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Abstract 23 

In the photo-chemical conversion of hydrogen peroxide (H2O2) into radical ⦁OH, the 24 

impact of radiation dose (the quantum yield) on the oxidation kinetics has been properly 25 

reported, whereas the H2O2 dose is mostly treated as an attempt-and-error variable. This 26 

present work formally analyses the oxidant dose in terms of the efficiency of ⦁OH 27 

consumption by the micropollutant mineralization, which ultimately enables a generalist 28 

strategy for more cost-effective dosimetry of the oxidant. The experimental time-29 

dependent measure of two reagents (pollutant and oxidant) and one product (CO2) enables 30 

assessment to the micro-kinetics from the perspective of the chemical dynamic. The 31 

analysis was demonstrated for photo-Fenton (FP) oxidation of hydrochlorothiazide 32 

(HCT) using a tubular photo-reactor and UVA radiation. The average value of ~ 38% was 33 

on top of the best efficiencies in association with some of the fastest rates of 34 

mineralization. Such efficiencies are demonstrated to depend on the stochiometric 35 

concentration of the oxidant. Here, the variable stoichiometric H2O2 excess for 36 

mineralization is proposed as a universal metric to quantify the (under-) over-dose of 37 

H2O2. Overall, H2O2 excess between 2 and 5 leads to H2O2 consumption efficiencies 38 

above 30% together with a fast rate of CO2 formation (mineralization), whereas any value 39 

below 1 invariably leads to a sluggish oxidation rate, leading even to the full depletion of 40 

the oxidant. Aside from proposing a selection criterion for the most cost-effective H2O2-41 

dose and providing some examples, this work carefully analyzes the commitment of the 42 

H2O2 excess with respect to the energy costs (EEO). 43 

 44 

Keywords. Mineralization, Process Intensification, Radical OH, hydrogen peroxide, 45 

hydrochlorothiazide, Photo-Fenton, Pharmaceutical pollutant.  46 
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1. Introduction 47 

In situ generation of highly oxidant species such as radicals (Brillas et al., 2009; Duan et 48 

al., 2020; Legrini et al., 1993) , in which hydroxyl radical (∙OH) is included, (HoignÉ and 49 

Bader, 1979; Nowell and Hoigné, 1992; Robl et al., 2012; Weiss, 1952)  has a central role 50 

for most Advanced Oxidation Processes (AOPs) currently applied in water technology. 51 

Across different AOPs, the control of the local concentrations of radicals would enable a 52 

direct calibration of the rates of mineralization, which is central for setting effective water 53 

technologies. Professor Jürg Hoigné  (Faust and Hoigné, 1990; Haag and Hoigné, 1985; 54 

Hoigné, 1997; HoignÉ and Bader, 1979; Nowell and Hoigné, 1992; Zuo and Hoigné, 55 

1993)  was the first to call attention to this challenge and to rationale an “inter-comparable 56 

scales for ⦁OH production” based on the rate constants from the radiolysis chemistry; 57 

however, physical experiments quantifying the concentration of radical are still rare, and 58 

it will remain unassessed because of the localized character in time and space of the in 59 

situ production of radicals, being enabled assessments only in terms of mean global 60 

average by the current experimental methods. It was just recently that concentrations of 61 

the radical ⦁OH generated via photo-decomposition of the hydrogen peroxide (H2O2) was 62 

measure in average, being reported values of 10×10‒12 mol‧L‒1 (Fernández-Perales et al., 63 

2020)  for direct assessment methods. As an alternative to evaluate the kinetic of ⦁OH 64 

generation/consumption, this work introduces an empiric method to estimate the 65 

efficiency with which the radicals ⦁OH are consumed by the pollutant mineralization 66 

reaction. Ultimately, such efficiency enables a pragmatical rationale to predict a cost-67 

effective dose of the oxidant/radical precursor that along with the quantum yield 68 

(irradiation dose) form the roots for manipulating the instantaneous concentration of 69 

radicals, thus regulating the oxidation rate. 70 
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In the photochemical community, the seminal contribution of Carter et al. (Cater 71 

et al., 2000)  clearly demonstrated how the dose of irradiation roles the degradation kinetic 72 

of the pollutant. Further, Carter et al. presented the rationale correlating the energy cost 73 

with the degradation kinetics. Worth to note that the concentration of the target pollutant 74 

used by Carter et. al. was in minor amount among other scavengers from the water matrix, 75 

as we carefully analyze next. Tap water containing both 800 µmol‧L‒1 of bicarbonate ions 76 

(CO3
2‒) and organic matter (5 mg‧L‒1 of chemical oxygen demand or 313 µmol‧L‒1 of 77 

H2O2) was used as water matrix to degrade between 0.237 to 248 µmol‧L‒1 of sacarose 78 

(𝐶12𝐻19𝐶𝑙3𝑂8) via H2O2-photolysis (UVC-H2O2). In view of this concentrations, 79 

sacarose is a minor scavenger of the radical ⦁OH, whereas the bicarbonate ion is the major 80 

in content. Taking that into consideration, Carter et al. select 882.3 µmol‧L‒1of initial 81 

H2O2 concentration, [H2O2]0, meaning 110% of the concentration belonging to the 82 

bicarbonate ion, recognizably the major scavenger. The main findings of Carter et al. are 83 

shown in table 1 (columns 1 and 2) together with our further analysis, which includes the 84 

stoichiometric concentrations of H2O2 for both the complete oxidation (mineralization), 85 [𝐻2𝑂2]𝑠𝑡,𝑀 = 24 × [𝑠𝑎𝑐𝑎𝑟𝑜𝑠𝑒], cf. column 4, 86 𝐶12𝐻19𝐶𝑙3𝑂8  +  24 𝐻2𝑂2  →   12 𝐶𝑂2 +  3 𝐻𝐶𝑙 +   32 𝐻2𝑂,    (1)    87 

and incomplete oxidation of sacarose (degradation), [𝐻2𝑂2]𝑠𝑡,𝐷 = 0.5 × [𝑠𝑎𝑐𝑎𝑟𝑜𝑠𝑒], cf. 88 

column 3, 89 2 𝐶12𝐻19𝐶𝑙3𝑂8  +  1 𝐻2𝑂2  →   𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒𝑠.   (2)    90 

 91 

 92 

 93 

 94 
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Table 1: Summary of the principal results and initial concentrations used by Carter et 95 

al. (Cater et al., 2000)  to degrade sacarose via UVC-H2O2 as shown in columns 1 and 2. 96 

The other columns indicate the reevaluation made hereby. 97 

(1) 
[Sacarose] 

(2) 
Rate of 

Deg. 

