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Abstract 

4-chloroaniline (4CA) is a carcinogen in animals and a possible carcinogen in humans. It is widely used as a 

feedstock in various industrial processes, leading to environmental contamination and potential risks to drinking 

water sources. This study evaluates the Electro-peroxone process (E-peroxone) for 4CA removal under various 

applied currents. The reduction of dissolved organic carbon (DOC) and ultraviolet UV absorbance at 254 nm 

(UV254) was analyzed to assess mineralization among the E-peroxone, ozonation, and electrolysis processes. 

The E-peroxone process (all applied currents) achieved 4CA removal within 5 min and partially reduced DOC. 

The E-peroxone process (640 mA) exhibited the highest 4CA removal rate constant (1.256 min–1). Among the 

three systems, both E-peroxone and ozonation showed comparable 4CA removal but E-peroxone achieved 

greater UV254 and DOC reduction indicating enhanced mineralization. 4-chloronitrobenzene was identified as 

a byproduct, suggesting that E-peroxone and ozone can convert 4CA to less toxic compounds. Overall, these 

findings demonstrate that E-peroxone is more effective than ozonation and electrolysis, offering a promising 

approach for 4CA removal and mineralization. Residual DOC after oxidation could be further treated using 

biological processes. 
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1 Introduction 

 

4-chloroaniline (4CA) is a chlorinated aromatic amine 

widely used as a chemical feedstock for the 

manufacture of various products, including dyes, 

plastics, pesticides, rubber, pharmaceuticals, and 

drugs. Also, 4CA has been identified as an 

intermediate degradation product of phenylurea, 

acylanilide herbicide, nitroaniline fungicide, and 

triclocarban [1], [2]. Due to its extensive use and 

persistence, 4CA has been frequently detected in 

aquatic environments, posing contamination risks to 

drinking water sources [3], [4]. 4CA has been reported 

as recalcitrant in the environment, with an estimated 

half-life of 0.3–3.0 days in river water and 30–300 

days in groundwater [5]. Furthermore, 4CA is 

classified as a carcinogen in animals and a possible 

carcinogen in humans [5]. Therefore, it is necessary to 

develop effective treatment technologies to ensure 

safe water quality. 

Advanced oxidation processes (AOPs) are 

promising techniques for removing recalcitrant 

organic compounds from water by generating highly 

reactive hydroxyl radical (OH). Previous works have 

demonstrated the successful removal of 4CA by 

various AOPs, such as persulfate activated with zero-

valent iron, ozonation, and TiO2 photo-degradation 

[3], [4], [6]. However, the need for specific conditions 

(low pH of ~4.0) and high catalyst doses, limits their 

practicality. Ozone-based processes, particularly 
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ozonation and the peroxone (O₃/H₂O₂) system, offer 

an alternative due to their strong oxidation potential 

and cost-effectiveness [7], [8]. Contaminant 

degradation occurs through two reactions: direct 

oxidation by O3 molecules (E0 = 2.07 V) and indirect 

oxidation by OH radicals (E0 = 2.80 V) [8].  While 

peroxone enhances mineralization by increasing •OH 

production, it faces operational challenges related to 

H₂O₂ storage and handling [8], [9]. The E-peroxone 

process involves converting dissolved O2 to H2O2 via 

cathodic O2 reduction, as shown in Equation (1). 

Concurrently, O3 molecules may react with H2O2 and 

produce reactive oxygen species (ROS) including OH 

and superoxide radicals (O2
-), as shown in Equation (2). 

Through these reactions, the process is feasible for 

efficient degradation and mineralization of recalcitrant 

organic compounds in water than the ozonation or 

electrolysis processes individually [9]–[11]. 

Furthermore, compared to the general peroxone 

method, the E-peroxone process enables continuous 

H2O2 generation, thus enhancing removal efficiency 

and mitigating the scavenging effect that can occur in 

the presence of excess H2O2 [9]. 

 

O2  2H+  2e-  H2O2                                      (1)

           

O3 + H2O2   OH + O2
- + H+ + O2                          (2) 

 

The applied current greatly influences electron 

transfer during cathodic oxygen reduction, thus 

affecting the generation of H2O2, which subsequently 

produces OH [10], [12], [13]. Increasing the applied 

current beyond an optimal point results in lower 

degradation performance due to the OH scavenging 

effect caused by the accumulation of excess H2O2 in 

the system [11]. The applied current varied 

specifically on the type of contaminants [11], [12], 

[14]. Although the E-peroxone process has the 

potential for 4CA degradation, no studies have 

specifically investigated the application of the E-

peroxone process for 4CA degradation and 

mineralization in water. The influence of applied 

current on degradation performance, intermediate 

product formation, and energy efficiency remains 

unexplored. 

