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Abstract 

Advanced oxidation processes (AOPs) have received a lot of attention over the years as advanced physico-

chemical polishing wastewater treatments to remove biorefractory pollutants. Additionally, many studies report 

their excellent degradation and mineralization performance as stand-alone technologies too, demonstrating the 

versatility of these processes; however, there is a lack of suitable methods to compare the performance (in terms 

of removal efficiency and operating costs) of different AOPs in the same conditions. In this context, the goal of 

this paper is to propose a systematic investigation by introducing a novel criterion, namely the accumulated 

oxygen-equivalent chemical-oxidation dose (AOCD), to systematically compare the diverse AOPs available: 

ozonation, H2O2 photolysis, Fenton, photo-Fenton, electro-Fenton and photoelectro-Fenton (paired with anodic 

oxidation, for the latter two). For each of these, the cost efficiency was determined by optimizing the operating 

conditions for the removal of phenol, selected as a model pollutant (1.4 mM, equivalent to 100 mg-C L-1). The 

operating costs considered sludge management, chemical use and electricity consumption. Among all AOPs, 

electro-Fenton was the most cost-effective (108 – 125 € m-3), notwithstanding the mineralization target (50%, 75% 

and 99%), owing to its electrocatalytic behavior. Chemical Fenton proved competitive too up to 50% of 

mineralization, meaning that it could also be considered as a cost-effective pre-treatment solution. AOCD was the 

lowest for electro-Fenton, which could be attributed to its excellent faradaic yield, while UV-based processes 

generally required the highest dose. The AOCD criterion could serve as a baseline for AOP comparison and prove 

useful for the legislator to determine the “best available techniques” as defined by the Industrial Emissions 

European Union Directive 2010/75/EU. 

Keywords: electro-Fenton, Fenton, H2O2 photolysis, ozonation, photo-Fenton, photoelectro-Fenton 
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1. Introduction  

Many industrial processes generate waste streams contaminated with a variety of organic pollutants, from phenolic 

compounds to fertilizers and pesticides, that constitute an environmental and public health threat if left untreated 

(Rodríguez, 2003). Municipal wastewater treatment plants (WWTPs) also release various potentially-toxic 

micropollutants, such as pharmaceuticals and personal care products, because they are not designed to deal with 

these biorecalcitrant chemicals (Ghatak, 2013). Though conventional biological treatments are cheaper than 

physico-chemical technologies, they are not able to completely eliminate these persistent pollutants. Therefore, 

other processes such as membrane filtration, activated carbon adsorption, ozonation (circum-neutral pH) and 

advanced oxidation processes (AOPs) have been proposed as complementary step in WWTPs to address the 

challenge of municipal wastewater reuse as mentioned in a recent review (Rizzo et al., 2020). This paper highlights 

the lack of cost comparison studies between these technologies. Still, the high removal efficiencies (>80-100%) 

of xenobiotics compounds obtained with AOPs has been emphasized in the comparative work (Rizzo et al., 2020), 

which explains the increasing deployment of AOPs as advanced physico-chemical treatments (Oturan and Aaron, 

2014). Their combination with a biological treatment to remove the biodegradable fraction is particularly 

encouraged when possible, to decrease the global cost of the treatment (Mousset et al., 2018c; Mousset et al., 2021; 

Oller et al., 2011; Olvera-Vargas et al., 2016; Rizzo et al., 2020). For all AOPs, the main oxidant - produced in 

mild conditions (Buxton et al., 1988) - is the hydroxyl radical (•OH), the strongest oxidizing agent (Eo (•OH/H2O) 

= 2.80 V / standard hydrogen electrode (SHE)) after fluorine (E0 (F2/F-) = 3.03 V/SHE), but less hazardous 

(Pignatello et al., 1999). •OH radicals are extremely reactive species that attack most organic molecules with rate 

constants in the range of 108 – 1010 L mol-1 s-1 towards double carbon bonds, such as aromatic compounds, which 

constitute the bulk of industrial organic pollutants (Brillas et al., 2009; Castillo-Carvajal et al., 2014; Saien and 

Shahrezaei, 2012). •OH modes of attack include electrophilic addition, hydrogen abstraction, electron transfer and 

the recently-identified ipso-substitution mechanism (Mousset et al., 2018a). 

AOPs include pure chemical technologies, i.e., Fenton (Fe2+/H2O2), as well as ozone-based technologies (O3 at 

alkaline pH, peroxonation (O3/H2O2)) and photochemical processes such as photo-Fenton (UV/Fe2+/H2O2) and 

H2O2 photolysis (UV/H2O2) (Stefan, 2017). In addition to conventional AOPs, electrochemical AOPs (EAOPs) 
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continuously generate •OH in situ through different modes of action depending upon the electrode materials 

(Garcia-Rodriguez et al., 2020; Moreira et al., 2017). For example, in anodic oxidation, heterogeneous •OH radicals 

are generated at the surface of a high O2 evolution overvoltage anode (Martínez-Huitle et al., 2015). Meanwhile, 

electro-Fenton and photoelectro-Fenton involve homogeneous •OH produced in the bulk solution through the 

electro-generation of H2O2, generally at a carbon-based cathode and in the presence of Fe2+ ions in solution 

(Mousset et al., 2016c; Panizza and Cerisola, 2009; Sirés et al., 2014). EAOPs offer the benefits to operate with 

minimal addition of chemicals; yet, there is a lack of systematic studies comparing the costs of various AOPs 

under the same conditions and for the same application (Huddersman et al., 2019; Miklos et al., 2018). Furthermore, 

there is an urgent need to bring comparative data and tools for determining the “best available techniques”, as 

defined by the European Union (Industrial Emissions European Union Directive 2010/75/EU) for the legislator 

approval and/or for determining standard legal processes to be applied in real conditions (Rizzo et al., 2020). 

