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31 Abstract

32 This study evaluated the impact of the direct in situ generation of hydrogen peroxide (H2O2) 
33 in urine through the application of gas diffusion electrode based on Printex L6 carbon. The 
34 oxidative potential of H2O2 was explored to promote the degradation of urea, creatinine, and 
35 uric acid. Different current densities (25, 50, 75, and 100 mAcm-2) were tested for H2O2 
36 electro-generation in Na2SO4 under ionic strength and pH conditions similar to those of 
37 synthetic urine. The current density of 50 mAcm-2 was found to provide the best balance of 
38 H2O2 production, energy efficiency, and energy consumption; under these conditions, the 
39 concentration of H2O2 electrogenerated was compared with that accumulated in the urine 
40 matrix itself, both in the presence and absence of organic compounds. The results showed that 
41 the compositional complexity of urine extends beyond organic compounds, and the significant 
42 difference in H2O2 generation between Na2SO4 and the synthetic inorganic urine matrix can 
43 be attributed to the presence of dissociated ions or species generated during the electrolytic 
44 process, with active chlorine species playing a notable role. The direct electrogeneration of 
45 H2O2 in urine resulted in the removal of 43.4% urea, 77.2% creatinine, and 100% uric acid, 
46 with partial mineralization of 31% and a lower energy consumption of 6.21 kWh (g TOC)-1 
47 compared with the process that did not involve the in situ generation of H2O2. The study 
48 highlights a promising strategy for sustainable electro-sanitation practices, offering valuable 
49 contributions toward advancing the achievement of the United Nations' Sustainable 
50 Development Goals (SDG), particularly in regions with limited access to basic sanitation. By 
51 utilizing the urine matrix for in situ hydrogen peroxide generation, this approach fosters 
52 decentralized solutions for wastewater treatment.

53

54 Keywords: Gas diffusion electrodes, in situ H2O2 generation, synthetic urine, electro-
55 sanitation, sustainability. 
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56 1. Introduction

57 The Sustainable Development Goals (SDGs), launched in 2015 by the United Nations 
58 (UN), represent a global commitment to addressing the most pressing social, economic, and 
59 environmental challenges of our planet by 2030 [1]. Among these goals, the SDG 6, which 
60 aims to ensure universal access to clean water and adequate sanitation, stands out as one of 
61 the most crucial and ambitious goals that are geared toward promoting and safeguarding 
62 global public health and well-being. Despite the initial optimism, current projections suggest 
63 that we are unlikely to achieve the SDG 6 by 2030, with some estimates extending the 
64 timeline for meeting the guidelines and accomplishing the target to 2050 [2]. This concern 
65 regarding the inability to accomplish the SDG 6 by the set deadline was reinforced by the 
66 2023 UN World Water Report, which showed that approximately 46% of the global 
67 population still lacks access to basic sanitation, while 26% lives without access to safe 
68 drinking water [3].

69 In this context, for the pursuit and accomplishment of the SDGs, scientific research is 
70 found to play a key transformative role which involves both collective and individual efforts 
71 [4]; specifically, scientific research plays a crucial role when it comes to treating the 
72 increasingly complex nature of urban wastewater, including highly challenging effluents such 
73 as urine. The complex nature of urine can be primarily linked to its compositional variability, 
74 which depends on factors such as age, gender, geographic location, environmental conditions, 
75 and diet [5]. Urine primarily contains inorganic compounds such as chloride, sulfate, and 
76 phosphate, as well as a high organic load which is derived from its urea, creatinine, and uric 
77 acid contents [6,7]. The complex nature of urine makes it difficult to be treated effectively, 
78 and this underscores the need for the development of highly efficient technologies that are 
79 capable of treating such matrices in an adequate fashion. Centralized wastewater treatment 
80 systems have proven to be ineffective when applied for the treatment of urine due to the 
81 logistics involved in transporting large volumes of urine [8,9]. For example, an adult produces 
82 an average of 1.4 liters of urine per day [5], and this volume is further diluted by water during 
83 flushing, where roughly 10 times more water is used for its disposal [10].

84 This reality points to the urgent need for devising innovative, efficient, and 
85 decentralized sanitation solutions for wastewater treatment, especially in remote areas with 
86 limited infrastructure [11,12]. Among these approaches, a comprehensive state-of-the-art 
87 study published in 2021 highlighted recent efforts to develop urine treatment technologies. 
88 This study revealed that while biological processes are effective for urine stabilization, they 
89 are not suitable for toilet applications [13]. This limitation can be overcome by advanced 
90 oxidation processes (AOP), such as electrochemical oxidation (EO), which has gained 
91 prominence among researchers due to the efficiency and flexibility of these processes when 
92 applied for the removal of organic compounds from complex matrices [14–16]. The efficiency 
93 of EO depends, among other factors, on the electrogeneration of strong oxidants, including 
94 hydroxyl radicals, active chlorine species, and hydrogen peroxide (H2O2) [17]. H2O2 is a 
95 versatile oxidant which is widely employed in environmental applications; the in situ 
96 generation of H2O2 offers significant advantages, as it helps eliminate the need for 
97 transporting and storing large volumes of reagents [18,19]. H2O2 can be generated and 
98 accumulated in desirable concentrations during continuous electrolysis, primarily through the 
99 two-electron oxygen reduction reaction (ORR), as shown in Eq. 1 [19,20]. 

100
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101 O2 + 2 H+ + 2 e− → H2O2                                                                                                   (Eq. 1)  

102

103 The synthesis of H2O2 is not an easy task [21], but the underlying difficulties 
104 encountered in H2O2 generation can be overcome through the use of gas diffusion electrodes 
105 (GDE). The use of GDEs allows one to perform electrolysis under ambient pressure and 
106 temperature while ensuring that the oxidant is in direct contact with the pollutants in the 
107 solution being treated (Carneiro et al., 2016). The efficiency of GDEs for ORR depends, 
108 among other factors, on the catalytic material used. Carbon-based materials, such as Printex 
109 L6, have demonstrated high efficacy when applied in the construction of catalytic materials; 
110 these carbon-based materials have been found to facilitate the occurrence of ORR selectively 
111 due to their large surface area and the presence of functional groups in them which help 
112 enhance their catalytic activity [23]. 

113 Given these well-established advantages of EO, it is clear that the process meets many 
114 of the standard prerequisites for application in decentralized wastewater treatment systems. 
115 Remarkably, despite the recent progress, significant gaps remain when it comes to devising 
116 suitable technologies for the treatment of real and complex matrices such as synthetic urine. 
117 Thus, this study aims to investigate the application of electrochemical oxidation with in situ 
118 H2O2 generation and Printex L6 carbon-based gas diffusion electrode (GDE/PL6C) for the 
119 efficient treatment of synthetic urine. The primary focus of the study lies in using the 
120 proposed treatment mechanism for the degradation of key organic compounds, such as urea, 
121 creatinine, and uric acid, whose degradation poses significant challenges to sanitary effluent 
122 treatment systems. This study deepens our understanding of advanced treatment processes for 
123 complex matrices, providing crucial insights into the development of efficient and affordable 
124 technologies for decentralized electro-sanitation practices. In this sense, the present study 
125 directly contributes to the development of wastewater treatment solutions which can help 
126 accelerate the progress toward the accomplishment of safe and sustainable sanitation goals, 
127 including, in particular, the SDG 6.

128

129 2. Experimental 

130 2.1. Chemicals and synthetic urine formulation 

131 The synthetic urine matrix was formulated based on a composition described in the 
132 literature, as shown in Table 1. All the reagents – acquired from Sigma-Aldrich, used in the 
133 experiments were of analytical grade. The solutions were prepared using ultrapure water 
134 obtained from a Merck Milli-Q system, with resistivity of 18.2 MΩ cm.

135

136 Table 1: Composition of the synthetic urine matrix adapted from Arve and Popat (2021) and Felisardo 
137 et al. (2024b) as representative of domestic urine.

