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Abstract

This study evaluated the impact of the direct in situ generation of hydrogen peroxide (H,O,)
in urine through the application of gas diffusion electrode based on Printex L6 carbon. The
oxidative potential of H,O, was explored to promote the degradation of urea, creatinine, and
uric acid. Different current densities (25, 50, 75, and 100 mAcm?) were tested for H,O,
electro-generation in Na,SO4 under ionic strength and pH conditions similar to those of
synthetic urine. The current density of 50 mAcm? was found to provide the best balance of
H,0, production, energy efficiency, and energy consumption; under these conditions, the
concentration of H,O, electrogenerated was compared with that accumulated in the urine
matrix itself, both in the presence and absence of organic compounds. The results showed that
the compositional complexity of urine extends beyond organic compounds, and the significant
difference in H,O, generation between Na,SO,4 and the synthetic inorganic urine matrix can
be attributed to the presence of dissociated ions or species generated during the electrolytic
process, with active chlorine species playing a notable role. The direct electrogeneration of
H,0, in urine resulted in the removal of 43.4% urea, 77.2% creatinine, and 100% uric acid,
with partial mineralization of 31% and a lower energy consumption of 6.21 kWh (g TOC)!
compared with the process that did not involve the in situ generation of H,O,. The study
highlights a promising strategy for sustainable electro-sanitation practices, offering valuable
contributions toward advancing the achievement of the United Nations' Sustainable
Development Goals (SDG), particularly in regions with limited access to basic sanitation. By
utilizing the urine matrix for in situ hydrogen peroxide generation, this approach fosters
decentralized solutions for wastewater treatment.

Keywords: Gas diffusion electrodes, in situ H,O, generation, synthetic urine, electro-
sanitation, sustainability.
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1. Introduction

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

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

This reality points to the urgent need for devising innovative, efficient, and
decentralized sanitation solutions for wastewater treatment, especially in remote areas with
limited infrastructure [11,12]. Among these approaches, a comprehensive state-of-the-art
study published in 2021 highlighted recent efforts to develop urine treatment technologies.
This study revealed that while biological processes are effective for urine stabilization, they
are not suitable for toilet applications [13]. This limitation can be overcome by advanced
oxidation processes (AOP), such as electrochemical oxidation (EO), which has gained
prominence among researchers due to the efficiency and flexibility of these processes when
applied for the removal of organic compounds from complex matrices [14—16]. The efficiency
of EO depends, among other factors, on the electrogeneration of strong oxidants, including
hydroxyl radicals, active chlorine species, and hydrogen peroxide (H,O,) [17]. H,O; is a
versatile oxidant which is widely employed in environmental applications; the in situ
generation of H,0O, offers significant advantages, as it helps eliminate the need for
transporting and storing large volumes of reagents [18,19]. H,O, can be generated and
accumulated in desirable concentrations during continuous electrolysis, primarily through the
two-electron oxygen reduction reaction (ORR), as shown in Eq. 1 [19,20].
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02+2H++2e‘—>H202 (Eq 1)

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

Given these well-established advantages of EO, it is clear that the process meets many
of the standard prerequisites for application in decentralized wastewater treatment systems.
Remarkably, despite the recent progress, significant gaps remain when it comes to devising
suitable technologies for the treatment of real and complex matrices such as synthetic urine.
Thus, this study aims to investigate the application of electrochemical oxidation with in situ
H,0, generation and Printex L6 carbon-based gas diffusion electrode (GDE/PL6C) for the
efficient treatment of synthetic urine. The primary focus of the study lies in using the
proposed treatment mechanism for the degradation of key organic compounds, such as urea,
creatinine, and uric acid, whose degradation poses significant challenges to sanitary effluent
treatment systems. This study deepens our understanding of advanced treatment processes for
complex matrices, providing crucial insights into the development of efficient and affordable
technologies for decentralized electro-sanitation practices. In this sense, the present study
directly contributes to the development of wastewater treatment solutions which can help
accelerate the progress toward the accomplishment of safe and sustainable sanitation goals,
including, in particular, the SDG 6.

2. Experimental
2.1. Chemicals and synthetic urine formulation

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

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

Species Concentration (molL™)
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Chemical name

Chemical formula

MW (gmol?)

Urea CH4N,O 60.06 0.0550
Creatinine C4H;N;0 113.12 0.0015
Uric acid CsH4N4O5 168.11 0.0003
Sodium chloride NaCl 58.44 0.1200
Sodium sulfate Na,SOy4 142.00 0.0200
Potassium chloride KCl 74.55 0.0600
Monosodium phosphate NaH,PO, 119.98 0.0200

Total organic carbon (TOC) 750 mg L1

pH 5.26
Tonic strength 0.3 mol L-!
Conductivity 18.29 mS cm?

The ionic strength of the solutions was calculated using the Lewis and Randall

equation, as expressed in Eq. 2 below [25].