Several papers have attempted to provide a cost comparison of the various AOPs available, a list of which is given 

as Table S1. One of the most common criteria currently used is the electric energy per order (Bolton et al., 2001; 

Sgroi et al., 2021; Yao et al., 2018) that takes into account the electric power (including current intensity and cell 

potential for electrochemical processes, as well as lamp power for photo-processes), the removal efficiency (with 

ratio of final over initial concentrations, and/or apparent rate constant) and the flow rate. However, this criterion 

does not take into account reactor design parameters. Another commonly-used parameter is the space-time yield 

with the advantage to consider the residence time, removal efficiency (including apparent rate constant) and the 

ideal reactor design such as continuously stirred tank reactor (CSTR) and plug-flow reactor (PFR) (Leblebici et 

al., 2015). This factor can further be normalized with the power (lamp power for photo-processes) in order to take 

into account the energy consumption, in which case it is referred to as photocatalytic space-time yield (Leblebici 

et al., 2015). Though interesting insights are given to compare 14 photo-reactors, this factor could be improved 

further in order to extend the comparison to a more diverse set of AOPs (including electrochemical AOPs, 

ozonation, Fenton, etc), by taking into account for example the active surface area, the faradaic or quantum yields, 

the size and distance of the lamp. Moreover, the chemicals costs should be included alongside energy requirement 

(kWh m-3) for a more comprehensive overview of the operating costs (Goi and Trapido, 2002; Prieto-Rodríguez 
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et al., 2013), while specific energy (kWh m-3 g-TOC-1) that includes removal efficiency was considered instead in 

another work (Lucas et al., 2010). One of the most comprehensive works available in the literature consists of a 

comparison between advanced electro-oxidation with boron-doped diamond anode (BDD), ozonation and 

chemical Fenton, including the Fenton sludge management costs (Cañizares et al., 2009). The same paper also 

introduced the oxygen-equivalent chemical-oxidation capacity (OCC) parameter to enable a suitable comparison 

of these very distinct AOPs (Cañizares et al., 2009). The OCC includes the O3 and H2O2 concentrations, the specific 

charge and the cell potential, but photo-processes were not taken into account and some relevant engineering 

parameters were not considered (e.g. residence time, active surface area, faradaic or quantum yields, size and 

distance of the lamp). It is further noticeable that there exists no comprehensive cost comparison of photo-based, 

Fenton-based, electrochemical-based and ozone-based AOPs in a single study. 

In this context, the objective of this study is to propose a unique and comprehensive comparison at the laboratory 

scale of AOPs in their broad diversity: ozonation, H2O2 photolysis, Fenton, photo-Fenton, electro-Fenton and 

photoelectro-Fenton (the latter too being paired with anodic oxidation). The introduction of a new criterion was 

proposed – the accumulated oxygen-equivalent chemical-oxidation dose (AOCD) – to facilitate AOP comparison, 

which could be used in future studies and for legislative and policy purposes. AOCD includes important missing 

parameters from previous studies (i.e., residence time, current density, irradiance, active surface of the electrodes 

and lamp, distance of the lamp, faradaic and quantum yields, number of electrons exchanged, wavelength). The 

operating costs associated with chemical and energy use, as well as sludge management (whenever required) have 

been calculated after optimization of each processes comprising mineralization kinetics and costs. The overall 

operating costs were then compared to one another in the optimal conditions for each AOP and for three 

mineralization targets, 50% and 75% for pre-treatment and 99% for complete treatment. For the purpose of 

benchmarking processes against one another and also against the literature, phenol was selected as a model organic 

pollutant, being widely studied in AOP research (Azevedo et al., 2009; Bremner et al., 2006; Brillas and Garcia-

Segura, 2020; Maciel et al., 2004; Mousset et al., 2016a; Mousset et al., 2017a; Pimentel et al., 2008; Wang et al., 

2005). Additionally, phenols are environmentally relevant, due to their wide use in many industrial processes, as 

intermediates in synthesis or as raw materials for the manufacturing of insecticides, pesticides, wood preservatives, 
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etc. (Rahmani et al., 2008; Rodríguez, 2003). Because of the many ways that phenols can be used, they can be 

found not only in industrial wastewaters but also in soil, groundwater and surface water, following improper waste 

disposal practices and accidental leakages (Benitez et al., 1999).  

 

 

2. Materials and methods  

2.1. Chemicals 

All chemicals employed in this study were of analytical grade. All solutions were prepared with ultrapure water 

supplied from RiOs™ Essential Water Purification System (Millipore, Singapore) with electrical resistivity of 

18.2 MΩ cm and total organic carbon (TOC) of 4 ppb. For comparison purposes, the same stock phenol solution 

was used for every experiment at a concentration of 1.4 mM (initial TOC: TOC0 = 100 mg-C L-1), which falls 

within the common range of phenol concentrations found in various industrial wastewater streams (Girish and 

Murty, 2014). 

2.2. Experimental Setups 

Figure S1a shows the experimental setup of the ozonation reactor, similar to that of a previous study (Lefebvre et 

al., 2013). An Ozonoia Triogen laboratory ozone generator (Suez Environment, France) was used to produce ozone 

at the desired concentration from oxygen gas fed to the generator at a rate of 3 L min-1. The ozone generator 

required 42, 63, 74, 84, 105 W to reach an ozone dose ([O3]) of 102, 204, 246, 300 and 360 mg (Lh)-1 respectively, 

according to the supplier instructions. The ozone generator was connected to a 500-mL glass flask containing the 

phenol stock solution and connected to a 500-mL gas-washing bottle to trap excess ozone. The ozone dose that 

reacted in the process was obtained by subtracting the residual dissolved ozone and the excess gaseous ozone from 

the actual ozone dose (Lefebvre et al., 2013). Figure S1b shows the schematic diagram of the Fenton reactor, 

involving a magnetic stirrer (300 rpm) and a 600 mL cylindrical glass reactor. Figure S1c shows the schematic 

diagram of the quartz photochemical reactor connected to a 600-mL feed tank through a peristaltic pump 

(Masterflex L/S economy variable-speed drive, USA). The reactor volume was 263 mL and the UV lamp (Heraeus 

Noblelight GmbH / TNN 12/20, Germany) irradiated at a wavelength () of 254 nm, the optimal wavelength for 
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attacking double C=C bonds present in a majority of biorecalcitrant organic pollutants (Stefan, 2017). The reactor 

was operated in recirculated batch mode at a flow rate of 0.4 L min-1. Homogeneous mixing was ensured by stirring 

at 300 rpm. The phenol solution was stirred in the feed tank and continuously recirculated in the photo-reactor. 