Species Concentration (molL-1)
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Chemical name Chemical formula MW (gmol-1)

Urea CH4N2O 60.06 0.0550

Creatinine C4H7N3O 113.12 0.0015

Uric acid C5H4N4O3 168.11 0.0003

Sodium chloride NaCl 58.44 0.1200

Sodium sulfate Na2SO4 142.00 0.0200

Potassium chloride KCl 74.55 0.0600

Monosodium phosphate NaH2PO4 119.98 0.0200

Total organic carbon (TOC) 750 mg L-1

pH 5.26

Ionic strength 0.3 mol L-1

Conductivity 18.29 mS cm-2

138

139 The ionic strength of the solutions was calculated using the Lewis and Randall 
140 equation, as expressed in Eq. 2 below [25].

141

142 𝑰 =  𝟏𝟐 Ʃ𝑪𝒊𝒁𝟐
𝒊                                                                                                                     (Eq. 2)

143

144 Where I is the ionic strength in mol L-1, Ci is the concentration of ion i in mol L-1, and Zi is the 
145 charge of ion i present in the solution.

146
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147 2.2. Preparation of GDE with Printex L6 carbon and H2O2 electrogeneration

148

149 The gas diffusion electrode was prepared based on the standard method developed by 
150 our research group [23,26]. Specifically, a catalytic mass of 1.6 g of PL6C, previously dried 
151 in an oven for 24 h at 120°C, was mixed with 25 mL of ultrapure water until a completely 
152 homogeneous mixture was obtained. Poly(tetrafluoroethylene) (PTFE) (Daflon Co.) was then 
153 added to the mixture in a proportion of 20% of the total mass. The mixture was stirred for 45 
154 min at 500 rpm. After that, the resulting catalytic mass was evenly dispersed on carbon cloth 
155 attached to a metal mold, and then kept in an oven for 15 min at 120°C in order to obtain a 
156 dispersed mass with a moist appearance. Subsequently, the cloth with the PL6C mass was 
157 removed from the metal mold, and a second cloth of the same dimensions was placed on top 
158 of it. The material prepared was then pressed (SOLAB SL-11) at 0.5 tons, at the temperature 
159 of 290°C for 45 min.

160 Figure 1 presents the operational system used for the conduct of the experiments. The 
161 system consisted of a single-compartment cylindrical glass electrochemical cell, equipped 
162 with Ag/AgCl reference electrode - from ANALYSER 3A11, a dimensionally stable anode 
163 (DSA®) of Ti/RuO2-TiO2 used as the counter electrode, and the GDE/PL6C used as the 
164 working electrode. The GDE/PL6C and DSA® had a geometric area of 20 cm2 each. The 
165 GDE/PL6C was positioned at the base of the electrochemical cell, where O2 was injected 
166 directly at a fixed flow rate of 0.05 Lmin-1. The oxygen flow rate was chosen based on 
167 previous studies of our research groups, which indicated that above this value no further 
168 improvement in H2O2 production is achieved [27]. The temperature of the electrochemical 
169 cell was maintained constant at 20°C with the aid of a thermostatic bath (NOVA ÉTICA 
170 521/2D). The system was subjected to mechanical stirring (using FISATOM 710) at 500 rpm. 
171 The working volume applied was 250 mL.

172 For the analysis of H2O2 electro-generation, the study initially investigated the role of 
173 different current densities (25, 50, 75, and 100 mA cm-2), applied from a MetrohmAutolab 
174 PGSTAT-302N Potentiostat, over a period of 120 min in Na2SO4, where the same ionic 
175 strength and pH of synthetic urine were employed. Subsequently, the concentration of H2O2 
176 accumulated in Na2SO4 was compared with that generated in situ within the synthetic urine 
177 matrix, both in the presence and absence of organic compounds, but under the same pH and 
178 ionic strength conditions. All the experiments were performed in duplicate, and the average 
179 measurements obtained were presented in the study.

180

181 2.3 Electrochemical oxidation of the main organic compounds in the synthetic urine 
182 matrix

183

184 Under specific current density conditions, the electrochemical oxidation (EO) process 
185 was applied for the treatment of synthetic urine with and without the in situ generation of 
186 H2O2 in the synthetic urine matrix; the two treatment mechanisms were referred to as 
187 EO+H2O2 and EO, respectively. The study also analyzed the parallel degradation of the 
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188 following organic compounds in the synthetic urine matrix: urea, creatinine, and uric acid. For 
189 the EO process, N2, employed at the same flow rate applied for O2, was used to prevent H2O2 
190 formation.

191

192 2.4. Analytical techniques and efficiency analysis

193

194 H2O2 was quantified using UV-Vis absorption spectrophotometry (SHIMADZU UV-
195 1900), where ammonium molybdate was used as the reagent [28]. The energy consumption 
196 (EC) associated with the quantification of H2O2 was determined using Eq. 3. The current 
197 efficiency (CE) was estimated based on Faraday's law, as shown in Eq. 4.

198

199 𝐸𝐶 𝑘𝑊ℎ 𝐾𝑔―1 = 1000
𝐸 𝐼 𝑡

𝑉𝑠𝐶𝐻2𝑂2
                                                                                      (Eq. 3)

200 𝐶𝐸𝐻2𝑂2(%) =
2 𝐹 𝐶𝐻2𝑂2𝑉𝑠    

𝐼 𝑡                                                                                                  (Eq. 
201 4)

202 Where E is the average cell potential (V), I is the applied current (A), t is the time (h), Vs is the 
203 working volume (L), and 𝐶𝐻2𝑂2 is the concentration of H2O2 generated (mgL-1), 2 is the 
204 number of electrons involved in the reduction of one molecule of oxygen to produce H2O2, 
205 and F represents Faraday's constant (96,487 Cmol-1).

206 The degradation of uric acid and creatinine was monitored by high-performance liquid 
207 chromatography (HPLC-UVC) using a Shimadzu 20A HPLC system. The analytical column 
208 had a C18 stationary phase with a particle size of 5 μm and dimensions of 4.6 mm × 150 mm, 
209 and was kept at a constant temperature of 30°C. The experiments were conducted using a 
210 fixed injection volume of 20 μL (of the sample). For the analysis of uric acid concentration, a 
211 mobile phase consisting of 75:25 (v/v) phosphoric acid (0.1%) and methanol was eluted at a 
212 flow rate of 1.0 mLmin-1, with UV absorbance (λ) measured at 274 nm. For the analysis of 
213 creatinine concentration, a mobile phase of methanol/water in the ratio of 65:35 (v/v) was 
214 employed at a flow rate of 0.5 mLmin-1, with UV absorbance (λ) measured at 234 nm. All the 
215 samples were filtered using Chromafil® Xtra PET-45/25 filters with a pore size of 0.45 µm. 
216 Urea concentration was determined using a colorimetric method described in the literature 
217 [29]. In this method, solutions containing urea developed a yellow-green color upon reacting 
218 with the indicator reagent, p-dimethylaminobenzaldehyde. Absorbance measurements were 
219 performed using a spectrophotometer at the wavelength of 420 nm.

220 The degradation percentage obtained for all the quantified compounds was calculated 
221 using Eq. 5, where c0 represents the initial concentration, and ct is the concentration at a given 
222 electrolysis time.

223 Degradation (% ) =
𝐶0  𝐶𝑡

𝐶0
  100           (Eq. 5)
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224 The amount of energy consumed (EC) per unit volume of the treated effluent was 
225 determined using Eq. 6, where Ecell is the average cell potential (V), t is the electrolysis time 
226 (h), Vs is the solution volume (m3), and I is the current (A).

227

228 𝐸𝐶 (𝑊ℎ 𝑚―3) =
𝐸𝑐𝑒𝑙𝑙 𝐼 𝑡

𝑉𝑠
                                                                                                     (Eq. 6)

229 Total organic carbon (TOC) was analyzed using a Shimadzu TOC-L Series carbon 
230 analyzer. The mineralization of the urine solutions was analyzed by monitoring the 
231 percentage reduction in TOC, which was calculated using Eq. 7, where TOC0 represents the 
232 initial measurement, and TOC is the value at electrolysis time t. Energy consumption was also 
233 evaluated per unit mass of TOC (ECTOC) and calculated using Eq. 8, where, in addition to the 
234 description of the parameters described in Eq. 6, ∆(TOC) represents the content of reduced 
235 TOC.