1
I=33CZ?

(Eq. 2)

Where [ is the ionic strength in mol L-!, C; is the concentration of ion i in mol L-!, and Z; is the

charge of ion i present in the solution.
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2.2. Preparation of GDE with Printex L6 carbon and H,0, electrogeneration

The gas diffusion electrode was prepared based on the standard method developed by
our research group [23,26]. Specifically, a catalytic mass of 1.6 g of PL6C, previously dried
in an oven for 24 h at 120°C, was mixed with 25 mL of ultrapure water until a completely
homogeneous mixture was obtained. Poly(tetrafluoroethylene) (PTFE) (Daflon Co.) was then
added to the mixture in a proportion of 20% of the total mass. The mixture was stirred for 45
min at 500 rpm. After that, the resulting catalytic mass was evenly dispersed on carbon cloth
attached to a metal mold, and then kept in an oven for 15 min at 120°C in order to obtain a
dispersed mass with a moist appearance. Subsequently, the cloth with the PL6C mass was
removed from the metal mold, and a second cloth of the same dimensions was placed on top
of it. The material prepared was then pressed (SOLAB SL-11) at 0.5 tons, at the temperature
0f 290°C for 45 min.

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

For the analysis of H,O, electro-generation, the study initially investigated the role of
different current densities (25, 50, 75, and 100 mA cm), applied from a MetrohmAutolab
PGSTAT-302N Potentiostat, over a period of 120 min in Na,SO,, where the same ionic
strength and pH of synthetic urine were employed. Subsequently, the concentration of H,0O,
accumulated in Na,SO4 was compared with that generated in situ within the synthetic urine
matrix, both in the presence and absence of organic compounds, but under the same pH and
ionic strength conditions. All the experiments were performed in duplicate, and the average
measurements obtained were presented in the study.

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

Under specific current density conditions, the electrochemical oxidation (EO) process
was applied for the treatment of synthetic urine with and without the in sifu generation of
H,0; in the synthetic urine matrix; the two treatment mechanisms were referred to as
EO+H,0,; and EO, respectively. The study also analyzed the parallel degradation of the
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following organic compounds in the synthetic urine matrix: urea, creatinine, and uric acid. For
the EO process, N, employed at the same flow rate applied for O,, was used to prevent H,O,
formation.

2.4. Analytical techniques and efficiency analysis

H,0, was quantified using UV-Vis absorption spectrophotometry (SHIMADZU UV-
1900), where ammonium molybdate was used as the reagent [28]. The energy consumption
(EC) associated with the quantification of H,O, was determined using Eq. 3. The current
efficiency (CE) was estimated based on Faraday's law, as shown in Eq. 4.

Elt
EC(kWhKg—1) = 10005¢, (Eq. 3)
2FCy.0.Vs
CE1,0,(%) = ——27—— (Eq.
4)

Where E is the average cell potential (1), [ is the applied current (4), ¢ is the time (%), Vs the
working volume (L), and Cy,p, is the concentration of H,O, generated (mgL'), 2 is the
number of electrons involved in the reduction of one molecule of oxygen to produce H,0,,
and F represents Faraday's constant (96,487 Cmol!).

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

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

Co—C¢
C

0

Degradation (% ) = 100 (Eq. 5)
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The amount of energy consumed (EC) per unit volume of the treated effluent was
determined using Eq. 6, where E,,; is the average cell potential (V), ¢ is the electrolysis time
(h), V is the solution volume (m?), and 7 is the current (A).

cell It

EC (Whm~3) = =4t (Eq. 6)

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

TOCo—TOC

TOC removal (% ) = ~rtoc, 100 (Eq. 7)
-1 Ecelt

ECroc (kWh (g TOC)™) = v-acTo0) (Eq. 8)

The kinetic analysis conducted using the plots of cyc; as a function of time
consistently pointed to a pseudo-first-order reaction, in line with Eq. 9. In this equation, ¢,
denotes the initial concentration, ¢, is the concentration at time ¢, and &; is the rate constant for
each organic compound.

In (%) =k, xt (Eq.9)

t

Carboxylic acids and most of the inorganic ions were identified using ion exchange
chromatography with Metrohm Professional IC 850 chromatograph coupled to a Professional
IC 940 module. The analysis was conducted using an injection volume of 20 pL of each
sample. Carboxylic acids were measured using a MetrosepA Supp 5 column, with 0.5 mmol
L' H,SO, as the eluent. The retention times identified in the chromatograms exhibited well-
defined peaks that corresponded to oxalic acid, maleic acid, formic acid, and acetic acid.
Nitrogen anions, including nitrite (NO,") and nitrate (NO3~), as well as active chlorine
species, specifically chloride (CI7), chlorite (ClO,7) and chlorate (ClO;37), were analyzed
using a MetrosepA Supp 5 column (150 mm x 4.0 mm) with 3.2 mmol L' Na,COj; and 1.0
mmol L' NaHCO; employed as the cluent, at a flow rate of 0.7 mL min"! and at the
temperature of 25°C.
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Ammonium cation (NH4") and hypochlorite anion (ClO-) were identified by UV-Vis
spectroscopy. NH4* was identified by the addition of 1 mol L' NaOH, 5% C;H4O3, 5%
Na3;C¢Hs07, 0.05 molL-! NaClO, and 1% sodium nitroferricyanide which led to the formation
of a green complex; absorbance was measured at 655 nm [30]. C1O~ was identified when the
solutions were in contact with 3 mol L! NaOH; absorbance was measured at 293 nm. The pH
of the solutions was measured using lon pHB500 pH meter, while conductivity was measured
using a Digimed DM-3 conductivity meter.