This study aims to investigate the efficacy of the 

E-peroxone process for 4CA degradation and 

mineralization under different applied currents. 

Specifically, it examines 1) the degradation kinetics of 

4CA, 2) the extent of mineralization of 4CA by 

monitoring dissolved organic carbon (DOC) and UV 

absorbance at 254 nm (UV254), and 3) the formation 

of intermediate products to propose a potential 

degradation pathway. Additionally, a comparative 

assessment of 4CA removal using E-peroxone, 

electrolysis, and ozonation is conducted to evaluate 

their relative efficiency and energy consumption. By 

addressing these research gaps, this study provides 

valuable insights into optimizing water treatment 

technologies for the effective removal of 4CA and 

other recalcitrant contaminants. 

 

2 Material and Methods 

 

2.1 Chemicals 

 

4CA, 4-chloronitrobenzene (4CNB), and 

hydroquinone (HQ) were obtained from international 

and local companies, including Sigma-Aldrich 

(Singapore) and Thermo Fisher Scientific (Thailand) 

for experimental and chemical analysis. High-

performance liquid chromatography (HPLC)-grade 

acetonitrile (CH3CN; ACN) was obtained from RCI 

Labscan (Thailand).  

 

2.2 Reactor setup 

 

The reactor was assembled using a 1-L suction flask 

with carbon and platinum plates. To generate O3 and 

in situ H2O2, an O3 generator (OZ3070A, EBASE, 

Thailand) [14]. A magnetic stirrer was applied to mix 

the solution in the reactor. A detailed description of 

the reactor setup is provided in previous work [14]. 

 

2.3 Experimental procedures 

 

Three reactor systems (E-peroxone, ozonation, and 

electrolysis) were operated in batch mode. The 

reactors containing E-peroxone, ozonation, and 

electrolysis were defined as EP, OZ, and EL, 

respectively. All the experiments were conducted in 

triplicate. In each reactor, a concentrated 4CA solution 

(500 mg/L) was added to deionized (DI) water to 

obtain an initial 4CA concentration of 10 mg/L. This 

high 4CA concentration was used to observe the 

mineralization and intermediate products of 4CA. The 

temperature was controlled (252 C) by a water-

cooling bath. For the EP and OZ systems, the O2 gas 

was fed rate at a fixed rate of 0.5 L/min (equal to O3 

mass rate of 53 mg O3/min). Sodium sulfate (Na2SO4) 

at a concentration of 10 mM was used as an electrolyte 

in all reactors.  
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In the first experiment (EP), various applied 

current intensities (40, 80, 160, 320, and 640 mA) 

were used to continually produce in situ H2O2 

throughout the experiment. In the second experiment 

(a comparison of the systems), a selected current 

intensity was applied to the E-peroxone and 

electrolysis systems. For the EL reaction, an oxygen 

feed of 0.5 L/min was supplied and the O3 generator 

was turned off. The reaction was conducted for 60 min 

with samples collected at 0.0, 0.5, 1.0, 2.0, 3.0, 4.0, 

5.0, 15.0, 30.0, 45.0, and 60.0 min to analyze 4CA and 

its intermediate products (4CNB and HQ). The 

samples for DOC and UV254 measurement were 

collected every 15 min until the end of the reaction. 

The kinetic rate constant was calculated using the 

first-order kinetic model, as shown in Equation (3) 

 

ln (
C0

Ct
) = 𝑘𝑡             (3) 

 

where C0 and Ct are the initial concentration and the 

concentration at time t (mg/L), respectively. The k and 

t values represent the reaction rate constant (min–1) 

and the reaction time (min), respectively. To 

investigate the synergistic effect of E-peroxone, the 

enchantment factor index (EI) was calculated using 

Equation (4) [15]:  

 

EI =  (
kEP

kOZ+ kEL
)             (4) 

 

where kEP, kOZ, and kEL are the kinetic rate constants 

of the E-peroxone, ozonation, and electrolysis 

processes, respectively.  