236

237 TOC removal (% ) =
TOC0 TOC

TOC0
  100           (Eq. 7)

238 ECTOC (kWh (g TOC)―1) =
𝐸𝑐𝑒𝑙𝑙 𝐼 𝑡

𝑉s ∆(TOC)           (Eq. 8)

239

240 The kinetic analysis conducted using the plots of c0/ct as a function of time 
241 consistently pointed to a pseudo-first-order reaction, in line with Eq. 9. In this equation, c0 
242 denotes the initial concentration, ct is the concentration at time t, and k1 is the rate constant for 
243 each organic compound.

244

245 𝑙𝑛 𝐶0

𝐶𝑡
= 𝑘𝑡 𝑥 𝑡                                                                                                                 (Eq. 9)

246

247 Carboxylic acids and most of the inorganic ions were identified using ion exchange 
248 chromatography with Metrohm Professional IC 850 chromatograph coupled to a Professional 
249 IC 940 module. The analysis was conducted using an injection volume of 20 μL of each 
250 sample. Carboxylic acids were measured using a MetrosepA Supp 5 column, with 0.5 mmol 
251 L-1 H2SO4 as the eluent. The retention times identified in the chromatograms exhibited well-
252 defined peaks that corresponded to oxalic acid, maleic acid, formic acid, and acetic acid. 
253 Nitrogen anions, including nitrite (NO2

) and nitrate (NO3
), as well as active chlorine 

254 species, specifically chloride (Cl −), chlorite (ClO2
−) and chlorate (ClO3

−), were analyzed 
255 using a MetrosepA Supp 5 column (150 mm × 4.0 mm) with 3.2 mmol L-1 Na2CO3 and 1.0 
256 mmol L-1 NaHCO3 employed as the eluent, at a flow rate of 0.7 mL min-1 and at the 
257 temperature of 25°C.
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258 Ammonium cation (NH4
+) and hypochlorite anion (ClO-) were identified by UV-Vis 

259 spectroscopy. NH4
+ was identified by the addition of 1 mol L-1 NaOH, 5% C7H6O3, 5% 

260 Na3C6H5O7, 0.05 molL-1 NaClO, and 1% sodium nitroferricyanide which led to the formation 
261 of a green complex; absorbance was measured at 655 nm [30]. ClO⁻ was identified when the 
262 solutions were in contact with 3 mol L-1 NaOH; absorbance was measured at 293 nm. The pH 
263 of the solutions was measured using Ion pHB500 pH meter, while conductivity was measured 
264 using a Digimed DM-3 conductivity meter.

265

266 3. Results and discussion  

267 3.1. Analyzing the effects of current density on in situ H2O2 electro-generation in Na2SO4 
268 using GDE/PL6C

269

270 A number of studies conducted to specifically investigate the effects of current density 
271 have shown that this parameter is a determining factor in electrochemical processes, as it 
272 significantly affects the generation of oxidants such as H2O2 [23,26]. A thorough analysis of 
273 this parameter is essential for optimizing these processes, as this helps enhance the efficiency 
274 and the economic feasibility of wastewater treatment systems. To better understand the effects 
275 of current density on the efficiency of the treatment system, GDE/PL6C was used for H2O2 
276 electro-generation initially in Na2SO4 under ionic strength and pH conditions similar to those 
277 of synthetic urine (specifically 0.3 mol L-1 and pH = 5.26, respectively). Electrolysis tests 
278 were performed at current densities of 25, 50, 75, and 100 mA cm-2 in order to evaluate the 
279 performance and efficiency of the electrodes (Figure 2a). The results obtained from the 
280 monitoring of H2O2 concentration over time at different current densities showed a clear 
281 pattern: H2O2 production increases as current density increases. The doubling of the current 
282 density from 25 to 50 mAcm-2 resulted in an almost 2-fold increase in the concentration of 
283 H2O2 accumulated in the system. A similar pattern of behavior was also observed when the 
284 current densities of 75 mA cm-2 and 100 mA cm-2 were applied; these current densities 
285 promoted an increase in H2O2 production of roughly 3 and 4-fold, respectively, in the system. 
286 These results show that the concentration of H2O2 produced in the system was directly 
287 proportional to the applied current density; this outcome can be attributed to an increase in the 
288 electron transfer rate at the electrode/solution interface, which favors the 2e⁻ reduction of 
289 molecular oxygen to H2O2 at the cathode (see Eq. 1) [31].

290 Figure 2b supports the aforementioned behavioral pattern observed in the system; the 
291 figure shows that the kinetic constant for H2O2 production (k), calculated during the first 30 
292 min of electrolysis, increases when the applied current density is increased. However, the 
293 linear relationship between these two parameters is not directly proportional across the entire 
294 time range and for all current densities. For instance, a 4-fold increase in the current density 
295 (from 25 to 100 mA cm-2) resulted in a 7-fold increase in k (from 4.3345 mg L-1 min-1 to 
296 28.6950 mg L-1 min-1); this outcome suggests that although the experimental data fits well 
297 with pseudo-first-order kinetics, with R2 values between 0.97 and 0.99, there is a slight 
298 deviation from ideal kinetics, particularly at higher current densities. This deviation could be 
299 related to operational factors, such as limited diffusion. At higher current densities, the 
300 reaction rate may exceed the rate of O2 diffusion to the electrode surface, leading to mass 
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301 transfer limitations and creating a concentration gradient that hinders H2O2 generation during 
302 the first 30 min of electrolysis [32,33].

303 Given the observed deviation in H2O2 production kinetics at higher current densities, it 
304 is essential to evaluate the effects of current density on energy consumption and current 
305 efficiency in order to gain a more comprehensive understanding of the operational feasibility 
306 of the treatment system. The EC and CE associated with the electro-generation of H2O2 were 
307 calculated under the current densities investigated, and the results obtained are presented in 
308 Figure 2c. It can be seen that, as the current density increases, there is a significant rise in 
309 energy consumption, from 65.99 kWh kg-1 at 25 mA cm-2 to 193.27 kWh kg-1 at 100 mA cm-

310 2. This increase in energy consumption is expected, since the application of higher current 
311 densities leads to more power being applied to the system, and this essentially raises the total 
312 energy consumed per unit mass of H2O2 produced [26].

313 On the other hand, the current efficiency shows a slight decline with increasing current 
314 density, dropping from 10.17% at 25 mA cm-2 to 9.38% at 100 mA cm-2. This reduction in CE 
315 observed for higher current densities can be attributed to factors such as the occurrence of 
316 undesired parallel reactions, including oxygen evolution (Eq. 10) and/or the direct reduction 
317 of O2 to H2O via the 4e- pathway (Eq. 11) in acidic media [20]. These factors may contribute 
318 to a decrease in the proportion of electrons that effectively contribute to H2O2 production, 
319 reducing the conversion efficiency. Thus, while increasing the current density results in 
320 higher H2O2 production, it comes at the cost of greater energy consumption and a slight 
321 reduction in current efficiency.

322

323 2H2O → O2 +4H+ +4e−                                                                                                                                                      (Eq. 10)
324
325 O2 + 4 H+ + 4 e− → 2H2O                                                                                                (Eq. 11)
326

327 These results point to the need to optimize the applied current density so as to secure a 
328 balance between efficient H2O2 production and energy consumption. Thus, the current density 
329 of 50 mA cm-2 was selected for the conduct of subsequent studies. The choice of this current 
330 density was primarily driven by the central goal of this work, which is the treatment of 
331 synthetic urine. Given that urine is a complex matrix, it is essential to adopt a moderate 
332 current density that can help overcome the inherent challenges brought about by the matrix 
333 complexity while promoting the effective degradation of the compounds present there in [15]. 
334 Although the current efficiency recorded for 50 mA cm-2 is slightly lower than that of 25 mA 
335 cm-2, the application of the chosen current density (50 mA cm-2) can help ensure the 
336 accumulation of a significant H2O2 concentration in the synthetic urine matrix.