3. Results and discussion

3.1. Analyzing the effects of current density on in situ H,O, electro-generation in Na,SO,
using GDE/PL6C

A number of studies conducted to specifically investigate the effects of current density
have shown that this parameter is a determining factor in electrochemical processes, as it
significantly affects the generation of oxidants such as H,O, [23,26]. A thorough analysis of
this parameter is essential for optimizing these processes, as this helps enhance the efficiency
and the economic feasibility of wastewater treatment systems. To better understand the effects
of current density on the efficiency of the treatment system, GDE/PL6C was used for H,0,
electro-generation initially in Na,SO,4 under ionic strength and pH conditions similar to those
of synthetic urine (specifically 0.3 mol L' and pH = 5.26, respectively). Electrolysis tests
were performed at current densities of 25, 50, 75, and 100 mA c¢m2 in order to evaluate the
performance and efficiency of the electrodes (Figure 2a). The results obtained from the
monitoring of H,O, concentration over time at different current densities showed a clear
pattern: H,O, production increases as current density increases. The doubling of the current
density from 25 to 50 mAcm™ resulted in an almost 2-fold increase in the concentration of
H,0, accumulated in the system. A similar pattern of behavior was also observed when the
current densities of 75 mA cm? and 100 mA cm? were applied; these current densities
promoted an increase in H,O, production of roughly 3 and 4-fold, respectively, in the system.
These results show that the concentration of H,O, produced in the system was directly
proportional to the applied current density; this outcome can be attributed to an increase in the
electron transfer rate at the electrode/solution interface, which favors the 2e™ reduction of
molecular oxygen to H,O, at the cathode (see Eq. 1) [31].

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

Given the observed deviation in H,O, production kinetics at higher current densities, it
is essential to evaluate the effects of current density on energy consumption and current
efficiency in order to gain a more comprehensive understanding of the operational feasibility
of the treatment system. The EC and CE associated with the electro-generation of H,O, were
calculated under the current densities investigated, and the results obtained are presented in
Figure 2c. It can be seen that, as the current density increases, there is a significant rise in
energy consumption, from 65.99 kWh kg! at 25 mA cm2 to 193.27 kWh kg! at 100 mA cm-
2. This increase in energy consumption is expected, since the application of higher current
densities leads to more power being applied to the system, and this essentially raises the total
energy consumed per unit mass of H,O, produced [26].

On the other hand, the current efficiency shows a slight decline with increasing current
density, dropping from 10.17% at 25 mA cm™ to 9.38% at 100 mA cm2. This reduction in CE
observed for higher current densities can be attributed to factors such as the occurrence of
undesired parallel reactions, including oxygen evolution (Eq. 10) and/or the direct reduction
of O, to H,0 via the 4e- pathway (Eq. 11) in acidic media [20]. These factors may contribute
to a decrease in the proportion of electrons that effectively contribute to H,O, production,
reducing the conversion efficiency. Thus, while increasing the current density results in
higher H,O, production, it comes at the cost of greater energy consumption and a slight
reduction in current efficiency.

2H,0 — O, +4H* +4e” (Eq. 10)

0, +4 H" +4 & — 2H,0 (Eq. 11)

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

3.2. Understanding the mechanism involving the in situ electro-generation and
accumulation of H,0, in synthetic urine matrix

10



341
342
343
344
345
346
347
348
349
350

351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367

368
369
370
371
372
373
374
375
376
377
378
379
380
381
382

383
384
385
386

The compositional complexity of synthetic urine presents additional challenges for the
application of electrochemical treatment processes. In addition to organic compounds, this
effluent contains a wide range of ionic species that can influence the efficiency of H,0,
generation. To have a clearer understanding of the effects of the matrix, a comparative
analysis was conducted in order to compare the concentration of H,O, electrogenerated at 50
mA cm? in Na,SO,4 with H,O, concentration generated in the synthetic urine matrix, both in
the presence and absence of organic compounds; in this study, we refer to the matrix
containing organic compounds as synthetic urine matrix and the one without organic
compounds as synthetic inorganic urine matrix. For comparative purposes, the same ionic
strength and pH were employed in the matrices investigated.

Figure 3a shows the concentration of H,O, generated in the matrices investigated over
120 min of electrolysis. It is observed that throughout the entire period of electrolysis, the
concentration of H,O, produced followed this order: Na,SO, > synthetic urine matrix >
synthetic inorganic urine matrix. The results obtained point to a significant influence of the
compositional complexity of the urine matrix on the efficiency of the H,O, generation
process. The Na,SO, solution, used as a simple reference matrix, yielded approximately 505
mg L of H,O, after 120 min of electrolysis. However, when the synthetic urine matrix
containing organic compounds - including urea, creatinine, and uric acid, was employed, the
concentration of H,O, generated was reduced to 175 mg L-! by the end of the process. This
substantial decrease in H,0, production can be attributed to the presence of organic
compounds in the urine, which consume H,0, in the degradation process or compete for the
same electrons that would be used in the reduction of molecular oxygen to form H,O,. This
behavior is further supported by the fact that, after 45 min of electrolysis, there is a
stabilization in the concentration of H,0O, produced in the synthetic urine matrix (which
contains organic compounds); this phenomenon can be attributed to the chemical equilibrium
established between the H,O, formation reactions at the cathode and the H,O, degradation
reactions at the anode [26,34].