 

2.4 Energy consumption calculation 

 

To evaluate the energy cost of the EP system in 

comparison to OZ, the electrical energy per order 

(EEO) was calculated using Equations (5)–(8). The 

EEO refers to the energy requirement (kWh unit) for 

removing the contaminant concentration by one order 

of magnitude (90% removal) of 1 m3 of contaminated 

water [16].   

 

EEO =  
Psystem×t×1000

V×60×log
C0
Ct

 
            (5) 

PEP = (C × Q × R) + (I × U)                     (6) 

 

POZ =  C × Q × R                   (7) 

 

PEL =  I × U                      (8) 

The parameters for EEO calculation were as 

follows: Psystem (the power used by the system, kW), C 

(inlet ozone gas phase concentration, 106 mg O3/L), Q 

(ozone gas flow rate, 0.5 L/min, R (average energy 

requirement of ozonation, 15 kWh/kg), t (reaction 

time at 90% removal, min, obtained from equation 3), 

I (applied current, A), U (cell voltage, 10 V), V 

(reaction volume, 1.0 L), and C0 and Ct, which 

represent the initial and 10% of initial contaminant 

concentrations, respectively. 

 

2.5 Analytical methods 

 

4CA and its intermediate products were detected via 

HPLC (LC2050, Shimadzu, Japan) [14]. Prior to 

analysis, the samples were filtered using a syringe 

filter (0.2 m) and stored in an amber vial at 4 C. An 

injection volume of 20 L was used for each sample. 

ACN and DI were used as the mobile phase with a 

ratio of 75:25 (v/v). The mobile phase flow rate was 

set at 1.0 L/min. The retention time was 7.5 min, with 

the peaks corresponding to 4CA, 4CNB, and HQ 

detected at 4.2, 5.8, and 3.1 min, respectively. The 

detection limits of 4CA, 4CNB, and HQ were 0.05, 

0.01, and 0.01 mg/L, respectively. 

The DOC concentration and UV254 were 

measured using a total organic carbon (TOC) analyzer 

(multi N/C, 2100S, Analytikjena, Germany) and a 

spectrophotometer (DR6000, HACH, USA) at a 

wavelength of 254 nm, respectively. All the samples 

were filtered using a 0.45-m nylon syringe filter 

before analyses.  

 

3 Results and Discussion 

 

3.1 Effect of applied currents on 4CA, DOC, and 

UV254 reduction by EP  

 

3.1.1  Degradation of 4CA 

 

The performance of EP is influenced by electrical 

currents. Applied currents of 40, 80, 160, 320, and 640 

mA were investigated. Figure 1 shows that the E-

peroxone process achieves complete removal of 4CA 

for all applied currents within 5 min. Increasing the 

applied current enhances 4CA degradation by 

accelerating the reaction, thereby reducing the 

reaction time. The kinetic rate constants are shown in 

Table 1, with the highest reaction kinetic rate recorded 

at an applied current of 640 mA. Theoretically, 

increasing the applied current induces more electron 
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transfer on the cathodic surface and, therefore, 

increases H2O2 production (Equation (1)), which in 

turn generates OH at sufficient O3 concentrations 

(Equation (2)) [17]. It is likely that OH plays a key 

role in the E-peroxone process as it is a highly reactive 

oxidant (2.8 V) and non-selective radical. In addition, 

high applied currents in the E-peroxone process could 

accelerate O3 decomposition to produce greater OH 

yields [15]. On the other hand, applying a lower 

current (<40 mA) might lower the removal efficiency 

and kinetic rate of 4CA. 

 

 

 

Table 1: First-order rate constants of 4CA degradation, UV254 reduction, and DOC reduction under E-

peroxone, electrolysis, and ozonation processes. 
Sample 4CA UV254 DOC 

k value (min-1) R2 k value (min–1) R2 k value (min–1) R2 

EP 40 mA 0.535 0.993 0.055 0.967 0.013 0.968 

EP 80 mA 1.152 0.985 0.065 0.944 0.017 0.952 
EP 160 mA 1.181 0.988 0.067 0.942 0.018 0.941 

EP 320 mA 0.989 0.969 0.058 0.954 0.020 0.935 

EP 640 mA 1.256 0.990 0.095 0.971 0.020 0.950 
EL 640 mA 0.022 0.835 0.001 0.892 0.001 0.967 

OZ 0.656 0.988 0.036 0.958 0.012 0.989 

 
Figure 1: Effect of applied currents on 4CA 

degradation using E-peroxone. Reaction conditions: 

O3 = 53 mg O3/min, Na2SO4 = 10 mM, and 

temperature = 252 C. 