For UV and UV/H2O2 experiments, the pH was not adjusted (pH around 6), since the influence of pH is negligible 

for those processes (Stefan, 2017), whereas it was a criterion for photo-Fenton experiments. Figure S1d depicts 

the schematic diagram of the (photo)-electrochemical reactor, differing from the photo-reactor setup by a pair of 

electrodes placed in the feed tank. The anode was a BDD material (Condias, Germany) (40 cm2 of geometric 

surface area) and the cathode was a polyacrylonitrile carbon fiber shaped as a brush (SGL group, USA) (80 cm2 

of projected surface area) prepared according to our previous study (Mousset et al., 2017b). These electrodes were 

connected to a power supply (HAMEG 7042-5, Germany). For electro-Fenton, the UV lamp was turned off. 

Sufficient ionic strength was ensured by the addition of 50 mM of K2SO4. An air diffuser was added to provide 

the oxygen for the electro-catalytic production of H2O2 from O2 reduction at the cathode. 

2.3. Analytical procedures 

The solution pH was measured with a Horiba F-54BW (Japan) pH meter. The actual ozone output from the ozone 

generator was determined using the potassium iodide (KI) wet-chemistry method (Rakness et al., 1996). The 

residual ozone in solution was determined by the indigo colorimetric method (Lefebvre et al., 2013). H2O2 

quenching before analysis was done using a solution of Na2S2O3 at a ratio of two moles of Na2S2O3 per mole of 

H2O2 (Liu et al., 2003). High Performance Liquid Chromatography (HPLC) (Shimadzu SCL-10A, Japan) was used 

to detect phenol, following the method of (Mousset et al., 2016a). The mobile phase consisted of 75% acetic acid 

(1:100) v/v of acetic acid/ultrapure water buffer and 25% methanol (HPLC grade). The column was a Zorbax 

Extend C18 (15 cm length, 5 µm of stationary phase thickness) (Agilent, USA), and the temperature of the oven 

was set at 40oC for analysis. A diode array detector (Shimadzu SPD-M10A, Japan) was set at 280 nm to detect the 

presence of phenol at maximal absorbance. Phenol mineralization was monitored by TOC removal (Mousset et 

al., 2014), determined on a Shimadzu TOC-VCSH analyzer (Japan) by thermal catalytic oxidation (680°C) (Mousset 

et al., 2016a).  
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The mass of sludge generated by Fenton-based processes was determined by increasing the pH to 8 with 1 M of 

NaOH, which led to the precipitation of Fe(OH)3, following a previous methodology (Benatti and Tavares, 2012). 

The particles in the mixture were left to settle for at least 15 h to allow complete precipitation of the ferric 

hydroxide residue, followed by vacuum filtration and drying of the filter disks containing the iron residues in an 

oven at 105oC overnight. The filter disks were then weighed to determine the mass of the total suspended solids 

(TSS) content (mg L-1) (Degen and Nussberger, 1956). 

2.4. Cost calculations  

Power, chemicals and sludge management cost calculations are detailed in Text S1. 
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3. Results and discussion 

3.1. Performance and optimization of six AOPs to mineralize phenol 

3.1.1. Ozonation 

The ozone dose was first optimized at pH 7, where the main mechanism responsible for phenol oxidation was by 

electrophilic reaction, in particular at the para- and ortho- positions (Mvula and Von Sonntag, 2003) (Fig. 1a). 

TOC removal measured at 160 min increased with the ozone dose from 33% at 102 mg (Lh)-1 to 63% at 360 mg 

(Lh)-1. The TOC decay rates followed a pseudo-first-order kinetic model (k(1st order)) (R2 > 0.9812) and increased 

with the ozone dose from 0.0022 ± 0.0003 min-1 at 102 mg (Lh)-1 to 0.0062 ± 0.0002 min-1 at 360 mg (Lh)-1 (inset 

panel of Fig. 1a). Because the improvement was marginal when increasing the ozone dose from 300 mg (Lh)-1 to 

360 mg (Lh)-1 (Fig. 1a), the operating costs were the lowest at 300 mg (Lh)-1, reaching 1.08 ± 0.004 € g-TOC-1 

(Fig. 1b), confirming that the optimal ozone dose was indeed 300 mg (Lh)-1. 
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Fig. 1. Ozonation process optimization: (a) TOC removal at different [O3] (inset panel: k(1st order)) at pH 7, (b) cost 

efficiency at different [O3] after 160 min, (c) TOC removal at different pH, maintained constant during the 

experiment (inset panel: k(1st order)) at [O3] = 300 mg (Lh)-1, (d) cost efficiency at different initial pH after 160 

min. 

 

The impact of pH is of course crucial for ozonation and thus was evaluated next by maintaining it at either 7, 9 or 

12, yielding TOC removal at 160 min of 62%, 68% and 85%, respectively (Fig. 1c). Accordingly, the k(1st order) 

values increased with the pH from 0.0059 ± 0.0002 min-1 at pH 7 to 0.0155 ± 0.0003 min-1 at pH 12 (inset panel 

of Fig. 1c). A considerable increase of mineralization efficiency was thus observed in alkaline conditions, where 
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ozone is decomposed in water into •OH radicals, which improved the mineralization efficiency (Stefan, 2017). 