(3) 
Degradation  

(4) 
Mineralization 

(5) 
Organic 
carbon 

(6) 
Alkalinity 

mg‧L‒1 µmol‧L‒1 k ‘/ min‒1 
[𝐻2𝑂2]𝑠𝑡,𝐷 
µmol‧L‒1 

Excess 
[𝐻2𝑂2]𝑠𝑡,𝑀 
µmol‧L‒1 

Excess Excess 
[𝐶𝑂32−]0 

 µmol‧L‒1 
  Excess 

0.08 0.234 7.10 0.12 7353 5.6 157.55 2.81 800 2.21 
1.30     3.80    5.10 1.90 464 91.0 9.70 2.81 800 2.21 

12.00    35.00 0.98 17.50 50 840.0 1.05 2.81 800 2.21 
85.00 248.00 0.18 124.00 7 5,950.0 0.15 2.81 800 2.21 

[H2O2]0 = 30 mg‧L‒1 (or  882.30  µmol‧L‒1) 
COD = 5 mg‧L‒1 (or  156 µmol‧L‒1 of O2 which equals to 313 µmol‧L‒1 of H2O2) 
Alkalinity ~80 mg‧L‒1 (or 800.00  µmol‧L‒1 of  𝐶𝑂32−), pH ~ 6.8 to 7.0 

 98 

In addition, we compute the carbonate ions reaction with the radical ⦁OH, cf. column 6 99 

in table 1  (⦁𝑂𝐻 + 𝐶𝑂32− 3.9×108→      𝐶𝑂3−⦁) (Cai et al., 2001) , to which the global reaction 100 

is 101 2 𝐶𝑂32− +  1 𝐻2𝑂2  →   2 𝐶𝑂3−⦁ + 2 𝑂𝐻−,    (3) 102 

and to which the stoichiometric H2O2 concentration is [𝐻2𝑂2]𝑠𝑡,𝐶𝑂3 = 0.5 × [𝐶𝑂32−]. 103 

In view of table 1, we now reevaluate the results found by Carter et al. from the 104 

relative perspective of the chemical stoichiometric. For this reason, the “concept” of 105 

stoichiometric excess is introduced to quantify the overdose in comparison to the 106 

stoichiometry for scavengers different than the radical ⦁OH. Therefore, Stoichiometric 107 

excess is defined as the concentration ratio initial-H2O2 to stoichiometric-H2O2 108 

([𝐻2𝑂2]0 [𝐻2𝑂2]𝑆𝑇⁄ ), which for the Carter et al.’s experiments are 109 

Excess for degradation = 
[𝐻2𝑂2]00.5×[𝑠𝑎𝑐𝑎𝑟𝑜𝑠𝑒], 110 

Excess for mineralization = 
[𝐻2𝑂2]024×[𝑠𝑎𝑐𝑎𝑟𝑜𝑠𝑒], 111 

Excess for side-reaction with the carbonate = 
[𝐻2𝑂2]00.5×[𝐶𝑂32−]0, 112 
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according to the balanced reactions 1, 2 and 3, respectively. Now on, we mention just 113 

excess for shortening. Table 1 also computes the excess for organic matter by means of 114 

the ratio [𝐻2𝑂2]0 313⁄ , cf. column 5. 115 

The initial H2O2 concentration of 882.30 µmol‧L‒1 represents different excess 116 

with regards the spectrum of scavengers present in the water matrix used in the 117 

experiments of Carter et al.  This initial oxidant concentration represents an excess of 118 

2.21 regarding to the carbonate ion, an excess of 2.81 regarding to the organic matter, and 119 

an excess from 7 to 7353 regarding to the pollutant degradation; and finally, an excess 120 

from 0.15 to 157 regarding to the complete mineralization of the pollutant. In other words, 121 

when Carter et al. select the oxidant concentration commensurate with the major 122 

scavenger present into the water matrix, the authors are indeed adjusting the 123 

stoichiometric excesses for the pollutant mineralization and degradation, while the excess 124 

for the major scavenger is kept constant. The apparent rate constant for degradation of 125 

sacarose estimated by Cater et al. correlates positively with the excess for sacarose 126 

degradation, cf. column 2 against column 3 in table 1. The larger the excess for 127 

degradation, the higher the apparent rate constant, so the faster the degradation rate. In 128 

other words, the rate constant of degradation observed by Carter et al. was 129 

thermodynamically driven by the excess of oxidant for the pollutant degradation.  130 

Without pondering the dose in comparison to the H2O2 concentration strictly 131 

related to the stoichiometry of the pollutant initial concentration, the discussion on what 132 

H2O2 concentration is an overdose loses accuracy. This work shed light in such 133 

discussion, claiming the importance of guiding the analysis in terms of the stoichiometric 134 

concentrations of H2O2, as it is proposed by the parameter termed “stoichiometric excess 135 

of H2O2”. In other words, it means how much times the over(sub)dose is large(inferior) 136 

in comparison to the stoichiometric concentration for mineralization, or eventually for 137 



7 of 31 

degradation. If the excess is below 1, the system starves H2O2, and the overall 138 

TOC/pollutant abatement will be limited by a mere lack of oxidant as the bottleneck of 139 

the oxidation reaction. If it is above 1, concentrations of H2O2 in the system surpass the 140 

necessity for absolute TOC abatement, but only the optimized excesses could compensate 141 

for all the losses of H2O2 due to the side–reactions of the radical ⦁OH with other 142 

scavengers. In this perspective, the efficiency of oxidant consumption by the 143 

mineralization/degradation is a parameter of pragmatic importance when planning the 144 

initial dose of H2O2. 145 

This work employs Hydrochlorothiazide (HCT) (Borowska et al., 2016; 146 

Fernández-Perales et al., 2020; Mafa et al., 2020; Paniagua et al., 2019; Real et al., 2010; 147 

Rodríguez et al., 2013) , that is a pharmaceutical compound frequently used as diuretic in 148 

the treatment of hypertension, as model pollutant to demonstrate both the experimental 149 

and theoretical methods developed to estimate the efficiency of the hydrogen peroxide 150 

consumption by a AOP. This present work carries out photo-Fenton oxidation of HCT 151 

dissolved in bidistilled water, measuring the peroxide concentration along the oxidation. 152 

The set of results enable an accurate estimation of the efficiency of the hydrogen peroxide 153 

consumption by the photo-Fenton.  In this context, this work aims to provide (a) a 154 

theoretical background to estimate the efficiency with which the oxidant is consumed by 155 

the target reaction, as well as to provide both (b) a rationale of using the stoichiometric 156 

excess of the oxidant to select the initial doses of H2O2, and (c) a graphic analysis of 157 

economic performance by tanking together both the EEO parameter and the 158 

mineralization H2O2 excess for a single dose. 159 

 160 

 161 

 162 
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2. Experimental methods  163 

2.1 Reagents 164 

The oxidation experiments employed standard HCT (Synth), hydrogen peroxide (30 165 

wt.%, Synth), ferrous sulfate heptahydrate (99%, Neon), and sulfuric acid (98 wt.%, 166 

Sigma). An inhibitor solution for the Fenton reaction was prepared using potassium 167 

iodide (0.1 mol·L-1, 99%, Vetec), sodium sulfate (0.1 mol·L-1, 99% Vetec), and sodium 168 

hydroxide (0.1 M; Vetec). Metavanadate of ammonium (NH4VO3 from Alphatec) was 169 

used to quantify the residual H2O2. All the experiments employed bi-distilled water (TE 170 

1782, Tecnal, Brazil).    171 

 172 

2.2 Analytical procedure  173 

The TOC concentration was measured by a TOC analyzer (TOC-V 5000A, Shimadzu, 174 

Japan). Hydrochlorothiazide concentration was measured by HPLC (Proeminence 175 

HPLC-DAD, Shimadzu, Japan) using C18 Varian (150mm×4.6 mm, 5 μm particle size) 176 

column. The two liters of synthetic pollutant solution was treated in the tubular reactor 177 

described previously (Cunha-Filho et al., 2019) .  For the vanadate method, (Nogueira et 178 

al., 2005) it was used a UV-Visible Spectrophotometer (Varian-Cary) and cell of quartz.  179 