337

338 3.2. Understanding the mechanism involving the in situ electro-generation and 
339 accumulation of H2O2 in synthetic urine matrix

340
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341 The compositional complexity of synthetic urine presents additional challenges for the 
342 application of electrochemical treatment processes. In addition to organic compounds, this 
343 effluent contains a wide range of ionic species that can influence the efficiency of H2O2 
344 generation. To have a clearer understanding of the effects of the matrix, a comparative 
345 analysis was conducted in order to compare the concentration of H2O2 electrogenerated at 50 
346 mA cm-2 in Na2SO4 with H2O2 concentration generated in the synthetic urine matrix, both in 
347 the presence and absence of organic compounds; in this study, we refer to the matrix 
348 containing organic compounds as synthetic urine matrix and the one without organic 
349 compounds as synthetic inorganic urine matrix. For comparative purposes, the same ionic 
350 strength and pH were employed in the matrices investigated.

351 Figure 3a shows the concentration of H2O2 generated in the matrices investigated over 
352 120 min of electrolysis. It is observed that throughout the entire period of electrolysis, the 
353 concentration of H2O2 produced followed this order: Na2SO2 > synthetic urine matrix > 
354 synthetic inorganic urine matrix. The results obtained point to a significant influence of the 
355 compositional complexity of the urine matrix on the efficiency of the H2O2 generation 
356 process. The Na2SO4 solution, used as a simple reference matrix, yielded approximately 505 
357 mg L-1 of H2O2 after 120 min of electrolysis. However, when the synthetic urine matrix 
358 containing organic compounds - including urea, creatinine, and uric acid, was employed, the 
359 concentration of H2O2 generated was reduced to 175 mg L-1 by the end of the process. This 
360 substantial decrease in H2O2 production can be attributed to the presence of organic 
361 compounds in the urine, which consume H2O2 in the degradation process or compete for the 
362 same electrons that would be used in the reduction of molecular oxygen to form H2O2. This 
363 behavior is further supported by the fact that, after 45 min of electrolysis, there is a 
364 stabilization in the concentration of H2O2 produced in the synthetic urine matrix (which 
365 contains organic compounds); this phenomenon can be attributed to the chemical equilibrium 
366 established between the H2O2 formation reactions at the cathode and the H2O2 degradation 
367 reactions at the anode [26,34].

368 When the organic compounds were removed from the synthetic urine matrix; i.e., 
369 when the synthetic inorganic urine matrix was employed, there was a further reduction in the 
370 concentration of H2O2 generated, with H2O2 production beginning only after 15 min of 
371 electrolysis and reaching a mere 61.3 mg L-1 by the end of the process. These results are 
372 evidently surprising and go counter to our initial expectation that the concentration of H2O2 
373 generated in the synthetic inorganic urine matrix would be greater than that of the synthetic 
374 urine matrix (containing organic compounds). This observation suggests that, in addition to 
375 the organic compounds, the ionic composition of the urine itself exerts a significant effect on 
376 the efficiency of H2O2 electrogeneration, as the complex mixture of ions may influence the 
377 reactions at the electrode/solution interface. Another explanation for this unexpected outcome 
378 is that, in the absence of organic compounds, the active species formed in the inorganic 
379 reaction medium (synthetic inorganic urine matrix), such as active chlorine species, are free to 
380 act as H2O2 scavengers. In other words, without the presence of organic matter to be 
381 degraded, these active species, which would typically participate in the degradation of organic 
382 compounds, end up more intensely capturing and decomposing the H2O2 generated.

383 Through a careful analysis of the data on energy consumption and current efficiency 
384 (Figure 3b), one is able to have a better understanding of the mechanism involving the 
385 efficiency of H2O2 electro-generation in urine matrices and the effect of their complex nature 
386 on the efficiency of the treatment system. The application of the Na2SO4 solution as the 



12

387 reaction medium resulted in the lowest energy consumption (113.45 kWh kg-1) and the 
388 highest current efficiency (9.96%). These results point to the effectiveness of the GDE/PL6C 
389 and the electrochemical system when applied to a less complex solution, where the H2O2 
390 generation reaction occurs more efficiently, with reduced energy loss which stems from 
391 secondary reactions or resistive effects. However, the in situ electro-generation of H2O2 in the 
392 synthetic urine matrix, which, in addition to Na2SO4, contains NaCl, KCl, NaH2PO4, and 
393 organic compounds including urea, creatinine, and uric acid, led to more than a 2-fold 
394 increase in energy consumption (277.12 kWh kg-1), while current efficiency decreased to 
395 3.27%. These results can be attributed to the presence of organic compounds that consume 
396 H2O2 during the degradation process or compete for electrons, diverting the action of the 
397 current toward parallel reactions. When the synthetic inorganic urine matrix was used as the 
398 reaction medium, there was a significant increase in energy consumption (725.92 kWh kg-1), 
399 while current efficiency dropped to 1.21%. This outcome helps confirm that the high ionic 
400 complexity of the synthetic urine matrix undermines the overall efficiency of the H2O2 
401 generation process; in essence, this highlights the need to investigate each compound 
402 separately so as to have a better understanding of their effects, thus contributing toward 
403 optimizing the electro-sanitation treatment process.

404

405 3.3 Unraveling the influence of the compositional complexity of synthetic inorganic urine 
406 matrix on the electro-generation of H2O2

407

408 As pointed out previously, the complexity of the synthetic inorganic urine matrix 
409 poses a significant challenge to the electrogeneration of H2O2; this challenge arises because 
410 the ions present in this matrix, including SO4

2-, Cl-, and PO₄³⁻, can interact with H2O2, 
411 reducing its availability in the medium and/or promoting competitive reactions. With this in 
412 mind, and to identify which of these compounds act as true interferents, H2O2 generation was 
413 analyzed individually for each of the constituent salts in the urine matrices. This analysis was 
414 conducted using the same ionic strength and pH of synthetic urine at a current density of 50 
415 mA cm-2 over a period of 120 min of electrolysis. Figure 4 presents a comparative analysis of 
416 the concentration of H2O2 generated in NaCl, KCl, and NaH2PO4 compared to that generated 
417 in Na2SO4 and in the urine matrices investigated.

418 The results obtained showed significant variations in the concentration of H2O2 
419 generated over the electrolysis time in the different electrolytes (of synthetic urine) employed. 
420 When Na2SO4 was applied, there was a consistent increase in H2O2 generation over time. A 
421 much lower H2O2 production was recorded for KCl, where only 50.8 mg L-1 was produced at 
422 the end of 120 min of electrolysis. NaCl, in contrast, exhibited intermediate production levels, 
423 yielding 70.5mg L-1 of H2O2 over the same period. Interestingly, NaH2PO4 recorded the 
424 highest concentration of H2O2 produced, reaching stabilization in around 30 min of 
425 electrolysis, and accumulating approximately 330 mg L-1 of H2O2 after 120 min of 
426 electrolysis.

427 The results obtained show that distinct chemical interactions impact the efficiency of 
428 the electrochemical process; in general terms, the results suggest that KCl and NaCl act more 
429 intensely as inhibitors in the generation of H2O2 compared to NaH2PO4 and Na2SO4. When 
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430 one focuses the analysis on the isolated anionic species, the results imply that the higher 
431 generation of H2O2 in Na2SO4 (Figure 4a) can be attributed to the fact that the sulfate anion 
432 (SO₄²⁻) does not significantly interfere with the oxygen reduction process at the electrode 
433 surface, and this allows for a more efficient conversion of O2 to H2O2. However, it is 
434 important to note that although sulfate is considered an inert anion when it comes to H2O2 
435 generation for comparative purposes in this study, the production of peroxomonosulfate 
436 (SO5

2-) can also occur during the electrochemical process involving the use of GDE/PL6C, as 
437 shown in Eq. 12. SO5

2- is regarded as a predatory species of H2O2 which reacts with itself, as 
438 indicated in Eq. 13 [23].

439

440 H2O + SO4
2- → 2H+ + 2e- + SO5

2-                                                                                                                             (Eq. 12)

441

442 H2O2 + SO5 
2- → 2O2 + H2SO4                                                                                                                                     (Eq. 13)

443

444 Regarding NaH2PO4, as demonstrated in Figure 4a, the relatively lower concentration 
445 of H2O2 generated compared to that produced in Na2SO4 can be explained by the reaction 
446 between the dihydrogen phosphate ion (H2PO4

−) and H2O, which leads to the formation of 
447 hydroxyl radicals (•OH), as shown in Eq. 14 and Eq. 15 [14,35]. This mechanism suggests 
448 that, although a direct reaction between H2PO4

− and H2O2 is uncommon, the higher •OH 
449 concentrations present in the solution may react with the H2O2 generated, converting it into 
450 H2O (Eq.16), and thereby reducing the availability of H2O2 in the medium. Furthermore, 
451 phosphate may form complexes that accelerate the decomposition of H2O2 and may also play 
452 a dual role in generating reactive oxygen species (ROS) that facilitate the formation of 
453 O2

•− and alter the pathway of •OH formation, further decreasing the concentration of H2O2 in 
454 the treated solution [36]. The stabilization observed in H2O2 production after 30 min of 
455 electrolysis can be attributed precisely to the phosphate ability to form these complexes, 
456 which, in interaction with other anionic species and/or intermediate radical species, can 
457 diminish the decomposition of H2O2 and stabilize its concentration in the solution.