When the organic compounds were removed from the synthetic urine matrix; i.e.,
when the synthetic inorganic urine matrix was employed, there was a further reduction in the
concentration of H,O, generated, with H,O, production beginning only after 15 min of
electrolysis and reaching a mere 61.3 mg L' by the end of the process. These results are
evidently surprising and go counter to our initial expectation that the concentration of H,0O,
generated in the synthetic inorganic urine matrix would be greater than that of the synthetic
urine matrix (containing organic compounds). This observation suggests that, in addition to
the organic compounds, the ionic composition of the urine itself exerts a significant effect on
the efficiency of H,O, electrogeneration, as the complex mixture of ions may influence the
reactions at the electrode/solution interface. Another explanation for this unexpected outcome
is that, in the absence of organic compounds, the active species formed in the inorganic
reaction medium (synthetic inorganic urine matrix), such as active chlorine species, are free to
act as H,0, scavengers. In other words, without the presence of organic matter to be
degraded, these active species, which would typically participate in the degradation of organic
compounds, end up more intensely capturing and decomposing the H,O, generated.

Through a careful analysis of the data on energy consumption and current efficiency
(Figure 3b), one is able to have a better understanding of the mechanism involving the
efficiency of H,O, electro-generation in urine matrices and the effect of their complex nature
on the efficiency of the treatment system. The application of the Na,SO,4 solution as the

11
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reaction medium resulted in the lowest energy consumption (113.45 kWh kg') and the
highest current efficiency (9.96%). These results point to the effectiveness of the GDE/PL6C
and the electrochemical system when applied to a less complex solution, where the H,O,
generation reaction occurs more efficiently, with reduced energy loss which stems from
secondary reactions or resistive effects. However, the in situ electro-generation of H,0O, in the
synthetic urine matrix, which, in addition to Na,SO,, contains NaCl, KCIl, NaH,PO,, and
organic compounds including urea, creatinine, and uric acid, led to more than a 2-fold
increase in energy consumption (277.12 kWh kg'!), while current efficiency decreased to
3.27%. These results can be attributed to the presence of organic compounds that consume
H,0, during the degradation process or compete for electrons, diverting the action of the
current toward parallel reactions. When the synthetic inorganic urine matrix was used as the
reaction medium, there was a significant increase in energy consumption (725.92 kWh kg!),
while current efficiency dropped to 1.21%. This outcome helps confirm that the high ionic
complexity of the synthetic urine matrix undermines the overall efficiency of the H,0O,
generation process; in essence, this highlights the need to investigate each compound
separately so as to have a better understanding of their effects, thus contributing toward
optimizing the electro-sanitation treatment process.

3.3 Unraveling the influence of the compositional complexity of synthetic inorganic urine
matrix on the electro-generation of H,O,

As pointed out previously, the complexity of the synthetic inorganic urine matrix
poses a significant challenge to the electrogeneration of H,0O,; this challenge arises because
the ions present in this matrix, including SO,*, CI, and PO.*", can interact with H,O,,
reducing its availability in the medium and/or promoting competitive reactions. With this in
mind, and to identify which of these compounds act as true interferents, HO, generation was
analyzed individually for each of the constituent salts in the urine matrices. This analysis was
conducted using the same ionic strength and pH of synthetic urine at a current density of 50
mA cm? over a period of 120 min of electrolysis. Figure 4 presents a comparative analysis of
the concentration of H,O, generated in NaCl, KCI, and NaH,PO, compared to that generated
in Na,SO, and in the urine matrices investigated.

The results obtained showed significant variations in the concentration of H,O,
generated over the electrolysis time in the different electrolytes (of synthetic urine) employed.
When Na,SO, was applied, there was a consistent increase in H,O, generation over time. A
much lower H,O, production was recorded for KCIl, where only 50.8 mg L! was produced at
the end of 120 min of electrolysis. NaCl, in contrast, exhibited intermediate production levels,
yielding 70.5mg L' of H,O, over the same period. Interestingly, NaH,PO, recorded the
highest concentration of H,0O, produced, reaching stabilization in around 30 min of
electrolysis, and accumulating approximately 330 mg L' of H,0, after 120 min of
electrolysis.

The results obtained show that distinct chemical interactions impact the efficiency of
the electrochemical process; in general terms, the results suggest that KCI and NaCl act more
intensely as inhibitors in the generation of H,O, compared to NaH,PO, and Na,SO,. When
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one focuses the analysis on the isolated anionic species, the results imply that the higher
generation of H,O, in Na,SO, (Figure 4a) can be attributed to the fact that the sulfate anion
(SO+*") does not significantly interfere with the oxygen reduction process at the electrode
surface, and this allows for a more efficient conversion of O, to H,0,. However, it is
important to note that although sulfate is considered an inert anion when it comes to H,O,
generation for comparative purposes in this study, the production of peroxomonosulfate
(SOs%) can also occur during the electrochemical process involving the use of GDE/PL6C, as
shown in Eq. 12. SOs* is regarded as a predatory species of H,O, which reacts with itself, as
indicated in Eq. 13 [23].