 180 

2.3 Experimental procedure 181 

A synthetic pollutant solution was prepared using bi-distilled water for two HCT 182 

concentrations, 238 µmol·L-1 (equivalent to TOC of 20 ppm), and 70 µmol·L-1 183 

(equivalent to TOC of 5.9 ppm). Considering the balanced reaction of HCT oxidation 184 

shown in equation 5, these HCT concentrations associate with a stoichiometric 185 

concentration of H2O2 equal to 6,426 and 1,890 µmol·L-1, respectively. A single dose of 186 

concentrated H2O2 was added into the mixing tank at the oxidation onset, rendering an 187 

initial H2O2 concentration equivalent to 12,860 µmol·L-1. According to equation 4, the 188 
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high and low HCT concentrations are related to 2.0 and 6.8 excesses of the stoichiometric 189 

H2O2 concentration, respectively. All this information is compiled into table 2. 190 

Before each experiment, the reactor is cleaned with a diluted HCl solution underflow 191 

by 15 minutes, followed by more 5 minutes of bidistillated-water flow. Also, all other 192 

glassy bottles used to prepare the solutions were cleaned the same way. The synthetic 193 

pollutant solution already containing the Fe2+ catalyst (128.6 µmol·L-1) was used to fill 194 

the mixture tank of the tubular reactor, the circulation pump was turned on; sulfuric acid 195 

was added to adjust the pH to the optimal value of 3 for the photo-Fenton reaction 196 

(Gallard et al., 1999) ; then, the lamps were turned on, and the dose of concentrated H2O2 197 

was immediately added into the mixing tank. The oxidation was monitored along one 198 

hour by collecting samples of 17 mL from the mixture tank at the times of 1, 2, 3, 5, 8, 199 

10, 20, 30, 45, and 60 minutes.  A syringe plugged to the mixture/recirculation tank served 200 

to collect aliquot from the tubular reactor. Around 10 ml of the aliquot was discharged 201 

into the solution of metavanadate (0.062 mol·L-1) containing H2SO4 (0.58 mol·L-1) for 202 

the spectroscopic method of residual H2O2 quantification, and the remaining aliquot (~7 203 

mL) discharged into the 3 mL inhibitor solution of for the precipitation of iron and the 204 

elimination of residual hydrogen peroxide (Luna et al., 2013) . 205 

2.4 Photo-Chemical reactor  206 

The tubular photochemical reactor employs two lamps of UVA radiation (T8 40W BL 207 

LE), has a refrigeration section corresponding to 1 liter, and is hermetically closed. The 208 

tubular photochemical reactor shown in Fig 1 includes a parabolic tubular photochemical 209 

reactor coupled to the two–liters tank used for both mixture and recirculation with a flow 210 

rate of 0.1 L s-1. The photochemical reactor is composed by two parabolic tubular modules 211 

in series, each one containing an irradiation area of 500 cm², an illuminated volume of 212 

462 mL, meaning ca. 31% of the total volume of the mixture/recirculating tank, and a 213 



10 of 31 

quartz tube located at the focal point of an aluminum parabolic reflector irradiated from 214 

top with a black-light UVA lamp (T8 40W BL LE). A thermostatic bath was coupled to 215 

the jacket of the mixture/recirculating tank to maintain the temperature of the aqueous 216 

body around 30 ºC.  217 

1.1 EEO parameter (EEO) 218 

Electric energy per order (𝐸EO) is figure-of-merit that indicates the expenses with the 219 

electric energy in kilowatt hours (kWh) to degrade a pollutant at 90% degree. (Olya et al., 220 

2018)  Originally, the 𝐸EO is expressed by (Cater et al., 2000)  221 𝐸EO = 𝑃×𝑡×1000𝑉×60×log ([𝑃𝑜𝑙𝑙]0[𝑃𝑜𝑙𝑙]𝑡) ,                                                            (4)  222 

where P is the power input (kW) of the AOT system to drive the UV lamp(s), V is the 223 

volume (L) of water in the reactor, t is the irradiation time (min); the factor 1000 converts 224 

kW to W; and, finally, [poll]0 and [poll]t is the initial (or influent) and final (or effluent) 225 

concentrations [M or mol L–1] of the pollutant, respectively the factor 60 converts 226 

minutes into seconds.  227 

 228 

Figure 1. Scheme of the two water-treatment unit used in this work, (a) the tubular 229 

photoreactor assembles (1) a point for reagent input; (2) a recirculation tank; (3) two 230 

quartz tube; (4) two parabolic reflector and UVA-lamp assembly; (5) a bomb; (6) a point 231 

for collecting the samples, and (7) temperature jacket refrigerated by the water from a 232 

thermostatic bath. 233 

 234 

2. Results 235 
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 3.1 Theoretical background 236 

 In the homogeneous photo-Fenton oxidation, both Fe+2 and H2O2 are dissolved 237 

into the pollutant-rich solution using quantities that must be calculated based on the 238 

pollutant concentration. According to the stoichiometry for the HCT mineralization 239 

reaction seen below    240 

 𝐶7𝐻8𝑁3𝐶𝑙𝑂4𝑆2  +  27 𝐻2𝑂2    ⃗⃗  ⃗  7 𝐶𝑂2 +  𝐻𝐶𝑙 +  3 𝐻𝑁𝑂3 +  2 𝐻2𝑆𝑂4 +  27 𝐻2𝑂, (5)    241 

each mole of HCT requires 27 moles of H2O2 to be fully converted into CO2. Otherwise, 242 

if the reactor has less than this stoichiometry, the extent of the oxidation reaction will not 243 

complete due to a mere lack of oxidant, i.e., the mineralization cannot occur at an absolute 244 

degree. So, it is strictly necessary to know the stoichiometric concentration of H2O2 for 245 

the HCT mineralization. Considering [𝐻𝐶𝑇]0 the pollutant molar concentration, the 246 

stoichiometric concentration of H2O2 is twenty-seven times HCT concentration, i.e., 247 [𝐻2𝑂2]𝑆𝑇 = 27[𝐻𝐶𝑇]0. Regarding the catalyst concentration, this work employs one 248 

percent of the H2O2 concentration, thus leading to [𝐹𝑒2+] = 0.27[𝐻𝐶𝑇]0. However, this 249 

role is not general, varying according the type of AOP. For instance, Liu et al. noted that 250 

twenty percent (Liu et al., 2017) worked better for Fenton reaction in gaseous phase.  251 

So,  [𝐻2𝑂2]𝑆𝑇 is an important reference to the water technology, and the H2O2 252 

dose has to be selected to attain this mark after the H2O2 addition in order to have 253 

minimum condition for absolute mineralization. However, the hydroxyl radical (•OH) 254 

formed from H2O2 react rapidly and indiscriminately with several scavengers present in 255 

the aqueous matrix, being the organic pollutant just one among them.  In practical terms, 256 

however, the H2O2 dose has been added in overdose of [𝐻2𝑂2]𝑆𝑇 for some recent work 257 

(Cunha-Filho et al., 2020; Cunha-Filho et al., 2019) , yet without attaining full degree of 258 

mineralization, thus needing to optimize the H2O2 overdose for reaching an absolute 259 
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performance. The better way to expresses such overdose is by the initial excess of the 260 