 

The rate constant doubled when the applied 

current increased from 40 mA to 80 mA. When the 

applied currents were higher than 80 mA, only a small 

difference in 4CA degradation was observed. The 

kinetic values did not significantly change (p  0.05). 

This observation may be explained by dissolved O3 

being limited by O3 mass transfer from the gas phase 

to the liquid phase, resulting in insufficient O3 to react 

with H2O2 to produce further OH. Similarly, excess 

H2O2 may accumulate in the system and act as an OH 

scavenger [17]. Furthermore, increasing the applied 

current could produce more hydrogen bubbles on the 

cathode surface, thereby decreasing the active sites 

available for H2O2 and OH production [11].  

 For these reasons, increasing the applied current 

beyond a certain may not provide additional benefits 

to the E-peroxone process. Similar trends in 

venlafaxine degradation were reported by Li et al., 

[18], who suggested that increasing the applied current 

may limit OH generation. The work of Kashani et. al.,  

[19] also reported that strong applied currents may 

form weak radicals by H2O2 oxidation on the anode 

surface, resulting in lower oxidation potential by 

strong radicals. It was noted that the optimum applied 

current was lower than other compounds [9],[20]. 

Comparing with previous work, E-peroxone was more 

efficient than Mn(VII)–H2O2 oxidation process which 

took 60 min for complete 4CA removal [21]. This 

result suggests the practical use of E-peroxone for 

removing 4CA in contaminated water. 

 

3.1.2  Reduction of UV254 and DOC  

 

Although 4CA was rapidly degraded within 5 min, it 

is necessary to evaluate the transformation of the 

contaminant to carbon dioxide. To investigate the 

aromatic structure reduction and mineralization of 

4CA under different applied currents, the UV254 and 

DOC were measured. As shown in Figure 2(A), the 

UV254 was fully reduced under all applied currents, 

with a rapid decrease in UV254 recorded in the first 

15 min and the highest rate at 640 mA (Table 1). This 

reduction of UV254 demonstrates that E-peroxone 

process can effectively degrade the aromaticity of 

compounds (i.e., 4CA and other aromatic byproducts). 

The DOC concentration decreased rapidly during the 

first 30 min and decreased slightly thereafter (Figure 2(B)). 
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At the end of the reaction (60 min), the DOC removal 

percentages were 38.59%, 39.26%, 40.50%, 45.84%, 

and 45.82%, for currents of 40, 80, 160, 320, and 640 

mA, respectively. The DOC monitoring indicated that 

4CA mineralization increased slightly as the applied 

current was increased from 40 mA to 320 mA; 

however, a further current increase to 640 mA did not 

improve DOC removal and kinetic rate (Table 1). A 

similar trend was observed by Wang et al., [22] who 

reported substantial TOC mineralization of oxalic acid 

as the current increased from 100 mA to 400 mA, after 

which the mineralization degree reached a plateau as 

a result of O3 mass transfer limitation. Additionally, 

the oxidation of H2O2 at the anode (the reverse of 

Equation (1)) under high current intensities can lead to 

a decrease in OH formation, resulting in decreased 

mineralization [22], [23]. 

 

 
Figure 2: Effect of applied currents on UV254 (A) and 

DOC (B) reduction using EP. Reaction conditions: 

UV2540 0.27 cm1, DOC0 6.70 mg/L, O3 = 53 mg 

O3/min, Na2SO4 =10 mM, and temperature = 252 C. 

 

Furthermore, the pH of the reactions dropped 

from an initial value of 6 to around 3–4 in all the 

experiments in this study. Acid by-products (e.g., 

carboxylic acid) of aromatic organic compound 

degradation may have formed in the system [15]. 

Previous works have reported the oxidation of 4CA to 

benzoquinone via OH, with further transformation to 

acid by-products, thus decreasing the system’s pH [6], 

[12]. The findings from the present study suggest that 

even though 4CA was completely degraded within the 

first 5 min by E-peroxone process. However, 

mineralization was not completed (based on DOC 

values). Typically, AOPs can oxidize the organic 

compounds to smaller molecules which become more 

readily biodegradable after a certain time [15], [17], 

[24]. Thus, prolonged reaction times and/or the use of 

biological treatment systems (such as a biofilter) 

might be considered to further remove DOC. 