However, maintaining the pH at 12 involves additional chemical costs to first adjust the pH to 12 and then 

neutralize it back at the end of the treatment. The cost efficiency was thus evaluated for the different pH tested, 

taking into account the power consumption and chemical costs (Fig 1d). Increasing the solution pH from 7 to 12 

reduced the operating cost from 1.08 ± 0.004 € g-TOC-1 to 0.82 ± 0.012 € g-TOC-1. The specific cost associated 

with a pH of 12 was thus lower than that obtained at lower pH values, showing that the higher efficiency effectively 

counterbalanced the increased chemical cost. In conclusion, the optimal conditions for ozonation consisted of a 

dose of 300 mg (Lh)-1 and a pH maintained at 12. 

 

3.1.2. UV/H2O2  

Figure 2a displays the TOC removal efficiency by UV/H2O2 at different H2O2 concentrations from 0 up to 20 mM. 

In direct photolysis (UV alone), only 5% of phenol mineralization was achieved after 160 min, showing its 

limitations for phenol mineralization, in agreement with the literature (Rodríguez, 2003). Comparatively, UV/H2O2 

experiments depicted higher mineralization yields up to 17% after 160 min using 17 mM of H2O2. Accordingly, 

the k(1st order) (R2 > 0.9847) also increased with H2O2
 concentration until 17.0 mM (0.0097 ± 0.0002 min-1), then 

decreased at higher concentration (inset panel of Fig. 2a). The cost comparison to determine the optimal operating 

conditions for the UV/H2O2 process is displayed in Fig. 2b, confirming that UV/H2O2 was the most cost-effective 

at 17 mM of H2O2 (1.37 ± 0.09 € g-TOC-1).  
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Fig. 2. UV/H2O2 process optimization: (a) TOC removal at different H2O2 concentrations (inset panel: k(1st order) at 

different H2O2 concentrations) (operating conditions: pH 7,  = 254 nm), (b) cost efficiency at different H2O2 

concentrations at 160 min (cost: electric power and chemicals). 
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3.1.3. Chemical Fenton  

Fenton processes are largely dependent on the concentration of H2O2 ([H2O2]) and Fe2+ ([Fe2+]), the impact of 

which is shown in Figs. 3a and 3b. The mineralization efficiency increased up to 15.0 mM of H2O2 and 0.9 mM 

of Fe2+, then reached a plateau at around 46% of TOC removal towards the end of the experiment (Figs. 3a and 

3b). At this optimal Fe2+/H2O2 ratio of 0.06, k(1st order) (R2 > 0.9835) was the highest, reaching 0.0372 ± 0.0003 min-

1 (inset panel of Figs. 3a and 3b). An excess of H2O2 can generate the less reactive hydroperoxy-radicals, known 

to inhibit the oxidation process (Chen and Pignatello, 1997), while an excess of Fe2+ favors secondary reactions 

that limit the OH production rate (Brillas et al., 2009). Additionally, increasing Fe2+ concentration without any 

significant gain of TOC removal would represent an unnecessary cost and possibly a threat to aquatic life, as well 

as an increase in production of ferric hydroxide (Fe(OH)3) sludge that would then need to be disposed, following 

final pH adjustment, again adding to the cost of treatment and reagents (A. Sychev, 1995; Cañizares et al., 2009). 

By varying the Fe2+/H2O2 ratio, the operating costs taking into account sludge management and chemicals, were 

found to first decrease from 0.101 ± 0.0006 € g-TOC-1 (Fe2+/H2O2 = 0.01) to a minimal of 0.041 ± 0.0003 € g-

TOC-1 (Fe2+/H2O2 = 0.06) and then increased again (Fig. 3c). A Fe2+/H2O2 ratio of 0.06 was thus deemed the most 

cost-effective, in agreement with the TOC decay rates (Figs. 3a-3b). 
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Fig. 3. Fenton process optimization: (a) TOC removal at different [H2O2] (inset panel: k(1st order)) at [Fe2+] = 0.9 

mM, (b) TOC removal at different [Fe2+] (inset panel: k(1st order)) at [H2O2] = 15 mM, (c) cost efficiency at 

different Fe2+/H2O2 ratios after 160 min, (d) TOC removal at different initial pH (inset panel: cost efficiency 

after 160 min) at Fe2+/H2O2 ratio = 0.06. 

 

As a final step, the impact of the pH was tested at two different values of 3 and 7 at the optimal Fe2+/H2O2 ratio. 

In both cases, the pH stabilized around 3 after a few minutes (data not shown), as phenol was quickly degraded 

into carboxylic acids, with acid dissociation constants (pKa) ranging from 3 to 4 (Mousset et al., 2016a). 

Unsurprisingly, the TOC removal efficiency was thus similar in both cases, reaching 48% and 43% after 160 min 

for pH 3 and pH 7, respectively (Fig. 3d), while k(1st order) decreased from 0.0372 ± 0.0003 min-1 to 0.0279 ± 0.0002 

min-1. From an application point of view these results suggest that it could theoretically be possible to deal with 
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effluents at circum-neutral pH without initial pH adjustments. Inset panel of Fig. 3d displays the cost comparison 

for both initial pH levels. The operating costs were similar at pH 3 and pH 7 (0.041 ± 0.0004 € g-TOC-1), since 

the slightly higher removal efficiency obtained at pH 3 was counterbalanced by the absence of acidification at pH 

7. However, in real applications a pH adjustment step will still be required after the treatment in order to neutralize 

the effluent, which will still lead to sludge management costs, since at pH value higher than 4, Fe(III) precipitates 

into Fe(OH)3 with a solubility constant (Ks) equal to 2.79 × 10-39 at 25°C (Bali et al., 2003). 