H2O2 concentration (Cunha-Filho et al., 2019)  261 𝐸𝑥𝑐𝑒𝑠𝑠 = [𝐻2𝑂2 ]𝑑𝑜𝑠𝑒[𝐻2𝑂2 ]𝑆𝑇  ,                                                        (6) 262 

where  [𝐻2𝑂2]𝑑𝑜𝑠𝑒 stands for H2O2 concentration in the pollutant-rich solution at the time 263 

of H2O2 dosing. The optimization of the overdose of H2O2 is understandable when 264 

considering the reactivity of the active oxidant intermediate, the radical ∙OH. Several 265 

side-reactions are competing with HCT by the radicals ∙OH, rendering an efficiency for 266 

the radicals ∙OH consumption by the reaction 1 far below a hundred-percent. The number 267 

of possible side-reactions depends on the water matrix. (Lima et al., 2018; Paniagua et 268 

al., 2019)  Ultrapure water rich in H2O2 allows for a well-known set of water-based specie 269 

such as the hydroperoxyl radicals (HO2∙), oxide radical anions (∙O-),  superoxide (O2∙-) 270 

and hydroperoxide ion (HO2-) that readily consume the radicals ∙OH. (Moreira et al., 271 

2017)  Cumulatively to that, traces of minerals, metals, cations, anions, and salts, settles 272 

out another set of side reaction competitively consuming the radicals ∙OH. [28] From 273 

this perspective, it seems clear that the dose of H2O2 must be larger than the stoichiometric 274 

concentration of H2O2 in order to compensate for the reactant loss due to all sets of side-275 

reactions cumulatively draining the radicals ∙OH. 276 

Furthermore, the time-resolved excesses of H2O2 can be accurately estimate by 277 

applying the time function fex(t) shown in the equation 7 to the time synchronized decay 278 

of both the total organic carbon (TOCt) and the residual H2O2 279 fex(𝑡) =  [𝐻2𝑂2 ]𝑅27 [𝐻𝐶𝑇 ]0 ×  (𝑇𝑂𝐶0𝑇𝑂𝐶 )   ,       (7)  280 
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where  [𝐻2𝑂2]𝑅 stands for the residual concentration of H2O2 that is measured along the 281 

AOP, except for the initial point when it is estimated by equation 6; and, 𝑇𝑂𝐶0 together 282 

with [𝐻𝐶𝑇 ]0 stand respectively for initial TOC and initial pollutant concentrations in units 283 

of moles per liter. 284 

Finally, the efficiency with which the radicals •OH are scavenged by the HCT 285 

oxidation is grasped with equation 8,  286 

f𝑒𝑓𝑓(∆𝑡) = ∆𝑇𝑂𝐶𝑇𝑂𝐶0  ×    [𝐻𝐶𝑇]0∆[𝐻2𝑂2 ]𝑅 × 2700,                        (8) 287 

where f𝑒𝑓𝑓(∆𝑡) is a time-dependent function scoring the efficiencies of radical ∙OH 288 

consumption by the HCT oxidation for a given time interval (∆𝑡); ∆𝑇𝑂𝐶 is the modulus 289 

of the time variation of the TOC or CO2 production; and, ∆[𝐻2𝑂2]𝑅 stands for the modulus 290 

of the time variation of the residual concentration of H2O2. The time interval employed 291 

in equation 8 leads to distinct concepts of efficiency.  The mean average efficiency is 292 

obtained for the interval range from zero to another given time t, whereas the time interval 293 

between two immediately consecutive samplings, let’s say ti and ti+1, defines the 294 

instantaneous efficiency. 295 

 296 

 3.2 Time-synchronized depletions of the pollutant, TOC and residual H2O2  297 

Figure 2 shows the HCT mineralization reaction and the HCT degradation via 298 

photo(UVA)-Fenton using the same tubular reactor described in our previous work 299 

(Cunha-Filho et al., 2019) . Figure 3 shows the time depletion of the residual H2O2 300 

concentration, meaning that H2O2 concentration were measure that is time-synchronized 301 

with the experiments from figure 2. With these three sets of results, much of the chemical 302 

dynamics related to the time evolution of both formation and consumption rate of the 303 

radical OH may be inferred. In this section, temporal analysis of products (TAP) is briefly 304 
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discussed as a powerful alternative to understand the mechanism of radical ⦁OH 305 

consumption in comparison to the standard framework of chemical kinetics.  306 

Table 2: Summary of the main experimental results. 307 

(1) 
[HCT]o 

(2) 
Rate of 
HCT 
Deg. 

 

(3) 
Degradation  

(4) 

Mineralization (5) 
t90 

(6) 

EEO [𝐻2𝑂2]𝑠𝑡,𝐷 
[𝐻2𝑂2]0[𝐻2𝑂2]𝑠𝑡,𝐷 [𝐻2𝑂2]𝑠𝑡,𝑀 

[𝐻2𝑂2]0[𝐻2𝑂2]𝑠𝑡,𝑀 

mg‧L‒1 µmol‧L‒1 k ‘/ min‒1 µmol‧L‒1 excess µmol‧L‒1 excess min 
kWh m–3 

 
20.84   70.00 0.130 35.00 367 1,890 6.8 15.42 49.34 
70.90 238.00 0.121 119.00 108 6,426 2.0 19.17 61.34 

[H2O2]0 =  12.86  mmol‧L‒1 (437.24 mg‧L‒1); [Fe2+]o =  128.6 µmol·L-1 

 308 

Figure 4 rearranges the previous results, showing the time evolution of two 309 

reactants, namely the pollutant (second line) and the hydrogen peroxide (first line), and 310 

of one product, the carbon dioxide (third line). The raw data for the time depletion of 311 

TOC shown in figure 2 were employed for an algebraic transformation shown below 312    [𝐶𝑂2] = ∆𝑇𝑂𝐶𝑇𝑂𝐶0  ×    [𝐻𝐶𝑇]0 × 7                                             (9) 313 

where [CO2] stands for CO2 concentration expressed in mM. In this way, the quantity of 314 

CO2 is indirectly inferred, simply multiplying the [HCT]0 by the mineralization degree 315 

(differences between TOCs normalized by the initial TOC). The multiplier constant 316 

(number 7) represents the stoichiometric coefficient for the CO2 shown in equation 5, the 317 

HCT mineralization reaction.  318 
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 319 

Figure 2.  Time depletion of (a) total organic carbon, and (b) pollutant concentration 320 

during Photo-Fenton oxidation of Hydrochlorothiazide (HCT) in a tubular reactor with 321 

UVA lamp. Conditions: [H2O2]0=12,860 µM, [Fe2+]0=128 µM, [HCT]0= 238 µM for 322 

squares, [HCT]0= 70 µM for circles. 323 

 324 

With Figure 4, the limitations of the standard framework of chemical kinetics are 325 

discussed and the chemical dynamics is proposed as a suitable tool to understand the rate 326 

constant for the radical OH consumption and so for the mineralization reaction. In figure 327 

4, first column shows time evolution for two reagents (H2O2 and pollutant) and one 328 

product (CO2), the second column shows representation for the first-order law of reaction. 329 

As widely known, the time depletion of the pollutant concentration obeys the first order 330 

law of kinetic rate as seen in Figure 4 middle line and middle column. The estimated rate 331 

constant of the HCT degradation by the adjustment of the first-order law is shown in table 332 
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2 along with the time for depleting 90% of the initial HCT concentration (t90), which is 333 

used to estimate the EEO parameter.  334 

 335 

Figure 3.  Time depletion of residual concentration of H2O2 during Photo-Fenton 336 

oxidation of Hydrochlorothiazide (HCT) in a tubular reactor with UVA lamp. Conditions: 337 

[H2O2]0=12,860 µM, [Fe2+]0=128 µM, [HCT]0= 238 µM for squares, [HCT]0= 70 µM for 338 

circles. 339 

 340 
Temporal analysis of products (Morgan et al., 2017) is hereby applied to photo-341 

catalysis by the first time. It consists in experimentally observing the time variations on 342 

the concentrations of at least one reactant and one product, as well as for one intermediate 343 