 

3.2 Comparison of EP, OZ, and EL systems in 

terms of 4CA, DOC, and UV254 reduction 

 

The E-peroxone process combines both ozonation and 

electrolysis. To evaluate the synergistic effect of E-

peroxone process for 4CA degradation, DOC removal, 

and UV254 reduction, the EP, OZ, and EL 

experiments were performed. An applied current of 

640 mA was selected for electrolysis as this value 

provided the highest kinetic rate constants (Table 1). 

In EL, an oxygen gas feed was supplied with the same 

flow rate as that used in EP and OZ reactions. Figure 3 

shows that 4CA was completely degraded by OZ and 

EP at a current of 640 mA within the first 5 min. In 

contrast, the EL process was able to only partially 

remove 4CA, with an efficiency of only 21.88% at the 

end of the experiment. The removal kinetic rate 

constants are shown in Table 1. These results confirm 

that OZ and EP performed at 640 mA have a high 

potential for 4CA degradation. 

 

 
Figure 3: Degradation of 4CA by EP, OZ, and EL 

systems. Reaction conditions: O3 = 53 mg O3/min (no 

O3 supplement in EL), Na2SO4 =10 mM, and 

temperature = 252 C. 
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  The EI value was calculated as 1.85, which is 

more than 1, thus indicating that EP achieved a 

synergistic effect by combining the ozonation and 

electrolysis processes. EP has significant potential to 

accelerate the reaction and achieve complete removal 

of 4CA because this process can generate more ROS 

than ozone or electrolysis alone by using in situ H2O2 

production. 

To investigate the potential of the EP 640 mA, 

OZ, and EL processes for 4CA mineralization, UV254 

and DOC concentrations were monitored. As shown 

in Figure 4(A), the UV254 values decreased 

continuously, with complete removal achieved under 

EP 640 mA and OZ. Even though both EP 640 mA 

and OZ completely reduced UV254, a faster reduction 

was observed in the EP 640 mA process. In contrast, 

the UV254 value was only slightly decreased by EL, 

thus suggesting that the EL reaction is incapable of 

breaking aromatic rings. In terms of 4CA 

mineralization, EL and OZ only partially removed 

DOC, with removals of 6.33% and 31.14%, 

respectively. When the E-peroxone process was 

applied, the DOC removal increased to 45.82%.  

Although 4CA is highly reactive with O3 (k = 

1.04 × 107 M–1s–1) and can be readily degraded by 

ozone alone, the second order rate constant of 4CA 

with OH is 1.4 × 1010 M–1s–1, which is approximately 

1340 times that of 4CA with O3 [25]. This result 

suggests that OH formation is likely to enhance 4CA 

mineralization in the E-peroxone process.  

In addition, Figure 4 shows that DOC reduction 

in the OZ process was slower than that in EP. During 

the initial stage of ozonation (15 min), OH was 

formed via the decomposition of O3 by OH- (Equation 

(9)), rapidly achieving mineralization. As time passed, 

acid by-products were accumulated in the system due 

to oxidation of organic contaminants [11]. This 

decreased the pH, resulting in inhibited O3 

decomposition by OH-.  

 

2O3  OH-  OH + O2
- + 2O2                                (9) 

 

A similar finding was also reported in a previous 

study, where electrolysis and ozonation were 

insufficient for amoxicillin mineralization, achieving 

rates of only 3.1% and 47.3%, [9], whereas the E-

peroxone process could mineralize up to 67.8% of 

TOC. To ensure higher mineralization performance, 

the pH should be monitored and adjusted during the E-

peroxone process. 

 

 
Figure 4: Reduction of UV254 (A) and DOC (B) by 

EP, OZ, and EL systems. Reaction conditions: O3 = 53 

mg O3/min (no O3 supplement in EL), Na2SO4 = 10 

mM, and temperature = 252 C. 

   

3.3 Identification of degradation intermediate 

production and potential pathway 

 

During 4CA degradation via the E-peroxone process 

with different applied currents and the EP, OZ, and EL 

reactions, the intermediate products were identified 

(Figure 5). 4CNB was detected at low concentrations 

in the EP systems with different applied currents. 

4CNB was formed within the first 30 s and 

continuously increased to a reaction time of 2 to 3 min. 