458

459 H2O + HPO4
2- → •OH + H2PO4

‒                                                                                                                                 (Eq. 14)

460

461 H2PO4
‒+ •OH → H2PO4

• + OH‒                                                                                                                                  (Eq. 15)

462

463 •OH + H2O2 →2H2O + O2                                                                                                                                                (Eq. 16)

464
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465 On the other hand, the accumulated concentration of H2O2 recorded in KCl and NaCl 
466 was significantly lower than that recorded in Na2SO4 after 120 min of electrolysis (results are 
467 more clearly visible in the scale of Figure 4b). This phenomenon observed in chloride media 
468 can be attributed to the influence of active chlorine species formation. It has been well 
469 documented in the literature that the oxidation of chloride ion (Cl-) on the anode surface leads 
470 to the generation of chlorine (Cl2(aq), E°= 1.36 V vs SHE), as shown in Eq. 17. Chlorine 
471 subsequently undergoes hydrolysis to produce hypochlorous acid (HClO, E°= 1.49 V vs SHE) 
472 and Cl–, as per Eq. 18. Under specific speciation conditions (pKa = 7.55), HClO enters an 
473 acid-base equilibrium, and this leads to the production of hypochlorite (OCl⁻, E° = 0.89 V vs 
474 SHE), as demonstrated in Eq. 19. After the occurrence of this reaction, the active chlorine 
475 species consume H2O2 through secondary reactions, as exemplified in Eqs. 20, 21, and 22, 
476 respectively, for Cl2, HOCl, and OCl⁻ [37–39]. 

477

478 2Cl– → Cl2 + 2e –                                                                                                             (Eq. 17)

479

480 Cl2 + H2O → HClO + Cl– + H+                                                                                         (Eq.18)

481

482 HClO⇆OCl – + H+                                                                                                           (Eq. 19)

483

484 H2O2 + Cl2 → O2 + 2H + + 2Cl–                                                                                       (Eq. 20)

485

486 H2O2 + HOCl → O2 + H2O + H + + Cl −                                                                                                               (Eq. 21)

487

488 H2O2+ OCl− → O2 + H2O + Cl –                                                                                                                                 (Eq. 22)

489

490 In summary, for the electro-generation and accumulation of H2O2 in the synthetic 
491 inorganic urine matrix, which is specifically constituted by Na2SO4, NaCl, KCl, and 
492 NaH2PO4, as previously discussed, we found that this matrix yielded a relatively lower 
493 concentration of H2O2 compared to Na2SO4 and the other media studied individually. This 
494 behavior shows that an increase in the complexity of the reaction medium contributes to the 
495 reduction in the concentration of H2O2 generated; this is likely due to increased parasitic 
496 reactions involving inorganic ions and/or other causes mentioned previously. These results 
497 point to the complexity of the synthetic urine matrix when used in the electro-generation of 
498 H2O2; in essence, the results suggest that, in order to optimize H2O2 production in wastewater 
499 treatment systems involving urine, it is essentially crucial to have a thorough understanding of 
500 the synergistic and inhibitory effects of the various compounds present in the matrix, and of 
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501 other related factors. Thus, having a comprehensive understanding of the processes involving 
502 the degradation and mineralization of organic compounds in urine through electrochemical 
503 oxidation with and without in situ H2O2 generation is crucial for devising efficient strategies 
504 for the treatment of sanitary wastewater.

505

506 3.4. In situ generated H2O2 in synthetic urine and its effect on the degradation and 
507 mineralization of organic matter

508

509 Urine is a matrix of complex composition, and the presence of organic compounds, 
510 such as urea, creatinine, and uric acid, in it presents additional challenges for electrochemical 
511 treatment processes. Understanding the potential of in situ generated H2O2 in degrading these 
512 compounds in the urine matrix is essential for developing effective electro-sanitation 
513 treatment strategies. Figure 5a shows the parallel degradation percentages obtained for the 
514 organic compounds present in urine during the electrochemical process based on the 
515 application of the GDE/PL6C cathode in the presence (EO+H2O2) and absence of H2O2 
516 generation (EO) at the current density of 50 mA cm-2. It is worth noting that, in the EO 
517 process, N2 was injected into the GDE/PL6C, instead of O2, equivalent to 0.05 Lmin-1. The 
518 results obtained pointed to significant differences between the EO+H2O2 and EO processes, in 
519 terms of the degradation and mineralization of organic compounds in urine; importantly, the 
520 results show that H2O2 was effectively beneficial for the degradation of urea and creatinine.

521 Urea (CH4N2O) is the predominant organic compound in human urine; its structure is 
522 quite dynamic, and the compound can exhibit various conformational variations when in 
523 aqueous solution [40]. As illustrated in Figure 5a, urea is the organic compound that was 
524 found to be the most resistant to degradation in the EO+H2O2 and EO processes; the 
525 application of the EO+H2O2 and EO processes led to urea degradation of 43.4% and 35.1%, 
526 respectively, after 120 min of electrolysis. The lower removal of urea compared to other 
527 compounds may be attributed to competitive degradation among the co-existing compounds. 
528 Furthermore, considering that urea is present in much higher concentration in the medium, 
529 approximately 20 times more than creatinine and 65 times more than uric acid, it is likely that 
530 greater rates of urea removal would require longer treatment times. The percentage difference 
531 in urea degradation observed between the EO+H2O2 and EO processes was 8.3%. Although 
532 this percentage is relatively low, it represents approximately 273.0 mg L-1 in absolute terms; 
533 this shows that the presence of in situ generated H2O2 in urine has a positive effect on urea 
534 degradation. These observed improvements in the compounds degradation efficiency provide 
535 us with useful insights into the development of more effective strategies for the treatment of 
536 sanitary effluents, where urea is one of the primary pollutants to be degraded.

537 Another relevant point that deserves mentioning is that H2O2 can also be explored as 
538 an inhibitor of the process involving the hydrolysis of urea in real urine systems [41]. This is 
539 particularly relevant given the inherent instability of urea, which rapidly decomposes in the 
540 presence of urease, an enzyme commonly found in urine collection systems. During this 
541 process, urea breaks down into ammonium ions and bicarbonate, as described in Eq. 23 
542 [42,43]; this enzyme is naturally present in both urine and the environment [8]. After the 
543 hydrolysis process, the pH of the medium increases to a value above 9.0 [44]. The inactivation 
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544 of urease by H2O2 in real urine systems - which blocks the hydrolysis of urea, prevents the 
545 increase in soil pH and consequently reduces the risk of eutrophication in water bodies, as 
546 well as the release of free ammonia into the atmosphere [45].  

547

548 CH4N2O + 2H2O → NH3 + NH4
++ HCO3

-                                                                                                          (Eq. 23)

549

550 Regarding creatinine (C4H7N3O) - the second most abundant compound in the urine 
551 matrix, Figure 5a shows that both treatment processes tested in the study were effective in 
552 degrading it, with 77.2% and 68.6% creatinine degradation recorded for EO+H2O2 and EO 
553 processes, respectively. We noted that the treatment process that involved H2O2 electro-
554 generation (EO+H2O2) was 8.6% more efficient; in other words, this process was able to 
555 remove an additional 14.3 mg L-1 of creatinine compared to the process without H2O2 
556 generation. Although the observed difference is relatively smaller in comparison with urea 
557 degradation, it still shows that the presence of in situ generated H2O2 enhances the oxidation 
558 process. The higher rate of degradation of creatinine relative to urea may be attributed to the 
559 following: lower concentration of creatinine in the matrix, and competitive oxidation with 
560 other compounds present in the synthetic urine matrix [15].