 

3.1.4. Photo-Fenton  

The efficiency of Fenton processes is known to increase in the presence of UV light, in the so-called photo-Fenton 

process (Oturan and Aaron, 2014), allowing the regeneration of Fe2+ (Ruppert et al., 1993) and the generation of 

additional radicals via the light-excitation of Fe-hydroxy complexes (Fe(OH)2+) (Benkelberg and Warneck, 1995). 

The effect of the same parameters as in dark Fenton was thus evaluated in UV-light conditions: the optimal H2O2 

concentration, Fe2+ concentration and starting pH were 15 mM (Fig. 4a), 0.7 mM (Fig. 4b) and 3 (Fig. 4d), 

respectively. Higher H2O2 and Fe2+ concentrations increased the rate of parasitic reactions, as already stated for 

the Fenton process, and therefore a Fe2+/H2O2 ratio of 0.05 was deemed optimal. The best conditions led to 90% 

of phenol mineralization after 160 min (Figs. 4a-4b) and a k(1st order) value of 0.0716 ± 0.0009 min-1 (R2 > 0.9821) 

(inset panel of Figs. 4a-4b). The associated operating cost was 0.13 ± 0.008 € g-TOC-1 (Fig. 4c and inset panel of 

Fig. 4d). 
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Fig. 4. Photo-Fenton process optimization: (a) TOC removal at different [H2O2] (inset panel: k(1st order)) at pH 3 

and [Fe2+] = 0.9 mM, (b) TOC removal at different [Fe2+] (inset panel: k(1st order)) at pH 3 and [H2O2] = 15 mM, 

(c) cost efficiency at different Fe2+/H2O2 ratios after 160 min, (d) TOC removal at different initial pH (inset 

panel: cost efficiency after 160 min) at Fe2+/H2O2 ratio = 0.05. 

 

3.1.5. Electro-Fenton  

Electro-Fenton, based on H2O2 electro-generation via the two-electron oxygen reduction on a carbon-based 

cathode (Mousset et al., 2016b) was tested next in paired electrocatalysis, combined with a high O2 evolution 

overpotential BDD anode (Brillas, 2014; Nidheesh et al., 2019). First, the effect of Fe2+ concentration (0.05 mM 

to 0.3 mM), acting as a catalyst for the Fenton’s reaction, was investigated and the results highlighted the optimal 

[Fe2+] of 0.1 mM, yielding 76% phenol mineralization in 160 min (Fig. 5a), while higher Fe2+ concentrations 
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promoted secondary reactions (Mousset et al., 2016a). For every concentration, the mineralization followed a 

linear trend because the electro-oxidation reaction of organic compounds at the BDD surface was the rate-limiting 

step instead of mass transfer limitations (Mousset et al., 2019; Panizza et al., 2001). Consequently, the phenol 

mineralization kinetics followed zero order kinetics (k(0 order)) during the first hours of treatment (R2 > 0.9855), as 

already demonstrated in the literature with medium to highly concentrated solutions (Mousset et al., 2019; Panizza 

et al., 2001). The optimal rate constant for phenol mineralization was obtained at the optimal concentration of 0.1 

mM of Fe2+ (k(0 order) = 0.0458 ± 0.0002 mg-C L-1 h-1, cf. inset panel of Fig. 5a). This concentration also proved to 

be the most cost-effective (0.031 ± 0.0005 € g-TOC-1, cf. Fig. 5b).  

The current density (J) was then optimized at the optimal Fe2+ concentration of 0.1 mM and the results are shown 

in Fig. 5c. The optimal current density was 1.25 mA cm-2, yielding 76% of phenol mineralization in 160 min (k(0 

order) = 0.0458 ± 0.0002 mg-C L-1 h-1, cf inset panel of Fig. 5c) at a cost of 0.031 ± 0.0005 € g-TOC-1 (Fig. 5d). 

Higher current densities favored the oxygen evolution reaction over the production of OH (Panizza and Cerisola, 

2009). Unsurprisingly, the best starting pH was 3 (Fig. 5e, inset panel of Fig. 5e and Fig. 5f), in agreement with 

our previous observations on other Fenton-based processes. Hence, the optimal operating conditions for the paired 

electro-Fenton process consisted of 0.1 mM of Fe2+, a current density of 1.25 mA cm-2 and a pH of 3. 
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Fig. 5. Electro-Fenton process optimization: (a) TOC removal at different [Fe2+] (inset panel: k(0 order)) at pH 3 

and J = 1.25 mA cm-2, (b) cost efficiency at different [Fe2+] after 160 min, (c) TOC removal at different J (inset 

panel: k(0 order)) at pH 3 and [Fe2+] = 0.1 mM, (d) cost efficiency at different J after 160 min, (e) TOC removal at 

different initial pH (inset panel: k(0 order)) at [Fe2+] = 0.1 mM and J = 1.25 mA cm-2, (f) cost efficiency at different 

initial pH after 160 min. 
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3.1.6. Photoelectro-Fenton  

Similarly as for chemical Fenton, UV-light was added to electro-Fenton to boost the production of •OH (Brillas et 

al., 2009; Sun and Pignatello, 1993) and the regeneration of Fe2+ (Ruppert et al., 1993). The optimal Fe2+ 

concentration, current density and starting pH in the resulting photoelectro-Fenton process were 0.1 mM (Figs. 