(radicals •OH) when it is feasible. Such time-resolved experiments have theoretical 344 

support on the chemical dynamics, one of the mathematical versions to deal with the 345 

kinetics. According to the chemical dynamics, each specie within the stepwise 346 

mechanism is free to vary over time, whether reactant or intermediate species. So that, 347 

possible mismatches between the concentrations from the time-resolved experiments and 348 

the stoichiometry of the pollutant oxidation can be attributed to the side reactions within 349 

the stepwise mechanism of oxidation. Following the equation 5, each negative variation 350 

of the pollutant concentration (Δ[HCT]) is linked to 27-times more negative variation of 351 

the residual H2O2 concentration, Δ[H2O2] = − 27×Δ[HCT], and to 7-times more positive 352 
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variation of the CO2 concentration, Δ[CO2] = 7×Δ[HCT]. In figure 4, the third column 353 

shows these stoichiometric variations of the pollutant decay in comparison to the 354 

experimental time evolution of either H2O2 or CO2 concentrations. 355 

 356 
Figure 4.  Analysis of the raw data from figures 2 and 3. The column at the left piles the 357 

raw data, the middle column shows the first-order time evolution where the lines indicate 358 

the adjusted first order law, while column at the right shows a comparison between the 359 

raw data (open symbols) and the stoichiometric evolution of reaction 5 for experimental 360 

the HCT degradation data (closed symbols plus line).  361 

Thus, in Figure 4 third column, the mismatch between the measured [H2O2]R and 362 

the stoichiometric concentration, that equals to [H2O2]0 ‒ 27×Δ[HCT], indicates the 363 

amount of H2O2 that is consumed by the side-reactions. Still in figure 4, the experimental 364 

CO2 production is compared to the stoichiometric CO2 production, i.e., 7×Δ[HCT]. Both 365 

the curves of experimental and stoichiometric CO2 overlap for 70 µM HCT, indicating 366 

all degraded HCT was fully converted into CO2.  On the other hand, there is a mismatch 367 

between these curves for 238 µM HCT, and its extension indicates the concentration of 368 
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HCT fragments (or intermediates) remaining in the solution. All these variations are 369 

employed in the analysis of efficiency.  370 

3.3 The efficiency of the oxidant consumption by the reaction of mineralization  371 

Uncommonly fast rates of mineralization occur within 10 minutes for both the 2.0 372 

and 6.8 excesses of hydrogen peroxide. The top plate in Figure 5 shows the concentrations 373 

of the H2O2 and CO2 along with the variations over three-time frames. cf. the variations 374 

values shown respectively on top and bottom of each bar displayed in the first plate. 375 

Within 10 minutes, 57.9 and 82.2 % of the HCT converts into CO2 respectively for the 376 

2.0 and 6.8 excesses. After 10 minutes, the rates of mineralization progress smoothly. 377 

Yet, the excess of 6.8 enables 97.95% of mineralization degree at 30 minutes together 378 

with an oxidant remaining of 7 mM, whereas the excess of 2.0 suffers of H2O2 starvation 379 

for mineralization, reaching full depletion at 60 minutes. We suggest that the overdose of 380 

oxidant mostly governs such fast mineralization rate at the oxidation onset when dosing 381 

the oxidant. However, one of the fastest mineralization rates, that is seen for the excess 382 

of 6.8, are not followed by the best efficiency of consumption of the hydrogen peroxide, 383 

and such topic is thoroughly analyzed below.  384 

Figure 5 shows time-resolved efficiencies of the radical ⦁OH consumption by 385 

HCT mineralization. Both the mean average and the instantaneous efficiencies are shown 386 

on the plate at the middle and bottom, respectively. On average, the efficiencies were 38 387 

% for the H2O2 excess of 2.0 against 31% for the excess of 6.8, meaning that the 388 

efficiencies tend to decrease when pushing the stoichiometric H2O2 excess at higher 389 

values. In general, this observation is consistent with the well-known knowledge in the 390 

AOP field that the hydrogen peroxide concentration should be hold at low values to avoid 391 

its reaction with the so formed radical ⦁OH. In this rationale, the side-reaction (Buxton et 392 

al., 1988)   393 
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 𝐻2𝑂2 + ⦁𝑂𝐻      𝑘 ~107  →       𝑂2 ⦁ − +𝐻2𝑂                                    (10)  394 

between the hydrogen peroxide and the radical ⦁OH is only avoided if maintaining 395 

the hydrogen peroxide concentration at low level. At the best of our knowledge, it is the 396 

first time that experiments are performed to demonstrate this point very formally. More 397 

importantly, this was demonstrated in relative terms, i.e. using the stoichiometric 398 

concentration of hydrogen peroxide, so that the waste of oxidant has now a relative 399 

parameter. Not all concentrations of hydrogen peroxide but only those that are some folds 400 

larger than the stoichiometric concentration for mineralization (full oxidation) will be 401 

significant for promoting side-reaction of the hydrogen peroxide with the radical ⦁OH. 402 

Only at this scenario, the fall of the efficiency with which the radicals ⦁OH react with the 403 

target pollutant will be significantly noted. So that, the stoichiometric excess of hydrogen 404 

peroxide is now recognized as a relative parameter that is key for optimizing the dynamics 405 

of the AOPs.  406 

Worth to note that the efficiencies of oxidant consumption calculated across 407 

worldwide tend to fall within very similar range when the stoichiometric H2O2 excesses 408 

are above one (excess > 1). For instance, the mean average of efficiencies was measured 409 

33% for a drug (Cunha-Filho et al., 2019)  and 37% for a cosmetic compound (Lima et 410 

al., 2018) , which according to our calculations corresponds to stoichiometric H2O2 411 

excesses of 4.50 and 1.43 respectively. Taking all this together, it may be rightly thought 412 

that the efficiencies very presumably lay above 30% when the stoichiometric excesses of 413 

H2O2 lays above 1. Further, such efficiencies tend to decrease as pushing their values far 414 

away multiples of one, as seen comparatively in Figure 5 for excess 2.0 against excess 415 

6.8.  416 
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 417 
Figure 5. Photo-Fenton oxidation of 238 µM and 70 µM Hydrochlorothiazide in presence 418 

of 12.85 mmol·L-1 H2O2 (H2O2 excesses of 2.0 and 6.8, respectively) measured in terms 419 

of the time-resolved (a,d) production of carbon dioxide (CO2) that was estimated by 420 

differences of the total organic carbon, plus (b,e) mean average and (c,f) instantaneous 421 

efficiency of radical ⦁OH to get  consumed by the HCT oxidation. The time-resolved 422 

efficiencies result from the equation 8 applied to data. 423 

 424 

Now, we discuss the instantaneous efficiencies. They vary over time, see bottom 425 

plate in Figure 5. They segregate into three groups of different values according to the 426 

kinetic domains. Globally, the mineralization degree has been repeatedly faster, the 427 

higher both the instantaneous efficiency and the oxidant excess within the first kinetic 428 

domain, i.e. the earliest 5 minutes. 429 

The filled symbol in figure 5 indicates the third collected sample, which lays 430 

within the initial range of 5 minutes as highlighted in shadow gray. This kinetic domain 431 

is said ultrafast mineralization domain given that it has the largest production of CO2, cf. 432 

the variations of the CO2 shown on top of each bar displayed in the first plate in 433 

comparison to the initial TOC. Within the ultrafast domain, the instantaneous efficiency 434 
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for the excesses of 2.0 and 6.8 reaches 54 and 90 %, respectively; but, within the next 435 

range of 5 minutes, which is named fast domain, the instantaneous efficiency reaches 436 

ranges respectively between 15 to 20% and 10 to 30%.  Within this fast domain, the 437 

mineralization rate is lowered, yet it still remains high in comparison to that belonging to 438 

the last domain, which is named the side-reaction domain because the instantaneous 439 

efficiency reaches at the best 5 and 2%, respectively. Interestingly, we note that for the 440 

first domain, the high instantaneous efficiency offers an underlying explanation for the 441 

fast mineralization rates observed among our experiments. At the same time, the mean 442 

average of the efficiency laying low for the same domain further indicates that reaction 443 

rates of the side-reactions have significantly increased, meaning that more radical ⦁OH is 444 

globally consumed by the side-reactions as well. 445 

Figure 6 shows the time-resolved H2O2 excesses for two values of initial excesses. 446 