Then, 4CNB gradually decreased and disappeared 

after a reaction time of 15 min. Notably, 4CNB 

formation was slower in the process with a current of 

40 mA than in the other systems with higher applied 

currents (Figure 5(A)). Figure 5(B) shows that 4CNB 

was detected and generated with the same trends in the 

OZ and EP processes; however, 4CNB was formed 

and degraded at slower rates in OZ compared to EP. 

This observation relates to 4CA degradation kinetics, 
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with slower degradation resulting in slower 

intermediate formation. As anticipated, 4CNB was not 

formed in EL, likely as a result of the lowest 4CA 

degradation in this process.  

 

 
Figure 5: Monitoring of intermediate products in EP, 

OZ, and EL systems. Reaction conditions: O3 = 53 mg 

O3/min (no O3 supplement in EL), Na2SO4 = 10 mM, 

and temperature = 252 C. 

 

The 4CA degradation pathway (Figure 6) and the 

role of radicals in 4CA degradation were proposed. 

The detected intermediate product, 4CNB, is less 

reactive with ozone than it is with OH (kO3 = 1.6 

L/mol-s, kOH = 2.6  109 L/mol-s) [26]. The OH 

radical is known to be highly reactive with the benzene 

ring of the 4CA structure, thus resulting in the rapid 

transformation of 4CA to intermediate products [3], 

[6]. Additionally, 4CA may be attacked by OH via 

hydrogen abstraction (Figure 6). It is then dimerized 

with the same molecule and stabilized to become 

dichloroazobenzene. Then, dichloroazobenzene is 

further oxidized to 4CNB. In addition, 4CNB can be 

further oxidized to hydroquinone, benzoquinone, and 

organic acids and mineralized to CO2. 
  

 

Figure 6: Potential 4CA degradation pathway from 

EP and OZ systems. 
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Based on the potential 4CA degradation 

pathway, the detected intermediate product, 4CNB, is 

less toxic than 4CA [27]. Furthermore, the E-peroxone 

and OZ processes can degrade 4CNB, thus indicating 

successful detoxification of 4CA-contaminated water. 

In future research, detoxification performance and the 

full 4CA degradation pathway as well as mechanism 

should be further studied.  

 

3.4 Comparison of energy consumption by the E-

peroxone, OZ, and EL systems 

 

To investigate the energy consumption under different 

applied currents and processes, the EEO was 

calculated (Figure 7). For the E-peroxone process, a 

low applied current (40 mA) consumed more energy 

because this current corresponded to a low reaction 

kinetic rate constant in 4CA degradation (Table 1), 

thus requiring a longer time for water treatment. The 

E-peroxone process with applied currents ranging 

from 80 mA to 640 mA achieved lower EEO values 

than those of OZ and EL. The minimum EEO was 

achieved in the E-peroxone process operating under an 

applied current of 160 mA, which also consumed 

42.62% and 85.42% less energy relative to the OZ and 

EL processes, respectively. The results of this study 

are consistent with previous works, which have 

reported lower energy usage in the E-peroxone 

process for several contaminants [12]. Also, the 

energy consumption by E-peroxone for 4CA was in 

the same range as other contaminants [12], [14]. This 

work confirmed that the E-peroxone process not only 

enhances the reaction kinetics and efficiencies but can 

also decrease the system energy usage. 

 

 
Figure 7: Comparison of electrical energy per order 

(EEO) for E-peroxone, ozonation, and electrolysis 

reactions. 

4 Conclusions 

 

In this study, the E-peroxone process was successfully 

applied to treat 4CA in contaminated water. The 

results demonstrate that E-peroxone removed 4CA 

and reduced UV254 under various applied currents. 

The highest kinetic rate constant (1.256 min–1) of 4CA 

mineralization (45.82%,) was achieved at an applied 

current of 640 mA. While both E-peroxone and 

ozonation completely degraded 4CA and reduced 

UV254, the E-peroxone process has lower energy 

consumption. 4CNB as an intermediate product was 

temporarily detected in the E-peroxone and ozonation 

systems suggesting the transformation of 4CA to less 

toxic or non-toxic compounds. A synergistic effect of 

E-peroxone over ozonation and electrolysis was 

observed; however, complete mineralization of DOC 

was not achieved. Future studies should explore 

prolonged reaction times and fundamental 

investigations (e.g., the mechanisms of radicals) are 

recommended to observe complete mineralization and 

more comprehensively understand the 4CA removal 

mechanism. Additionally, further research on the 

integration of biological treatment following the E-

peroxone process is recommended.  
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