6a-6b), 1.25 mA cm-2 (Figs. 6c-6d) and 3 (Figs. 6e-6f), respectively, yielding 88% of phenol mineralization in 160 

min (Figs. 6a, 6c, 6e), a k(0 order) value of 0.053 ± 0.0003 mg-C L-1 h-1 (R2 > 0.9856) (inset panel of Figs. 6a, 6c, 6e) 

and a cost of 0.18 ± 0.007 € g-TOC-1 (Figs. 6b, 6d, 6f). Higher current densities increased the rate of secondary 

reactions that hampered the OH production, as already stated for the electro-Fenton experiments. 
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Fig. 6. Photoelectro-Fenton process optimization: (a) TOC removal at different [Fe2+] (inset panel: k(0 order)) at pH 

3 and J = 1.25 mA cm-2, (b) cost efficiency at different [Fe2+] after 160 min, (c) TOC removal at different J (inset 

panel: k(0 order)) at pH 3 and [Fe2+] = 0.1 mM, (d) cost efficiency at different J after 160 min, (e) TOC removal at 

different initial pH (inset panel: k(0 order)) at [Fe2+] = 0.1 mM and J = 1.25 mA cm-2, (f) cost efficiency at different 

initial pH after 160 min. 
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3.2. Techno-economic analysis 

3.2.1. Performance comparison of six AOPs for phenol mineralization 

Cost comparison is an essential component of benchmarking AOPs against one another, depending upon their 

foreseen application, e.g., as a pre- or partial treatment (i.e. 50% or 75% of mineralization) or to achieve complete 

mineralization (> 99%). To that effect, the cost of every AOP in its optimal conditions and normalized by the 

treated volume and the mass of TOC removed (expressed in € m-3 g-TOC-1 (Lucas et al., 2010), taking into account 

the sludge management, chemical use and electrical power costs) is plotted in Fig. 7, for different targets of 

mineralization. UV/H2O2 was the least effective AOP, unable to reach more than 17% of phenol mineralization 

after 160 min of treatment, a low performance that corroborates former studies (Bali et al., 2003). UV/H2O2 was 

therefore excluded from this cost-comparison analysis. For the other techniques, the performance at 50% of 

mineralization ranked as follows (Fig. 7a): Fenton (102 € m-3 g-TOC-1) > electro-Fenton (108 € m-3 g-TOC-1) > 

photo-Fenton (161 € m-3 g-TOC-1) > photoelectro-Fenton (340 € m-3 g-TOC-1) > ozonation (966 € m-3 g-TOC-1). 

Fenton was thus the most competitive at 50% of mineralization, followed closely by electro-Fenton that then 

became more cost-effective at higher mineralization yields (Fig. 7a): indeed, at 75%, the ranking became electro-

Fenton > photo-Fenton > photoelectro-Fenton > Fenton > ozonation and at 99%, electro-Fenton > photoelectro-

Fenton > photo-Fenton > Fenton > ozonation. The overall costs for ozonation were always higher than for Fenton-

based processes, notwithstanding the mineralization target. Ozonation was therefore less competitive which 

confirms the findings of Canizares et al. (Cañizares et al., 2009). Photoelectro-Fenton was costlier than photo-

Fenton at 50% and 75% of mineralization, while it was more competitive at 99% of mineralization. In this latter 

condition, the gain in TOC removal was sufficient to counterbalance the higher energy requirements for 

electrolysis. Still, UV-based Fenton processes were costlier than dark electro-Fenton, due to the energy 

requirement from the UV lamp. This shows the importance to study the potential of solar irradiation instead of 

artificial UV light to increase the competitiveness of photo-processes (Flox et al., 2007). In addition, UV-based 

AOPs present other significant drawbacks, depending upon the characteristics of the effluent to be treated, as color, 
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turbidity and interfering compounds absorbing UV irradiation can considerably decrease the effectiveness of light-

based AOPs in real applications (Rodríguez, 2003).  

For all processes, the overall cost efficiency decreased with increasing mineralization targets, but it is worthy of 

note that electro-Fenton was much less impacted by this trend. The catalytic behavior of the iron source for the 

Fenton’s reaction allowed minimizing the chemical costs, rendering its cost performance barely dependent upon 

the mineralization target. This was verified by the zero-order kinetics observed, with faradaic yields close to one 

(Panizza and Cerisola, 2009). In contrast, the low quantum yields of UV-based AOPs (approx. 0.12 for phenol 

(Okamoto et al., 1985)), resulted in increasing costs to reach higher mineralization targets. Photoelectro-Fenton 

remained proportionally less impacted than photo-Fenton, by benefiting from the high faradaic yield of electrolysis, 

while the low solubility of ozone (Oturan and Aaron, 2014) resulted in excessive amounts of gas supplied to the 

process, which increased the costs. Finally, the absence of regeneration of iron in chemical Fenton considerably 

increased waste reactions at higher mineralization targets. 

The cost-distribution of the different AOPs at different mineralization targets is displayed in Figs. 7b-7d. It can be 

seen that chemicals always represented the primary source of expense for chemical Fenton, but were overtaken by 

electricity for ozonation, electro-Fenton, photo-Fenton and photoelectro-Fenton, regardless of the mineralization 

yield. For instance, for a target of 75% of mineralization, the chemicals represented 99.4% of the overall costs for 

Fenton, while the contribution of electricity accounted for 97.9%, 88.3%, 77.9% and 64.2% for ozonation, 

photoelectro-Fenton, photo-Fenton and electro-Fenton, respectively (Fig. 7b). An exception was noted for electro-

Fenton at 50% of mineralization, in which chemicals cost represented around half of the overall costs (49.9%). 