H,0 + SO4* — 2H" + 2¢ + SOs* (Eq. 12)

HzOz + SO5 - 202 + HQSO4 (Eq 13)

Regarding NaH,PO,, as demonstrated in Figure 4a, the relatively lower concentration
of H,0O, generated compared to that produced in Na,SO,4 can be explained by the reaction
between the dihydrogen phosphate ion (H,PO4) and H,O, which leads to the formation of
hydroxyl radicals ("OH), as shown in Eq. 14 and Eq. 15 [14,35]. This mechanism suggests
that, although a direct reaction between H,PO,  and H,0, is uncommon, the higher “OH
concentrations present in the solution may react with the H,O, generated, converting it into
H,0 (Eq.16), and thereby reducing the availability of H,O, in the medium. Furthermore,
phosphate may form complexes that accelerate the decomposition of H,O, and may also play
a dual role in generating reactive oxygen species (ROS) that facilitate the formation of
O, and alter the pathway of *“OH formation, further decreasing the concentration of H,O, in
the treated solution [36]. The stabilization observed in H,O, production after 30 min of
electrolysis can be attributed precisely to the phosphate ability to form these complexes,
which, in interaction with other anionic species and/or intermediate radical species, can
diminish the decomposition of H,O, and stabilize its concentration in the solution.

H,0 + HPO, — ‘OH + H,PO, (Eq. 14)
H,PO,+ *OH — H,PO, + OH~ (Eq 15)
‘OH + H,0, —»2H,0 + O, (Eq. 16)
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On the other hand, the accumulated concentration of H,O, recorded in KC1 and NaCl
was significantly lower than that recorded in Na,SOy after 120 min of electrolysis (results are
more clearly visible in the scale of Figure 4b). This phenomenon observed in chloride media
can be attributed to the influence of active chlorine species formation. It has been well
documented in the literature that the oxidation of chloride ion (Cl") on the anode surface leads
to the generation of chlorine (Clyug), E°= 1.36 V vs SHE), as shown in Eq. 17. Chlorine
subsequently undergoes hydrolysis to produce hypochlorous acid (HCIO, E°=1.49 V vs SHE)
and CI, as per Eq. 18. Under specific speciation conditions (pKa = 7.55), HCIO enters an
acid-base equilibrium, and this leads to the production of hypochlorite (OCIl, E° = 0.89 V vs
SHE), as demonstrated in Eq. 19. After the occurrence of this reaction, the active chlorine
species consume H,O, through secondary reactions, as exemplified in Egs. 20, 21, and 22,
respectively, for Cl,, HOCI, and OCI [37-39].

2CIF — Cly + 2¢ (Eq. 17)
Cl, + H,0 — HCIO + CI- + H* (Eq.18)
HCIOSOC! -~ + H (Eq. 19)
H,0, + Cl, — O, + 2H * + 2CI- (Eq. 20)
H,0, + HOCl — 0, + HoO + H* + Cl - (Eq. 21)
H,0,+ OCl- — 0, + H,0 + Cl1 - (Eq. 22)

In summary, for the electro-generation and accumulation of H,O, in the synthetic
inorganic urine matrix, which is specifically constituted by Na,SO,, NaCl, KCIl, and
NaH,PO,, as previously discussed, we found that this matrix yielded a relatively lower
concentration of H,O, compared to Na,SO,4 and the other media studied individually. This
behavior shows that an increase in the complexity of the reaction medium contributes to the
reduction in the concentration of H,O, generated; this is likely due to increased parasitic
reactions involving inorganic ions and/or other causes mentioned previously. These results
point to the complexity of the synthetic urine matrix when used in the electro-generation of
H,0,; in essence, the results suggest that, in order to optimize H,O, production in wastewater
treatment systems involving urine, it is essentially crucial to have a thorough understanding of
the synergistic and inhibitory effects of the various compounds present in the matrix, and of
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other related factors. Thus, having a comprehensive understanding of the processes involving
the degradation and mineralization of organic compounds in urine through electrochemical
oxidation with and without in situ H,O, generation is crucial for devising efficient strategies
for the treatment of sanitary wastewater.

3.4. In situ generated H,O, in synthetic urine and its effect on the degradation and
mineralization of organic matter

Urine is a matrix of complex composition, and the presence of organic compounds,
such as urea, creatinine, and uric acid, in it presents additional challenges for electrochemical
treatment processes. Understanding the potential of in sifu generated H,O, in degrading these
compounds in the urine matrix is essential for developing effective electro-sanitation
treatment strategies. Figure 5a shows the parallel degradation percentages obtained for the
organic compounds present in urine during the electrochemical process based on the
application of the GDE/PL6C cathode in the presence (EO+H,0;) and absence of H,O,
generation (EO) at the current density of 50 mA cm™2. It is worth noting that, in the EO
process, N, was injected into the GDE/PL6C, instead of O,, equivalent to 0.05 Lmin!. The
results obtained pointed to significant differences between the EO+H,0, and EO processes, in
terms of the degradation and mineralization of organic compounds in urine; importantly, the
results show that H,O, was effectively beneficial for the degradation of urea and creatinine.