For the 2.0 initial excess, Figure 6 displays a monotonic decrease of the time-resolved 447 

excesses which reaches an underdose (excess < 1) after 10 minutes, meaning that 448 

afterwards, the mineralization degree is limited by the oxidant starvation. Underdoses 449 

(excess < 1) means insufficient H2O2 content for full oxidation (mineralization). Within 450 

the last 50 minutes of radiation, the insufficient content of H2O2 for continuing the 451 

mineralization reaction prevents the residual pollutant to reach 90% of full oxidation 452 

(mineralization). In fact, the H2O2 concentration reaches zero at 60 minutes, holding the 453 

mineralization degree on 76.7 % (CO2 ratio 1.28 mM (0.736 + 0.23 + 0.31 mM) to 1.67 454 

mM), cf. Figure 5a. Conversely, for the 6.8 initial excess, Figure 6 displays a progressive 455 

increment over time. Within this period, a huge content of pollutant is converted into CO2, 456 

ca. 83.06 % [ratio 0.407 (0.327+0.08 mM) to 0.490 mM, cf. Figure 5d]; comparatively 457 

higher than for the excess of 2.0, ca. 57.50 % [ratio (0.73+0.23 mM) to 1.67 mM, cf. 458 

Figure 5a]. Such fast rate of mineralization is attributed to the larger thermodynamic 459 
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driven force represented by the large oxidant concentration on the mineralization onset in 460 

relative terms. Such argument is partially reinforced by the instantaneous values of 461 

efficiency displayed in Figures 5c and 5f. The instantaneous efficiency can reach 90 % 462 

with a single dose as observed for the 6.8 excess displayed in Figure 5f.  463 

At last but not the least, the mean efficiency (𝑓𝑒𝑓𝑓) is of great assistance to the 464 

designer of the initial level of H2O2 excess, thus it assists to engineer the initial H2O2 465 

concentration itself.  The H2O2 excess that is strictly necessary for 100% mineralization 466 

with a single oxidant dose is given by the reciprocal of the mean efficiency:  467 

    𝐸𝑥𝑐𝑒𝑠𝑠 𝑓𝑜𝑟 𝑠𝑖𝑛𝑔𝑙𝑒 𝑑𝑜𝑠𝑒 = 100𝑓𝑒𝑓𝑓 ;                                         (11) 468 

or yet, the assessment of the most cost-effective concentration of H2O2 with a single 469 

oxidant dose  470 

can finally be obtained   471 

    [𝐻2𝑂2]𝑒𝑓𝑓 = 100𝑓𝑒𝑓𝑓  ×    [𝐻2𝑂2]𝑆𝑇 .                                           (12) 472 

where [𝐻2𝑂2]𝑒𝑓𝑓 is the oxidant concentration that estimatedly promotes the maximized 473 

mineralization, if not complete mineralization. There is an optimized value for the initial 474 

H2O2 excess that effectively enables 100% of mineralization degree with a single dose. 475 

This value is presumably 2.63 for 238 µM HCT after considering equation 11 and the 476 

level of H2O2 efficiency of 38% measured at this concentration level. For our analysis, it 477 

is conspicuously significant to identify a case of mineralization degree limited by the 478 

starvation of H2O2 as observed for 70 µM HCT, cf. Figure 3. We can reasonably recognize 479 

that the depletion of oxidant occurs because the excess used was below the cots-effective 480 

one (2.00 < 2.63 excess). It indicates that not only (1) the efficiency by which the ⦁OH 481 

radicals get scavenged by the pollutant, but also (2) the time for reaching 100% of 482 

mineralization degree with a single dose of H2O2 are ruled by the initial H2O2 dose.  483 
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  484 
Figure 6. The time-resolved stoichiometric excess of H2O2 during Photo-Fenton 485 

oxidation of 5.9 and 20 ppm OF Hydrochlorothiazide. Conditions: tubular reactor 486 

equipped with UVA lamp, [H2O2]0 = 12,860 µM, and [Fe+2]0 = 128.6 µM.  487 

 488 

Conversely, the time-resolved excesses only rise in Figure 6 for the initial H2O2 489 

excess of 6.8, meaning that there is guarantee of plenty availability of oxidant over time 490 

to complete 100% of mineralization degree. But, of course, such benefit has a chemical 491 

cost. The shorter characteristic time for 90% of mineralization degree promoted by the 492 

large H2O2 excess, the lower the efficiency of H2O2 consumption for mineralization 493 

(~31% against 38%). Once more, the experimental measure of the oxidant efficiency can 494 

be deployed for planning a cost-effective AOP, but now considering 70 µM of pollutant. 495 

Instead of 6.8, the excess must be 3.22 for having more cost-effective initial dose of H2O2, 496 

which was obtained with the equation 10 and the 𝑓𝑒𝑓𝑓of 31%. 497 

 498 

3.4 Time-resolved analysis of the radiation dose commensurate with the Fenton’s 499 

reagents  500 

In the following, we analyze the dose of radiation commensurate with the 501 

concentration of the Fenton’s reagents, i.e. the concentrations of both H2O2 and catalyst 502 

Fe2+ are confronted with the radiation dose. In Figure 7, we compare the radiation dose 503 
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to the oxidant dose, whereas in Figure 8, we successfully access the contribution of the 504 

catalyst photo regeneration over time.  505 

Figure 7 shows the mole rate H2O2 to photons 506 

      𝑚𝑜𝑙𝑒 𝑟𝑎𝑡𝑒 = ∆ (moles of H2O2)∆ (moles of photons) ;                                        (13) 507 

where the number of photons that are effectively absorbed by an AOP unit (Po) is inferred 508 

using an actinometry methodology, so that the number of photos available for the volume 509 

(V) of water over time (t) has a linear dependence with this rate 510 

    𝑚𝑜𝑙𝑒 𝑟𝑎𝑡𝑒 = V × ∆[𝐻2𝑂2] ( P0NA × 𝑡)  .                                        (14) 511 

where NA stands for the Avogadro constant, 6.022 ×1023. In our previous work, the 512 

tubular-reactor employed in this present work was already used to carry out  the 513 

actinometric measure, rendering  the incidence rate of photons (P0 ) of  3.2 1018 514 

photons⸱s−1.(Cunha-Filho et al., 2019) 515 

With the assistance of Figure 7, we can conclude that the macroscopic kinetic of 516 

mineralization is ruled by a different microkinetic according to the level of the H2O2 517 

excess. The macroscopic kinetic is ruled by the dose of radiation strictly if the H2O2 518 

excess is relatively high as were the case for the 6.8 excess in our experiments with HCT. 519 