The UV-based Fenton processes required higher electrical costs in proportion, due to the UV lamp, and the relative 

proportion of power over chemical costs increased with the mineralization target for ozonation, photo-Fenton, 

electro-Fenton and photoelectro-Fenton (Figs. 7b-7d), in relation with to the increased treatment time. In addition, 

the sludge management cost proportion was always higher for Fenton than for photo-Fenton, electro-Fenton and 

photoelectro-Fenton, as a result of the constant addition of Fe2+ in the absence of its regeneration, yielding more 

ferric sludge at the end of the treatment. In terms of sludge management cost, the ranking was as follows: 
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photoelectro-Fenton < electro-Fenton < photo-Fenton < Fenton, directly linked to the regeneration rate of Fe2+ that 

was the highest in photoelectro-Fenton followed by electro-Fenton. Nevertheless, the sludge cost remained 

negligible regardless of the Fenton-based process considered, implying that this parameter will not make a 

significant cost difference (Figs. 7b-7d). This is an interesting feature, because many recent works have been 

focusing on trying to limit the ferric sludge production in Fenton-based processes by implementing heterogeneous 

Fenton systems (Ganiyu et al., 2018). Yet, the main advantage of heterogeneous processes would arguably be 

more in terms of their impact on chemical cost reduction by avoiding the need to adjust the pH to 3 (Deng et al., 

2018). Still, it is important to note that the volume of sludge represented around 15% of the treated wastewater in 

the Fenton process applied in a previous study (Cañizares et al., 2009), which would result in non-negligible sludge 

management costs. In that study, the concentration of Fe2+ was 4 to 180 times higher than in this work, depending 

upon the pollutant treated, which led to drastically higher generation of ferric hydroxide sludge. Moreover, the 

authors considered the wet sludge production (expressed in m3 sludge per m3 of treated wastewater) in their cost 

calculation (Cañizares et al., 2009), while the dehydrated sludge is taken into account in our work. Another study 

reported that the volume of sludge produced by Fenton (0.267 m3 sludge/m3 wastewater) only comprised 2.5% 

(w/w) of TSS, which further explains the strong reduction of sludge amount by considering the dehydrated sludge 

as compared to the wet sludge (Benatti and Tavares, 2012). Moreover, the quantity of sludge could prove higher 

with real wastewater, considering that other species can co-precipitate, such as metallic compounds initially 

present in solution (Benatti and Tavares, 2012). 

In conclusion to this section, the Fenton process proved a reasonable option as a pre-treatment if mineralization 

lower than 50% is required, while electro-Fenton is always a good candidate, notwithstanding the target 

(recommended both for pre-treatment or as a stand-alone technology for total mineralization). Of course, these 

cost estimates are based on laboratory-scale experiments and omit additional operational costs inherent to all AOPs 

(e.g. power cost from pumps) as well as equipment costs that would need to be factored in at the industrial scale. 

The equipment cost in particular may vary with the size of the plant as previously shown for advanced electro-

oxidation, Fenton and ozonation (Cañizares et al., 2009). In addition, the impact of the matrix of real effluents 
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would also need to be taken into account to refine our numbers for specific applications. Since the efficiency of 

all AOPs rely on the reactivity of OH with targeted compounds in wastewater, arguably comparable matrix effects 

could be expected, notwithstanding the type of AOP implemented. Thus, OH exposure is typically estimated 

based on the kinetics of degradation/mineralization of the targeted compounds and on the competing reactions 

with OH scavengers (e.g., carbonate, bicarbonate, nitrite, organic matter) that are often present in water matrices 

(Miklos et al., 2018). Of course, some differences could be expected with real matrices, such as the presence of 

turbidity that can affect UV-based processes (as mentioned earlier), while unwanted by-products (e.g., BrO3
- with 

O3 or ClO3
- with electrochemical treatments) could also be formed depending upon the ions present in the matrix 

(Br-, Cl-, etc.) (Bergmann et al., 2014; Garcia-Rodriguez et al., 2020; Lee et al., 2016; Mousset et al., 2018b; 

Mousset et al., 2020).  
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Fig. 7. AOPs cost efficiency comparison at different phenol mineralization yield: (a) overall cost, (b) costs 

distribution at 50% of mineralization, (c) costs distribution at 75% of mineralization, (d) costs distribution at 

99% of mineralization. 
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3.2.2. A new criterion to enable systematic AOP cost-performance comparison: the 
accumulated oxygen-equivalent chemical-oxidation dose (AOCD) 

The need to develop criteria for suitable comparison between AOPs is important for evaluating the best available 

technologies as defined by the European Commission (Rizzo et al., 2020). Canizares et al. (Cañizares et al., 2009) 

have previously proposed the OCC (kg-O2 m-3) as a parameter to compare advanced electro-oxidation with Fenton 

and ozonation. Here, a new parameter is proposed, namely the AOCD (kg-O2), to compare the different AOPs 

used in this work. The difference and arguably advantage of AOCD compared to OCC is that it takes into account 

the accumulation of the dose normalized to the treatment time and it is more comprehensive by encompassing the 

photo-based processes as well as other important parameters, i.e., current density, irradiance, wavelength, active 

surface of the electrodes and lamp, distance of the lamp, faradaic and quantum yields, number of electrons 

exchanged, residence time. The AOCD for each process i is proposed to be estimated from the following general 

equation (Eq. 1): 

𝐴𝑂𝐶𝐷௜(𝑘𝑔 − 𝑂ଶ) = ∫ 𝑂𝐶𝐷௜(𝑘𝑔 − 𝑂ଶ ℎିଵ)𝑑 


଴
        (1) 

where the oxygen-equivalent chemical-oxidation dose (OCD) equations for each process are fully developed in 

Text S2 and Table S1; a summarized form is presented below for each AOP: ozonation (Eq. 2), Fenton (Eq. 3), 

UV/H2O2 and photo-Fenton (Eq. 4), electro-Fenton (Eq. 5) and photoelectro-Fenton (Eq. 6). 