Urea (CH4N,0) is the predominant organic compound in human urine; its structure is
quite dynamic, and the compound can exhibit various conformational variations when in
aqueous solution [40]. As illustrated in Figure 5a, urea is the organic compound that was
found to be the most resistant to degradation in the EO+H,O, and EO processes; the
application of the EO+H,0, and EO processes led to urea degradation of 43.4% and 35.1%,
respectively, after 120 min of electrolysis. The lower removal of urea compared to other
compounds may be attributed to competitive degradation among the co-existing compounds.
Furthermore, considering that urea is present in much higher concentration in the medium,
approximately 20 times more than creatinine and 65 times more than uric acid, it is likely that
greater rates of urea removal would require longer treatment times. The percentage difference
in urea degradation observed between the EO+H,0, and EO processes was 8.3%. Although
this percentage is relatively low, it represents approximately 273.0 mg L-! in absolute terms;
this shows that the presence of in situ generated H,O, in urine has a positive effect on urea
degradation. These observed improvements in the compounds degradation efficiency provide
us with useful insights into the development of more effective strategies for the treatment of
sanitary effluents, where urea is one of the primary pollutants to be degraded.

Another relevant point that deserves mentioning is that H,O, can also be explored as
an inhibitor of the process involving the hydrolysis of urea in real urine systems [41]. This is
particularly relevant given the inherent instability of urea, which rapidly decomposes in the
presence of urease, an enzyme commonly found in urine collection systems. During this
process, urea breaks down into ammonium ions and bicarbonate, as described in Eq. 23
[42,43]; this enzyme is naturally present in both urine and the environment [8]. After the
hydrolysis process, the pH of the medium increases to a value above 9.0 [44]. The inactivation
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of urease by H,0, in real urine systems - which blocks the hydrolysis of urea, prevents the
increase in soil pH and consequently reduces the risk of eutrophication in water bodies, as
well as the release of free ammonia into the atmosphere [45].

CH4N,O + 2H,0 — NH; + NH;~+ HCOy5 (Eq. 23)

Regarding creatinine (C4H7;N50) - the second most abundant compound in the urine
matrix, Figure 5a shows that both treatment processes tested in the study were effective in
degrading it, with 77.2% and 68.6% creatinine degradation recorded for EO+H,0, and EO
processes, respectively. We noted that the treatment process that involved H,O, electro-
generation (EO+H,0;) was 8.6% more efficient; in other words, this process was able to
remove an additional 14.3 mg L-' of creatinine compared to the process without H,O,
generation. Although the observed difference is relatively smaller in comparison with urea
degradation, it still shows that the presence of in situ generated H,O, enhances the oxidation
process. The higher rate of degradation of creatinine relative to urea may be attributed to the
following: lower concentration of creatinine in the matrix, and competitive oxidation with
other compounds present in the synthetic urine matrix [15].

On the other hand, the degradation of uric acid (CsHsN4O;) - the smallest organic
compound in the synthetic urine matrix, was satisfactorily efficient in both the EO+H,0, and
EO processes, since both processes recorded 100% uric acid removal, as shown in Figure 5Sa.
These findings show that the electrochemical oxidation process alone is sufficient for the
degradation of uric acid in the synthetic urine matrix, and that H,O, may not be necessary for
the complete degradation of the compound. However, H,O, can play a complementary role,
particularly in scenarios where the matrix is more complex or where other compounds may
interfere with the process efficiency, especially in the degradation of by-products or
intermediate compounds generated during the oxidation of uric acid. These results are
consistent with previous studies reported in the literature which have demonstrated the
efficiency of the electrochemical oxidation process when applied for the degradation of uric
acid in urine [15,46-48]. The system preference for the degradation of uric acid over urea and
creatinine may be due to the presence of multiple functional groups in the structure of uric
acid [46].

In some literature studies, in addition to EO and EO+H,0,, other advanced processes
have been explored for the treatment of synthetic urine, particularly for the removal of
pharmaceuticals in this effluent. Goulart et al. demonstrated that photolysis and
photoelectrolysis were effective in the degradation of the antibiotic levofloxacin in synthetic
urine, while showing that creatinine and uric acid were degraded together with the antibiotic
during the processes [46]. Similarly, Gonzaga et al. reported that the Electro-Fenton (EF) and
Photoelectro-Fenton (PhEF) processes are also viable technologies for the treatment of
synthetic urine contaminated with Penicillin G. In their study, the authors showed that the
PhEF process was more efficient than EF in the degradation of the pharmaceutical, with the
best results achieving complete degradation in synthetic urine [49].
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The analysis of the operational costs of the treatment system, particularly energy
demand, is crucial when it comes to assessing the efficiency of the technologies employed for
wastewater treatment and the degradation of unwanted organic pollutants [50]. The energy
consumed per volume of the treated effluent in the EO and EO+H,0, processes was estimated
using Eq. 5; the results obtained are presented in Figure 5b. As can be observed, the results
show that in order to remove 43.4% of urea, 77.2% of creatinine, and 100% of uric acid, the
EO+H,0, process consumed 46.32 kWh dm™ of energy; in contrast, the EO process required
56.18 kWh dm to remove the same percentage of uric acid and relatively lower percentages
of urea and creatinine compared to the EO+H,0, process. This increase in energy
consumption of nearly 10 kWh dm- in the EO process further underscores the importance of
H,0, in enhancing the overall efficiency of the electrochemical process; in essence, this
outcome reinforces the role of H,O, as a critical element when it comes to developing
efficient wastewater treatment technologies.