561 On the other hand, the degradation of uric acid (C5H5N4O3) - the smallest organic 
562 compound in the synthetic urine matrix, was satisfactorily efficient in both the EO+H2O2 and 
563 EO processes, since both processes recorded 100% uric acid removal, as shown in Figure 5a. 
564 These findings show that the electrochemical oxidation process alone is sufficient for the 
565 degradation of uric acid in the synthetic urine matrix, and that H2O2 may not be necessary for 
566 the complete degradation of the compound. However, H2O2 can play a complementary role, 
567 particularly in scenarios where the matrix is more complex or where other compounds may 
568 interfere with the process efficiency, especially in the degradation of by-products or 
569 intermediate compounds generated during the oxidation of uric acid. These results are 
570 consistent with previous studies reported in the literature which have demonstrated the 
571 efficiency of the electrochemical oxidation process when applied for the degradation of uric 
572 acid in urine [15,46–48]. The system preference for the degradation of uric acid over urea and 
573 creatinine may be due to the presence of multiple functional groups in the structure of uric 
574 acid [46].

575 In some literature studies, in addition to EO and EO+H2O2, other advanced processes 
576 have been explored for the treatment of synthetic urine, particularly for the removal of 
577 pharmaceuticals in this effluent. Goulart et al. demonstrated that photolysis and 
578 photoelectrolysis were effective in the degradation of the antibiotic levofloxacin in synthetic 
579 urine, while showing that creatinine and uric acid were degraded together with the antibiotic 
580 during the processes [46]. Similarly, Gonzaga et al. reported that the Electro-Fenton (EF) and 
581 Photoelectro-Fenton (PhEF) processes are also viable technologies for the treatment of 
582 synthetic urine contaminated with Penicillin G. In their study, the authors showed that the 
583 PhEF process was more efficient than EF in the degradation of the pharmaceutical, with the 
584 best results achieving complete degradation in synthetic urine [49].
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585 The analysis of the operational costs of the treatment system, particularly energy 
586 demand, is crucial when it comes to assessing the efficiency of the technologies employed for 
587 wastewater treatment and the degradation of unwanted organic pollutants [50]. The energy 
588 consumed per volume of the treated effluent in the EO and EO+H2O2 processes was estimated 
589 using Eq. 5; the results obtained are presented in Figure 5b. As can be observed, the results 
590 show that in order to remove 43.4% of urea, 77.2% of creatinine, and 100% of uric acid, the 
591 EO+H2O2 process consumed 46.32 kWh dm-3 of energy; in contrast, the EO process required 
592 56.18 kWh dm-3 to remove the same percentage of uric acid and relatively lower percentages 
593 of urea and creatinine compared to the EO+H2O2 process. This increase in energy 
594 consumption of nearly 10 kWh dm-3 in the EO process further underscores the importance of 
595 H2O2 in enhancing the overall efficiency of the electrochemical process; in essence, this 
596 outcome reinforces the role of H2O2 as a critical element when it comes to developing 
597 efficient wastewater treatment technologies.

598 Another fundamental analysis when it comes to evaluating the overall efficiency of 
599 electrochemical treatment techniques is the mineralization process. In complex matrices, such 
600 as the synthetic urine used in this study, having a clear understanding of the mineralization 
601 process is essential to ensuring the complete conversion of organic matter to CO2, H2O, and 
602 inorganic ions. Figure 5c shows the kinetic curve and the TOC removal rates recorded for the 
603 EO and EO+H2O2 processes during 120 min of electrolysis at the current density of 50 mA 
604 cm-2. Regarding the kinetics of mineralization, the two processes exhibited a similar behavior, 
605 with no significant differences in TOC reduction up to approximately 30 min of electrolysis. 
606 After this period, the EO+H2O2 process once again demonstrated higher efficiency compared 
607 to the EO process. At the end of the electrolysis, the partial mineralization achieved was 
608 31.8% and 22.5% for EO+H2O2 and EO, respectively. In absolute terms, considering the 
609 presence of high TOC in the urine matrix (TOCᵢ = 750 mg L-1), the difference in the TOC 
610 removal percentage between the processes, as indicated in Figure 5d, corresponds to 68.6 mg 
611 L-1; this value is found to be highly significant for the mineralization process and shows that 
612 H2O2 also plays an influential role in mineralization. The difference between the two 
613 treatment processes is also evident in the estimated energy consumption per unit mass of TOC 
614 removed, calculated using Eq. 7 and presented in Figure 5d. Notably, the EO+H2O2 process 
615 exhibited a lower energy consumption of 91.9 kWh kWh (g TOC)-1compared to 98.1 kWh (g 
616 TOC)-1 for EO alone. This reduction highlights the positive contribution of in situ H2O2 
617 generation in enhancing the process efficiency. Although the absolute values remain high, the 
618 observed decrease suggests that H2O2 plays a role in facilitating organic compound 
619 degradation, ultimately leading to a more energy-efficient approach within the studied system.

620 Despite the difference in TOC removal rates observed between the EO+H2O2 and EO 
621 processes, the unimpressive mineralization rate of 31.8% recorded for the EO+H2O2 process 
622 can primarily be attributed to the partial degradation of urea, considering that this compound 
623 accounts for about 90% of the TOC in the matrix. Similarly, the tendency for stabilization in 
624 TOC removal observed after 45 min of electrolysis in both the EO+H2O2 and EO processes 
625 (see Figure 5c) point to the formation of recalcitrant species which are resistant to the 
626 mineralization process. These findings are also consistent with previous studies [15,48,51] 
627 and point to the need for further investigation and the development of highly efficient 
628 processes for the treatment of complex and real matrices.

629 The findings highlight the importance of considering the concentration and dynamics 
630 of organic compounds in complex matrices to optimize electrochemical processes. This need 
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631 is particularly emphasized in real systems, where the inclusion of H2O2 generated in situ, 
632 based on the matrix’s composition, serves as an effective strategy for enhancing the removal 
633 of resistant compounds. Such an approach is especially crucial for the treatment of sanitary 
634 effluents, as in situ generation of H2O2 enables decentralized treatment actions. In the case of 
635 urine, this strategy is highly recommended due to the logistical challenges of transporting 
636 large volumes of effluent to centralized systems. Consequently, these strategies not only 
637 improve the efficiency of treatment but also offer a more sustainable approach for managing 
638 wastewater, including its discharge to urban wastewater treatment plants.

639

640 3.5 Kinetic analysis of the degradation of organic compounds in synthetic urine based on 
641 the application of EO+H2O2 and the role of active chlorine species

642

643 The kinetic analysis of organic compounds degradation in the synthetic urine matrix 
644 under the EO+H2O2 process is essentially crucial because it helps boost our understanding of 
645 the dynamics involving the removal of different compounds (urea, creatinine, and uric acid) 
646 which co-exist in complex systems. The organic compounds in complex matrices exhibit 
647 different reactivities toward oxidative processes, and this leads us to obtain different rates of 
648 degradation of the compounds (see Figure 5a) which occur simultaneously in the treatment 
649 system. Understanding the behavior of these co-existing compounds in the urine matrix over 
650 the course of the treatment process is essential for developing effective strategies for the 
651 treatment of sanitary effluents and for boosting their application in real systems.

652 Figure 6a shows the gradual decline in the normalized concentration of urea, 
653 creatinine, and uric acid under the EO+H2O2 process, applied at the current density of 50 mA 
654 cm-2 in 120 min of electrolysis. The temporal analysis indicated that the first 60 min of 
655 electrolysis were more efficient for the degradation of urea and creatinine, with approximately 
656 31% and 68% removal rates recorded for the compounds, respectively. In contrast, uric acid 
657 was more susceptible to oxidation; this compound was completely removed within the first 10 
658 min of electrolysis. The observed decrease in the process efficiency with increased 
659 electrolysis time, particularly after the initial 60 min, where an additional removal of only 
660 about 11% of urea and 8% of creatinine was recorded in the subsequent hour, may be 
661 attributed to the reduced concentration of these compounds that remained in the system. This 
662 reduction in the concentration of the compounds (urea and creatinine, in this case) leads to 
663 diminished substrate availability for oxidation reactions. As the concentrations of urea and 
664 creatinine decrease over time, competition for oxidizing species, such as H2O2, becomes less 
665 intense. These observations suggest that the kinetics of organic compounds degradation in 
666 urine reflect not only the individual properties of each substance but also the complex 
667 interactions occurring within the medium.