𝑂𝐶𝐷ை௭௢௡௘(𝑘𝑔 − 𝑂ଶ ℎିଵ) = 1.000 × 𝐷ைయ
(𝑘𝑔 − 𝑂ଷ ℎିଵ)       (2) 

𝑂𝐶𝐷ி௘௡௧௢௡(𝑘𝑔 − 𝑂ଶ ℎିଵ) = 0.471 × 𝐷ுమைమ
(𝑘𝑔 − 𝐻ଶ𝑂ଶ ℎିଵ)       (3) 

𝑂𝐶𝐷ுమைమ ௣௛௢௧௢௟௬௦௜௦ ௢௥ ௣௛௢௧௢ିி௘௡௧௢௡(𝑘𝑔 − 𝑂ଶ ℎିଵ) = 0.471 × 𝐷ுమைమ
(𝑘𝑔 − 𝐻ଶ𝑂ଶ ℎିଵ) + 0.067 × 𝐼(𝑘𝐽 𝑚ିଶ ℎିଵ) ×

 (௠)

 
×

𝑆௟௔௠௣(𝑚ଶ) with 𝑆௟௔௠௣(𝑚ଶ) =
ଶ஽௅ା൫ସ஽మା௅మ൯ୟ୰ୡ୲ୟ୬ (

ಽ

మವ
)

஽௅(ସ஽మା௅మ)గమ        (4) 

𝑂𝐶𝐷ா௟௘௖௧௥௢ିி௘௡௧௢௡ (𝑘𝑔 − 𝑂ଶ ℎିଵ) = 0.298 × 𝐽(𝑘𝐴 𝑚ିଶ) ×
∑ ௡(௘ష)೔೔

೐ష
× 𝑆௘௟௘௖௧௥௢ௗ௘(𝑚ଶ)    (5) 
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𝑂𝐶𝐷௣௛௢௧௢௘௟௘௖௧௥௢ିி௘௡௧௢௡ (𝑘𝑔 − 𝑂ଶ ℎିଵ) = 0.298 × 𝐽(𝑘𝐴 𝑚ିଶ) ×
∑ ௡(௘ష)೔೔

೐ష
× 𝑆௘௟௘௖௧௥௢ௗ௘(𝑚ଶ) + 0.067 × 𝐼(𝑘𝐽 𝑚ିଶ ℎିଵ) ×

 (௠)

 
× 𝑆௟௔௠௣(𝑚ଶ)           (6) 

 

where 𝐷ைయ
 is the ozone dose (kg-O3 h-1), 𝐷ுమைమ

 is the H2O2 dose (kg-H2O2 h-1), 𝐼 is the irradiance (kJ m-2 h-1) at a 

specific wavelength  (m), considering the quantum yield ( ) for the target compound degradation (  = 0.12 

for phenol; (Okamoto et al., 1985)) and considering the active surface of the lamp Slamp (m2), J is the current density 

(kA m-2) considering the geometric surface (Selectrode (m2)) of the working electrode (i.e., anode for anodic oxidation, 

cathode for electro-Fenton and both electrodes for electro-Fenton paired with anodic oxidation), n(e-) is the number 

of electrons exchanged for electrogenerating species i (i.e. H2O2 at cathode and OH at anode) (∑ 𝑛(𝑒ି)௜௜  = 3 in 

electro-Fenton paired with anodic oxidation), ௘ష  is the faradaic yield towards the target compound degradation 

(௘ష = 1 in this work considering the zero order kinetic model; (Panizza and Cerisola, 2009)),  is the residence 

time of the solution to treat (h), V is the volume of the solution to treat (m3), D is the distance from the lamp to the 

solution to treat (m2) and L is the length of the lamp (m2). 

 

Following the protocol described above, the TOC decay percentages were plotted against the AOCD for each AOP 

(Fig. 8). Logically, the AOCD increased with the mineralization yields, regardless of the AOP considered (Fig. 8). 

The required oxidant dose in terms of AOCD was ranked as follows (from the lowest to the highest dose): electro-

Fenton < photoelectro-Fenton < Fenton < photo-Fenton < ozonation (pH 12) < UV/H2O2. The photo-based 

processes always showed higher AOCD compared to their dark counterpart, owing to their lower quantum yield. 

The accumulated dose for ozonation was higher than that of the other AOPs, except for UV/H2O2. This is consistent 

with previous data that showed higher OCC values with ozone compared to Fenton and anodic oxidation 

(Cañizares et al., 2009). Electro-Fenton always required the lowest dose for all mineralization targets, from 0.0004 

kg-O2 at 50% to 0.0012 kg-O2 at 99%. These results showcase electro-Fenton as the most versatile option when 
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compared to other AOPs for a large range of applications, i.e. suitable as a pre-treatment or for total mineralization. 

This is consistent with the cost efficiency comparison performed in section 3.2.1 and also with others (Sirés et al., 

2014). 

 

 

Fig. 8. TOC decay percentage as function of accumulated oxygen-equivalent chemical-oxidation dose (AOCD) 

for AOPs comparison. 

 

4. Conclusions 

In this work, a systematic approach was proposed to compare six different kinds of AOPs consisting of ozonation, 

Fenton, H2O2 photolysis, photo-Fenton, electro-Fenton and photoelectro-Fenton, taking into account their 

operating cost efficiency (power, chemicals and sludge management costs) for their preliminary optimization. 

Moreover, a new criterion that allows AOP comparison was proposed, namely the AOCD, which improves on the 

literature by covering more AOPs and including more cost criteria (e.g., active surface of the electrodes and lamp).  
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The main findings obtained at laboratory scale in batch mode and with artificial wastewater containing phenol as 

model pollutant are summarized below: 

- UV/H2O2 displayed the lowest mineralization efficiency, while among the Fenton-based AOPs, electro-Fenton 

(paired with anodic oxidation) depicted the best cost performance (108 - 125 € m-3 g-TOC-1), notwithstanding the 

mineralization targets (50%, 75% and 99%).  

- Ozonation was less cost effective than the Fenton-based AOPs. 

- Fenton proved competitive when the goal was to reach 50% of mineralization and thus proved a suitable pre-

treatment. 

- Electro-Fenton was the most versatile process in the tested conditions, covering pre-treatment up to total 

mineralization. 

Further studies will be required in continuous mode at pilot and industrial scale in real wastewater matrices in 

order to validate the suitability of the AOCD criterion and of the AOP comparison. 
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