Another fundamental analysis when it comes to evaluating the overall efficiency of
electrochemical treatment techniques is the mineralization process. In complex matrices, such
as the synthetic urine used in this study, having a clear understanding of the mineralization
process is essential to ensuring the complete conversion of organic matter to CO,, H,0, and
inorganic ions. Figure 5c¢ shows the kinetic curve and the TOC removal rates recorded for the
EO and EO+H,0, processes during 120 min of electrolysis at the current density of 50 mA
cm2. Regarding the kinetics of mineralization, the two processes exhibited a similar behavior,
with no significant differences in TOC reduction up to approximately 30 min of electrolysis.
After this period, the EO+H,0, process once again demonstrated higher efficiency compared
to the EO process. At the end of the electrolysis, the partial mineralization achieved was
31.8% and 22.5% for EO+H,0, and EO, respectively. In absolute terms, considering the
presence of high TOC in the urine matrix (TOC; = 750 mg L), the difference in the TOC
removal percentage between the processes, as indicated in Figure 5d, corresponds to 68.6 mg
L-1; this value is found to be highly significant for the mineralization process and shows that
H,0, also plays an influential role in mineralization. The difference between the two
treatment processes is also evident in the estimated energy consumption per unit mass of TOC
removed, calculated using Eq. 7 and presented in Figure 5d. Notably, the EO+H,0O, process
exhibited a lower energy consumption of 91.9 kWh kWh (g TOC) !compared to 98.1 kWh (g
TOC)! for EO alone. This reduction highlights the positive contribution of in situ H,O,
generation in enhancing the process efficiency. Although the absolute values remain high, the
observed decrease suggests that H,O, plays a role in facilitating organic compound
degradation, ultimately leading to a more energy-efficient approach within the studied system.

Despite the difference in TOC removal rates observed between the EO+H,0, and EO
processes, the unimpressive mineralization rate of 31.8% recorded for the EO+H,O, process
can primarily be attributed to the partial degradation of urea, considering that this compound
accounts for about 90% of the TOC in the matrix. Similarly, the tendency for stabilization in
TOC removal observed after 45 min of electrolysis in both the EO+H,0, and EO processes
(see Figure 5c) point to the formation of recalcitrant species which are resistant to the
mineralization process. These findings are also consistent with previous studies [15,48,51]
and point to the need for further investigation and the development of highly efficient
processes for the treatment of complex and real matrices.

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

3.5 Kinetic analysis of the degradation of organic compounds in synthetic urine based on
the application of EO+H,0, and the role of active chlorine species

The kinetic analysis of organic compounds degradation in the synthetic urine matrix
under the EO+H,0, process is essentially crucial because it helps boost our understanding of
the dynamics involving the removal of different compounds (urea, creatinine, and uric acid)
which co-exist in complex systems. The organic compounds in complex matrices exhibit
different reactivities toward oxidative processes, and this leads us to obtain different rates of
degradation of the compounds (see Figure 5a) which occur simultaneously in the treatment
system. Understanding the behavior of these co-existing compounds in the urine matrix over
the course of the treatment process is essential for developing effective strategies for the
treatment of sanitary effluents and for boosting their application in real systems.

Figure 6a shows the gradual decline in the normalized concentration of urea,
creatinine, and uric acid under the EO+H,0, process, applied at the current density of 50 mA
cm? in 120 min of electrolysis. The temporal analysis indicated that the first 60 min of
electrolysis were more efficient for the degradation of urea and creatinine, with approximately
31% and 68% removal rates recorded for the compounds, respectively. In contrast, uric acid
was more susceptible to oxidation; this compound was completely removed within the first 10
min of electrolysis. The observed decrease in the process efficiency with increased
electrolysis time, particularly after the initial 60 min, where an additional removal of only
about 11% of urea and 8% of creatinine was recorded in the subsequent hour, may be
attributed to the reduced concentration of these compounds that remained in the system. This
reduction in the concentration of the compounds (urea and creatinine, in this case) leads to
diminished substrate availability for oxidation reactions. As the concentrations of urea and
creatinine decrease over time, competition for oxidizing species, such as H,O,, becomes less
intense. These observations suggest that the kinetics of organic compounds degradation in
urine reflect not only the individual properties of each substance but also the complex
interactions occurring within the medium.