668 In real systems, where multiple organic compounds are present, the concurrent 
669 degradation of these compounds can significantly impact the efficiency of the process. This 
670 competition dynamics involving the compounds can be analyzed through a comparison of 
671 their respective rate constants [52]. Figure 6b presents the corresponding pseudo-first-order 
672 kinetic rate constants obtained for the concentration decay shown in Figure 6a. Looking at the 
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673 strong correlations observed up to 30 min of electrolysis, the rate constants obtained were 
674 0.0057, 0.0344, and 0.5441 min-1 for urea, creatinine, and uric acid, respectively.

675 In our present study, considering the rapid decay of uric acid concentration relative to 
676 urea and creatinine, the ratio 𝑘𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 𝑘𝑛 was used to analyze the competitive dynamics 
677 involving the organic compounds present in the synthetic urine matrix. In this analysis, 𝑘𝑛 
678 represents the kinetic degradation constant of either urea or creatinine. A ratio > 1 indicates a 
679 preference for the degradation of uric acid over the other compounds, whereas a ratio < 1 
680 indicates the preference for the degradation of urea or creatinine over uric acid [46]. The 
681 analysis of the competitive action among the compounds yielded  𝑘 𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑/ 𝑘𝑢𝑟𝑒𝑎 ratio = 
682 95.46 and  𝑘𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑/ 𝑘𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒 𝑟𝑎𝑡𝑖𝑜 = 15. These results, which are consistently > 1, show 
683 that the system has a preference for the removal of uric acid over urea and creatinine, with the 
684 degradation rate of uric acid being approximately 100 times greater than that of urea and 
685 about 15 times faster than that of creatinine. Among the factors that affect the degradation 
686 process, the concentrations of the compounds play a crucial role. As previously noted, in the 
687 presence of higher initial concentration of the compounds, the system may require more time 
688 to achieve certain removal rates. In the case of uric acid, its comparatively lower 
689 concentration relative to urea and creatinine is expected to facilitate its faster degradation. In 
690 addition, the presence of multiple functional groups in uric acid may have been a determining 
691 factor for its higher and faster degradation rates.

692 It is worth noting that, in addition to direct oxidation and the action of H2O2, other 
693 species formed during the process can also act as oxidants for the organic matter present in 
694 urine. Among these species, hydroxyl radicals (•OH) and chlorinated species are particularly 
695 relevant. The diffusion of these electroactive species toward the anode plays a crucial role, as 
696 this can influence both the distribution and availability of the compounds to be degraded [15]. 
697 Regarding •OH, the dimerization of DSA (•OH) can lead to the formation of H2O2, as shown 
698 in Eq. 24, and both species can subsequently react to form the hydroperoxyl radical 
699 (DSA(HO2

•)), a weak oxidant, as per Eq. 25[15].

700

701 2DSA(•OH) → 2DSA + H2O2                                                                                          (Eq. 24)

702

703 DSA(•OH) + H2O2 → DSA(HO2
•) + H2O                                                                       (Eq. 25)

704

705 Regarding chlorinated species, Cl- can be oxidized to Cl2 (seeEq.17), which can then 
706 undergo deprotonation to form ClO-, as indicated in Eq. 26. On the other hand, the ClO- 

707 generated can undergo consecutive anodic oxidation to produce ClO2
−, ClO3

− and ClO4
−, as 

708 described in Eqs. 27, 28, and 29, respectively[15]. 

709

710 Cl2 + 2OH− → ClO− + Cl− + H2O                                                                                    (Eq. 26)

711
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712 ClO− + H2O → ClO2
− + 2H+ + 2e–                                                                                                                            (Eq. 27)

713

714 ClO2
− + H2O → ClO3

− + 2H+ + 2e–                                                                                                                          (Eq. 28)

715

716 ClO3
− + H2O → ClO4

− + 2H+ + 2e−                                                                                                                          (Eq. 29)

717

718 In this context, thorough analyses were conducted in order to monitor the changes in 
719 pH and Cl⁻ ions, as well as the evolution of ClO⁻, ClO2⁻, and ClO3⁻ species in synthetic urine 
720 matrix based on the application of the EO+H2O2 process, at the current density of 50 mA cm-

721 2, for a period of 120 min (of electrolysis) (Figure 7). As can be observed, during the first 
722 minutes of treatment, the initial pH of the synthetic urine was 5.26, and the matrix exhibited a 
723 high concentration of chloride ions and a modest formation of 2.7 mg L-1 of ClO3⁻ within the 
724 first 10 min of electrolysis, with no ClO⁻ or ClO2⁻ species detected. As the electrolysis time 
725 progressed and the solution pH increased, there was a decrease in the chloride ions 
726 concentration, while the concentrations of both chlorinated species increased. This rise in the 
727 generation of chlorinated species points to the progressive conversion of chloride ions into 
728 their oxidized forms - a phenomenon also reported in the literature [53,54]. After 45 min of 
729 electrolysis, with a pH ranging between 6.39 and 6.60, the concentrations of ClO2⁻ and ClO3⁻ 
730 surpassed that of ClO⁻ and continued to exhibit a gradual increase until the end of the process. 
731 On the other hand, ClO2⁻ and ClO3⁻ concentrations of 43 and 65 mg L-1, respectively, were 
732 recorded at the end of the 120 min of electrolysis. These observations evidently reinforce the 
733 presence of competition between the electro-generation of H2O2 and the evolution of chlorine 
734 species, particularly Cl2 and ClO⁻, as demonstrated in Eqs. 17-22.

735 Notwithstanding the competition between the electro-generation of H2O2 and the 
736 evolution of chlorine species, the accumulated concentration of ClO⁻, which was 
737 approximately 21 mg L-1, is found to be significant considering that 
738 hypochlorite/hypochlorous acid acts as the primary mediator in electrochemical processes in 
739 the presence of Cl⁻ [55]. Furthermore, ClO⁻ can be generated within a pH range of 3.0 to 8.0, 
740 and the species is capable of reacting with organic compounds more rapidly than other species 
741 due to its reaction homogeneity throughout the solution under treatment. In contrast, oxidation 
742 facilitated by DSA (•OH), for instance, is restricted to the anode surface, as this species has a 
743 very short lifespan [15]. Thus, during the EO+H2O2 process, the organic compounds in 
744 synthetic urine are expected to undergo simultaneous oxidization by both H2O2 and ClO⁻, 
745 with lesser contribution from DSA (•OH).

746 These findings allowed us to conduct a quantitative analysis that provided valuable 
747 insights into the degradation of organic compounds in synthetic urine and their individual 
748 contributions to the electrochemical process. The observed dynamics reflect the complex 
749 interaction between direct and indirect oxidation involving H2O2, chlorinated species, and 
750 hydroxyl radicals in the organic matter removal process. 

751
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752 3.6. Evolution of carboxylic acids and destination of nitrogen ions in the treatment of 
753 synthetic urine under the EO+H2O2 process 

754

755 Given the importance of the mineralization process in synthetic urine matrices, a 
756 thorough analysis was conducted in order to identify and quantify the intermediate products 
757 derived from the treatment of 3,303.3 mg L-1 of urea, 169.7 mg L-1 of creatinine, and 50.4 mg 
758 L-1 of uric acid (TOCi = 750 mg L-1) based on the application of the EO+H2O2 process at the 
759 current density of 50 mA cm-2. Figures 8a and 8b show the time course of accumulated short-
760 chain linear aliphatic carboxylic acids; these acids - with special reference to oxalic acid and 
761 maleic acid, were found to be significantly accumulated in the system during the treatment.