Almost full mineralization (~97,6%) of HCT for the 6.8 excess is observed at 30 minutes 520 

of photo-Fenton, which is the point in time where the radiation dose equals to the global 521 

variation of the oxidant according to the Figure 7. Such equality is indicated by the mole 522 

rate of one.  Contrariwise, the mole rate above one is seen for the 2.0 excess at 30 minutes 523 

because, according to our previous discussion on the context of figure 5, such level of 524 

H2O2 excess is knowledgably ruled by the lack of oxidant after the earliest 10 minutes, 525 

i.e. over two thirds of the time until 30 minutes, the microkinetic of mineralization is ruled 526 

by the oxidant starvation.   527 
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 528 

 529 

Figure 7. Time-resolved mole ratio H2O2 to photons regarding two initial excesses of 530 

H2O2 during HCT oxidation via photo-Fenton. Highlighted points indicate point at 30 531 

min, and labels indicate the mineralization degree at 30 min. 532 

How many times the catalyst (Fe2+) has been recycled over the irradiation time? 533 

Herein, the number of the catalyst recycles (Fe2+ #cycles) is defined as    534 

    𝐹𝑒2+ #𝑐𝑦𝑐𝑙𝑒𝑠 = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐹𝑒2+∆ (𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠) ;                                        (15) 535 

and the recycles number is analytically estimated with the formula 536 

    𝐹𝑒2+ #𝑐𝑦𝑐𝑙𝑒𝑠 = 𝑉×[ 𝐹𝑒2+]0𝑡×𝑃0  ,                                           (16) 537 

where P0 stands for the incidence rate of photons (or quantum yield), t is the irradiation 538 

time, V is the volume of effluent treated in the AOP unit, and [Fe2+]o stands for the initial 539 

concentration of the Fenton catalyst (Fe2+).   540 

Figure 8 shows the number of the catalyst recycles over time by considering the 541 

equation 16 and data both from this work for the 6.8 excess and from our previous study 542 

oxidizing acetylsalicylic acid for the 4.5 excess (Cunha-Filho et al., 2019) . Only in the 543 

present work, a significant number of catalysts recycles is observed. The radiation 544 
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promotes the catalyst photo-regeneration (Safarzadeh-Amiri et al., 1997) , Fe3+ + OH͞  +  545 

hv → Fe2++  ⦁OH. The overall content of Fe2+ is recycled ten times over the earliest 10 546 

minutes, representing a true case of high yield of ⦁OH radical induced by the oxidant 547 

concentration (H2O2). The earliest 10 minutes are highlighted because of the optimized 548 

mineralization along with the fastest mineralization rates obtained within this time frame. 549 

For both the experiments, more than 80% of mineralized within 10 minutes reached using 550 

the same tubular-reactor and lamps. However, only the experiments with the 551 

acetylsalicylic acid reaches less than one cycle of catalyst Fe2+ regeneration, which is a 552 

fact reasonably deciphered with the findings of the earlier report, (Cunha-Filho et al., 553 

2019)  that showed evidences of a direct reaction between the H2O2 and the pollutant. 554 

Despite the absence of experimental proof, we can safely argue that in the present 555 

experiments there is minimized, if any, contribution of the direct oxidation of the pollutant 556 

by the H2O2. As conclusion, only the experiments of this present work represent a real 557 

situation of oxidation mechanism truly associated with an accelerated photo-Fenton 558 

process due to significant number of catalyst (Fe2+) recycles.   559 

Finally, Figure 9 shows the time-resolved concentration ratio Fe2+ to H2O2. For 560 

this present work, the initial ratio of 0.01 has a negligible variation along the AOP, except 561 

for the mild H2O2 excess of 2.0, to which the ratio displays more than ten times 562 

enlargement after 30 minutes. As already discussed in the context of Figure 3, that showed 563 

the full depletion of oxidant for 2.0 excess after 60 minutes, together with Figure 6 that 564 

clearly demonstrate an oxidant H2O2 excess below one for the time frame below 20 min, 565 

we can further argue that the remarkable increase on the concentration ratio seen in Figure 566 

9 signals an microkinetic governed by the insufficient presence of oxidant.  If considered 567 

that the H2O2 can be timely monitored, we soon conclude that the concentration ratio Fe2+ 568 

to H2O2 would be a valuable parameter for automatization of the AOP in the context of 569 
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the IOT industry. At last, we make an important addendum with the assistance of the plate 570 

b in Figure 9. The concentration ratio Fe2+ to H2O2 used in our previous work (Cunha-571 

Filho et al., 2019)  folds either one or two times over time, which in our view indicates 572 

an mistaken choice for its initial value. Such initial value was much larger than 0.01. 573 

Presumably, if we had used the ratio 0.01, we would have observed several re-cycles of 574 

the catalyst, instead of the single cycle detected in Figure 8. For an industrial application 575 

of the Photo-Fenton processes, such ratio of 0.1 represents a costly scenario because the 576 

high iron content adds an incremental production cost due to environmental regulation 577 

questing for its removal in a second step.  578 

  579 

Figure 8. The number of the catalyst photo-recycles (Fe3+ + OH͞  +  hv → Fe2++  ⦁OH) 580 

(Safarzadeh-Amiri et al., 1997) over time. Both measures used the same tubular-reactor 581 

and irradiation source. The recycle number was estimated using the equation 16. 582 

Concentrations of the catalyst, [Fe2+]o, were 0.129 mM for this work and 1.5 mM for the 583 

previous one (Cunha-Filho et al., 2019) . For both the cases, P0 = 3.2 1018 photons⸱s−1; 584 

and, V = 2 liters; 585 
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  586 

Figure 9. The time-resolved concentration ratio Fe2+ to H2O2 used in (a) this work, and 587 

(b) our previous work (Cunha-Filho et al., 2019) . Experimental data of the time depletion 588 

of residual H2O2 concentration was used to generate these results.  589 

Not surprisingly, the oxidant concentration has been the most controversial 590 

parameter with regard to the extent of mineralization. To illustrate the problem, we recall 591 

that sometimes the hydrogen peroxide (H2O2) is suggested to be added in a continuous 592 

flow, (da Silva et al., 2014; Esteves et al., 2019a; Moraes et al., 2004; Vilar et al., 2020)   593 

that means the overall oxidant content is fragmented over time into several doses of small 594 

quantities (Esteves et al., 2019b; Mota et al., 2018) , or even suggested to be added all at 595 
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once in the treatment onset (Cunha-Filho et al., 2020) . What would be the most cost-596 

effective dosing program of the precursor oxidant, namely the H2O2? While there is any 597 

generalist consensus in the photochemical community concerning the oxidant dosimetry, 598 

this present work strongly suggests looking at the microkinetic of radical formation by 599 

means of two relative parameters: (a) the efficiency of radicals’ scavenger by the 600 

micropollutant, and (b) the H2O2 excess of the dosimetry. Together, these two relative 601 

parameters can offer a generalist guidance for pragmatical AOP development. Further, 602 

the concentrations of Fenton reagents were investigated by Chan & Chun (Chan and Chu, 603 

2003)in terms of the concentration ratio Fe+2 to H2O2, and the authors conclude that the 604 

underlying cause preventing absolute degradation via Fenton process is the overdoses of 605 

