Reaction conditions: 

unless otherwise noted, [CBZ] = 10 μM, [Catalyst] = 0.1 g/L, [PAA] = 0.6 mM, and without solution 

pH adjustment. 
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Figure 4. (a) The quenching tests using MeOH and TBA as scavengers ([CBZ] = 10 μM, [Catalyst] = 

0.1 g/L, [PAA] = 0.6 mM, without pH adjustment, [MeOH] = 50 mM, [BQ] = 20 mM, [TBA] = 50 

mM, [FFA] = 5 mM, [Mn2+] = 10 mM, [PMSO] = 10 μM, and [2,4-HD] = 5 mM); EPR spectra of (b) 

DMPO-ROO•, (c) DMPO-•OH and TEMP-1O2 adducts; (d) PMSO consumption and PMSO2 

formation in the 0.5Co-FeOCl/PAA system. 
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Figure 5. High-resolution XPS spectra of (a) Cl 2p, (b) O 1s, (c) Fe 2p, and (d) Co 2p in 

0.5Co-FeOCl before and after the catalytic reaction. Optimized adsorption conformations and charge 

density difference of PAA on the (111), (110) and (021) facets of (e) FeOCl (f) and Co-FeOCl. Red 

and blue contours represent electron deletion and accumulation, respectively. 
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Figure 6. The possible degradation pathway of CBZ in the 0.5Co-FeOCl/PAA system. 



 

Figure 7. The proposed organic radicals and high-valent metals dominated mechanisms for CBZ 

degradation in the Co-FeOCl/PAA system. 
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