762 The initially high concentration of oxalic acid in the system (Figure 8a), 
763 approximately 88 mg L-1 in 15 min, reflected a stabilization pattern observed throughout the 
764 process, with minimal fluctuations recorded up to the end of the 120 min of electrolysis. This 
765 behavior suggests that oxalic acid is rapidly formed and remains a stable intermediate, 
766 resisting complete mineralization in the synthetic urine matrix. Conversely, maleic acid 
767 (Figure 8a), which also began with a high concentration of about 440.0 mg L-1 in 15 min, 
768 recorded a significant reduction in its concentration, reaching approximately 205.0 mg L-1 in 
769 30 min, and subsequently stabilizing at around 230.0 mg L-1. This more pronounced 
770 fluctuation and the decrease in concentration compared to that observed in the first 15 min 
771 may be indicative of the partial transformation of maleic acid into other by-products or a 
772 subsequent deeper oxidation process. In contrast, formic and acetic acids (Figure 8b), which 
773 began being accumulated in a more modest fashion, saw a gradual increase in their 
774 concentration over the electrolysis time. Formic acid increased from approximately 3.8 mg L-1 
775 in 15 min to 14.8 mg L-1 in 120 min, while acetic acid increased from 0.96 mg L-1 in 30 min 
776 to approximately 4.7 mg L-1 in 120 min. This progressive accumulation suggests that these 
777 acids (formic and acetic acids) are formed at a slower rate.

778 It is likely that acetic acid is derived from the cleavage of aromatic and conjugated 
779 rings [56], while oxalic and formic acids may originate from the oxidation of other long-chain 
780 carboxylic acids [57,58]. These results show that, despite the partial degradation of organic 
781 compounds in the synthetic urine matrix, the considerable accumulation of carboxylic acids as 
782 intermediates explains why a maximum mineralization of only 31.8% was obtained. This is 
783 evidenced by the remaining TOC content in the synthetic urine solution at the end of the 
784 process - approximately 504.0 mg L-1 (see Figure 5c), of which about 24% was composed of 
785 carboxylic acids, primarily maleic acid, which corresponded to a TOC of 92.4mg L-1. 
786 Interestingly, despite their resistance to mineralization, literature reports indicate that these 
787 low molecular weight carboxylic acid species are considered innocuous and biodegradable 
788 [51,58].

789 Regarding inorganic ions, as expected, the main products detected were ammonium 
790 (NH4⁺) and nitrate (NO3⁻) due to the presence of urea (N = 1540.52 mg L-1), creatinine (63.03 
791 mg L-1), and uric acid (N = 16.81 mg L-1) in the synthetic urine composition; the presence of 
792 these products in the matrix resulted in a high total nitrogen concentration of 1620.4mg L-1. 
793 Nitrite (NO2

-) was not found in significant concentrations. As observed in Figure 8c, one can 
794 clearly see an increase in the concentration of NH4⁺ up to approximately 42 mg L-1 in 15 min. 
795 From this time onwards, there is a decrease in NH4⁺ concentration, accompanied by a gradual 
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796 accumulation of NO3⁻ which remains as the final product after 120 min of electrolysis 
797 (representing 2.77% of the initial N). These results suggest that the gradual conversion of 
798 ammonia to nitrate reflects the primary reduction of nitrogen to more oxidized species. 
799 Considering the contribution of urea, creatinine, and uric acid to the nitrogen content in the 
800 system, it can be inferred that the rapid accumulation of NH4⁺ up to the first 15 min was 
801 mainly due to the rapid decomposition of uric acid. Furthermore, considering the initial 
802 nitrogen content and the fact that the final accumulated concentration of nitrogen ions did not 
803 exceed 46.3 mg L-1, one can infer from a general mass balance that over 97% of the initial 
804 nitrogen content remained in the form of the original molecules of urea and creatinine, or was 
805 lost from the synthetic urine solution as volatile products such as N2 and NxOy [58].

806

807 4. Conclusions

808 This study investigated the potential of using in situ H2O2 generation in synthetic urine 
809 with GDE/PL6C as a decentralized electro-sanitation strategy. The initial results indicated 
810 that the in situ electro-generation of H2O2 in Na2SO4 solution, under the same pH and ionic 
811 strength of synthetic urine, directly correlates with the applied current density. The final 
812 results obtained showed that the application of a current density of 25 mA cm-2 generated 
813 258.0 mg L-1 of H2O2, which increased to 958.0 mg L-1 when the current density was raised to 
814 100 mA cm-2. This outcome was attributed to an increase in the electron transfer rate at the 
815 electrode/solution interface. However, kinetic analysis suggested that at higher current 
816 densities, H2O2 production did not follow a linear pattern; this points to limitations in the mass 
817 transfer process. The choice of using the current density of 50 mA cm-2 to investigate the 
818 performance of the system was justified by the fact that the proposed system required the 
819 application of a relatively high current density with economic viability which offers a balance 
820 between energy efficiency and energy consumption efficiency with high H2O2 production and 
821 effective compounds degradation.

822 The analysis of H2O2 production in synthetic urine revealed that the presence of 
823 organic compounds, such as urea, creatinine, and uric acid, in the synthetic urine matrix 
824 interfered with H2O2 accumulation, and this resulted in a decrease of 65% in H2O2 production 
825 compared to the concentration of H2O2 generated in the aqueous solution containing only 
826 Na2SO4 (at the current density of 50 mA cm-2). This outcome was attributed to the 
827 consumption of H2O2 in the degradation of organic compounds. Additionally, it was 
828 demonstrated that the ionic composition of urine further limited H2O2 production, and this 
829 clearly reflects the complexity of the reactions involved. Energy efficiency analysis showed 
830 that the Na2SO4 solution exhibited lower energy consumption and higher current efficiency 
831 compared to the synthetic urine matrix - both in the presence and absence of organic 
832 compounds, which exhibited higher energy consumption and lower current efficiency. The 
833 results obtained from these analyses show that the presence of inorganic ions in synthetic 
834 urine significantly affected the H2O2 electro-generation efficiency. In particular, the presence 
835 of chloride and phosphate ions exerted a negative impact on H2O2 electro-generation, by 
836 either competing with reagents on the electrode surface or promoting secondary reactions that 
837 consumed the H2O2 generated.

838 Regarding the oxidation of organic matter in synthetic urine, the data obtained showed 
839 that the in situ generation of H2O2 in the matrix enhances the degradation of complex organic 
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840 compounds, with increased efficiency in the removal of urea (8.3%) and creatinine (8.6%). 
841 Kinetic analysis pointed to the preference of the system for the degradation of uric acid; in 
842 essence, the results of this analysis highlighted the importance of chemical interactions in the 
843 degradation process. The mineralization of the organic compounds, although limited to 31.8% 
844 TOC removal, showed that H2O2 may act as a complementary degradation agent in complex 
845 wastewater treatment systems. The high concentration of carboxylic acids, particularly oxalic 
846 and maleic acids, accumulated in the system was regarded as the primary intermediate 
847 products of the degradation process. Of the nitrogenous compounds formed in the oxidation 
848 process, we observed the initial release/formation of NH4⁺, which was subsequently oxidized 
849 to NO3⁻.

850 The findings of this study show that the in situ generation of H2O2 is a highly 
851 promising alternative technique for the treatment of urinary effluents; this technique is found 
852 to promote greater energy efficiency and partial mineralization of organic compounds. When 
853 it comes to the treatment of complex matrices, it becomes evident that, in addition to organic 
854 compounds, one needs to also consider the complex nature of inorganic compounds. 
855 Understanding the specific role of each inorganic ion present in urine is essential for 
856 developing more efficient treatment techniques that are capable of optimizing the 
857 electrochemical process, while reducing energy consumption and maximizing current 
858 efficiency. This study not only elucidates the mechanisms involved in H2O2 electro-generation 
859 in both organic and inorganic matrices but also provides significant contributions to the 
860 advancement of electro-sanitation technologies. Given the importance of these findings, 
861 future studies will focus on translating this knowledge to real urine matrices, further 
862 enhancing the sustainable treatment of decentralized wastewater systems and accelerating 
863 progress toward the accomplishment of SDG 6.
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1081 Highlights 

1082 • Inorganic urine composition significantly influences in situ H2O2 generation 
1083 • Active chlorine species affect the accumulation of H2O2 in urine
1084 • In situ H2O2 generation enhances the removal of organic compounds in urine
1085 • Uric acid is degraded 95 times faster than urea and 15 times faster than creatinine
1086 • In situ H2O2 generation contributes to sustainable treatment of sanitary effluents.
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