H2O2. Interestingly and accordingly to our calculus, the authors inadvertently used a 606 

stoichiometric H2O2 excess of ~ 0.76. Even though, the authors reported 97% 607 

mineralization within 120 minutes, which calls for a revision on the Phenol oxidation on 608 

the bases of the stoichiometric excess of the H2O2 concentrations. 609 

 610 

3.5 Oxidant excess versus EEO parameter: a survey  611 

Two economical parameters impact the expenditure with the Photo-Fenton 612 

process: (1) the overall content of the oxidant, and (2) the electrical energy used to drive 613 

the irradiation lamps. Both the parameters are positively correlating with the kinetics of 614 

pollutant oxidation, either degradation or mineralization. However, only the irradiation 615 

dose had been formally correlated with one of the kinetic parameters, which is namely 616 

the degradation kinetics of the micropollutant. To be more precise, Carter et al. (Cater et 617 

al., 2000)correlated the radiation dose with the degradation rate constant of the 618 

micropollutant. The authors demonstrated on the basis of their observations that the rate 619 

constant for pollutant degradation is the sole predictor of the energetic cost for the AOP. 620 
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We recall that the oxidant content was kept constant while the level of pollutant was 621 

varied in the experiments of Carter et al., which partially covers the contribution of the 622 

oxidant concentration as detailed in the introductions section. Conversely, when the 623 

oxidant content varies for the same level of pollutant concentration, Cunha et al. (Cunha-624 

Filho et al., 2020; Cunha Filho, 2022)  observed the correlation between the kinetic of 625 

mineralization and the initial dose of the oxidant. Both the works of Carter et al. and 626 

Cunha et al. come into a consensus when taken into consideration the stoichiometric 627 

oxidant excess (H2O2 excess for short) as a relative parameter. As the introduction section 628 

demonstrates, data of Carter et al. also correlates to the oxidant excesses; thus, it is 629 

standard processes for comparison, which is reason for such data to be considered in 630 

figure 10. The initial oxidant excess is an indication of the stoichiometry of the reactants, 631 

either the pollutant or the oxidant. Any economic analysis has to take into consideration 632 

both of them because they are ruled by the initial oxidant excess as detailed below.  633 

Figure 10 compares the energy expenditure for the mineralization and degradation 634 

of HCT across different AOPs published up to date in the literature. The economic 635 

analysis of the AOP dates back to 2000 when Carter et al. (Cater et al., 2000)  636 

demonstrated a correlation between the rate constant for pollutant degradation was the 637 

sole predictor of the energetic cost for AOP, being nowadays recognized as a figures‒of‒638 

merit. (James et al., 2001)The so-called Electrical Energy per Order (EEO), as originally 639 

proposed by Carter et al., indicates the electrical energy required (Cater et al., 2000) to 640 

abate 90% of the pollutant initial concentration; so that, the parameter EEO strictly 641 

measures the degradation costs, not the mineralization costs. So that, plate b compares 642 

the HCT degradation to the standard degradation of sacarose from the work of Carter et 643 

al. 644 
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 645 
Figure 10. Economic analysis of HCT oxidation across AOPs (Cater et al., 2000; 646 

Fernández-Perales et al., 2020; Mafa et al., 2020; Paniagua et al., 2019)by comparing (a) 647 

the electrical energy, EE, and (b) the figure-of-merit parameter, EEO, expended with 648 

regards to the degree of the pollutant mineralization and degradation, respectively. The 649 

degradation of sacarose was add for matter of standard comparison. Others: DW= 650 

deionized water; DDiW= double distilled water; SPT= sewage treatment plant effluent. 651 

Equations 20 and 4 were employed to estimate the energy cost of mineralization and 652 

degradation, respectively.    653 

Both Fernández-Perales et al. (Fernández-Perales et al., 2020)] and Paniagua et 654 

al. (Paniagua et al., 2019)degrade HCT via Photolysis of H2O2 (UVC- H2O2), but 655 

comparatively, the photo-reactor of Fernández-Perales et al. is the most cost-effective for 656 

HCT degradation because it needs lesser excess of oxidant for HCT abatement 90%. 657 

Conversely, Mafa et al. (Mafa et al., 2020)  used a photo-anode within a configuration of 658 

a tandem-like cell, meaning that radicals (either ⦁H or ⦁OH radicals) are photo-generate 659 

from water-splitting on the electrode surface. There is no chemical expenditure in such 660 

case, as none H2O2 is add to the reactor; however, the energetic cost of the apparatus of 661 

Mafa et al. has substantial increase because of the typical long times required for such 662 

radical formation via water-splitting (and not via H2O2 photolysis). 663 
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The economic analysis, however, has to be modified when the mineralization 664 

rather than the degradation is taken as the final aim of the AOP. The Electrical Energy 665 

for mineralization (EE) is defined as 666 𝐸𝐸𝑤% = 𝑃×𝑡𝑤%×1000𝑉×60                                                              (17)  667 

                                                     (18)  668 

where P and V stands for parameter already defined by equation 4; the factor 1000 669 

converts kW to W; the factor 60 converts minutes into seconds; and, finally, 𝑡𝑤% stands 670 

for the time in minutes required to mineralize 𝑤%  of the micropollutant. 671 

Brand new perspectives open up with the analysis of plate a in Figure 10. 672 

Comparison among different AOP set-ups can be more direct and smoother. Paniagua et 673 

al. (Paniagua et al., 2019) used a much smaller initial concentration of HCT than this 674 

present work, 0.54 ppm against the 5.9 and 20 ppm used in our experiments. However, 675 

Paniagua et al. dispelled two times more energy to mineralize the HCT into a lesser degree 676 

than our set up despite using a similar range of H2O2 excesses. The underlying reason 677 

could presumably be the slower reaction rates that are typically expected for lower 678 

reactant concentrations. While a definitive explanation cannot be answered, it is 679 

undoubtable that the representation in Figure 10 plate a brings all types of AOP into better 680 

perspective. 681 

 682 

CONCLUSIONS 683 

This contribution has demonstrated the explicit connection between the 684 

stoichiometric concentration of H2O2 and the efficiencies of radical ∙OH consumption by 685 

the target reaction, i.e. the pollutant mineralization. The time-synchronized depletion of 686 

both the pollutant, TOC and H2O2 concentrations allowed us to estimate the efficiency 687 
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with which the radicals ∙OH are scavenged by the pollutant oxidation. For H2O2 excesses 688 

of 2.0 and 6.8, respectively, efficiencies of 38 and 31% were discovered. The larger the 689 

excess, the lower the efficiency. We estimate that a mild H2O2 excess of 2.63, rather than 690 

2.00, would be sufficient to promote absolute mineralization of 70 µM. For that, we used 691 

the following rationalization: the H2O2 excess that is the most cost-effective can be 692 

obtained with equation 11, and the most cost-effective HCT dose is obtained with 693 

equation 12. With that, the importance of gauging on an experimental basis the efficiency 694 

of the oxidant draining by the pollutant mineralization is illustrated. It is crucial as a 695 

generalist guideline for designing future processes. 696 

Further, we demonstrated that when the process starves H2O2 for mineralization, 697 

the kinetics passes to be controlled by side-reactions, and the instantaneous efficiencies 698 

of the H2O2 consumption decrease substantially, reaching ca. 5% at best. From this 699 

perspective, the importance of avoiding H2O2 starvation can be grasped. For clarity, the 700 

reader must check figure 4, which shows a smooth TOC abatement when the time-701 

resolved excess of H2O2 reaches a value below 1, meaning a situation where the 702 

instantaneous efficiencies of H2O2 consumption are among the lowest values ever 703 

observed, ca. 5%. 704 
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