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

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

It is worth noting that, in addition to direct oxidation and the action of H,0,, other
species formed during the process can also act as oxidants for the organic matter present in
urine. Among these species, hydroxyl radicals ("OH) and chlorinated species are particularly
relevant. The diffusion of these electroactive species toward the anode plays a crucial role, as
this can influence both the distribution and availability of the compounds to be degraded [15].
Regarding *OH, the dimerization of DSA (‘OH) can lead to the formation of H,0O,, as shown
in Eq. 24, and both species can subsequently react to form the hydroperoxyl radical
(DSA(HOy")), a weak oxidant, as per Eq. 25[15].

2DSA(OH) — 2DSA + H,0, (Eq. 24)

DSA(.OH) <R H202 — DSA(HOZ.) + Hzo (Eq 25)

Regarding chlorinated species, Cl- can be oxidized to Cl, (seeEq.17), which can then
undergo deprotonation to form ClO-, as indicated in Eq. 26. On the other hand, the CIO-
generated can undergo consecutive anodic oxidation to produce ClO,~, ClO;™ and ClO4, as
described in Eqgs. 27, 28, and 29, respectively[15].

Cl, + 20H" — CIO™ + CI" + H,0 (Eq. 26)
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ClO™ + H,0 — ClOy + 2H" + 2¢ (Eq.27)

ClO, + H,0 — ClO;y + 2H" + 2e- (Eq. 28)

ClO;~ + H,0 — ClO,~ + 2H* + 2¢ (Eq. 29)

In this context, thorough analyses were conducted in order to monitor the changes in
pH and CI" ions, as well as the evolution of C1O~, CIO,", and CIO5™ species in synthetic urine
matrix based on the application of the EO+H,0, process, at the current density of 50 mA cm-
2, for a period of 120 min (of electrolysis) (Figure 7). As can be observed, during the first
minutes of treatment, the initial pH of the synthetic urine was 5.26, and the matrix exhibited a
high concentration of chloride ions and a modest formation of 2.7 mg L-! of ClO;~ within the
first 10 min of electrolysis, with no ClIO~ or CIO;™ species detected. As the electrolysis time
progressed and the solution pH increased, there was a decrease in the chloride ions
concentration, while the concentrations of both chlorinated species increased. This rise in the
generation of chlorinated species points to the progressive conversion of chloride ions into
their oxidized forms - a phenomenon also reported in the literature [53,54]. After 45 min of
electrolysis, with a pH ranging between 6.39 and 6.60, the concentrations of Cl1O, and ClO;~
surpassed that of CIO™ and continued to exhibit a gradual increase until the end of the process.
On the other hand, ClO, and ClO;~ concentrations of 43 and 65 mg L', respectively, were
recorded at the end of the 120 min of electrolysis. These observations evidently reinforce the
presence of competition between the electro-generation of H,O, and the evolution of chlorine
species, particularly Cl, and C1O~, as demonstrated in Eqs. 17-22.

Notwithstanding the competition between the electro-generation of H,O, and the
evolution of chlorine species, the accumulated concentration of CIO-, which was
approximately 21 mg L, is found to be significant considering that
hypochlorite/hypochlorous acid acts as the primary mediator in electrochemical processes in
the presence of Cl™ [55]. Furthermore, CIO™ can be generated within a pH range of 3.0 to 8.0,
and the species is capable of reacting with organic compounds more rapidly than other species
due to its reaction homogeneity throughout the solution under treatment. In contrast, oxidation
facilitated by DSA (*OH), for instance, is restricted to the anode surface, as this species has a
very short lifespan [15]. Thus, during the EO+H,0, process, the organic compounds in
synthetic urine are expected to undergo simultaneous oxidization by both H,O, and CIO-,
with lesser contribution from DSA ("OH).

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

20



752
753

754

755
756
757
758
759
760
761

762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777

778
779
780
781
782
783
784
785
786
787
788

789
790
791
792
793
794
795

3.6. Evolution of carboxylic acids and destination of nitrogen ions in the treatment of
synthetic urine under the EO+H,0, process

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

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

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

Regarding inorganic ions, as expected, the main products detected were ammonium
(NH,4") and nitrate (NO3~) due to the presence of urea (N = 1540.52 mg L!), creatinine (63.03
mg L), and uric acid (N = 16.81 mg L!) in the synthetic urine composition; the presence of
these products in the matrix resulted in a high total nitrogen concentration of 1620.4mg L.
Nitrite (NO;") was not found in significant concentrations. As observed in Figure 8c, one can
clearly see an increase in the concentration of NH," up to approximately 42 mg L! in 15 min.
From this time onwards, there is a decrease in NH4" concentration, accompanied by a gradual
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accumulation of NO;~ which remains as the final product after 120 min of electrolysis
(representing 2.77% of the initial N). These results suggest that the gradual conversion of
ammonia to nitrate reflects the primary reduction of nitrogen to more oxidized species.
Considering the contribution of urea, creatinine, and uric acid to the nitrogen content in the
system, it can be inferred that the rapid accumulation of NH4" up to the first 15 min was
mainly due to the rapid decomposition of uric acid. Furthermore, considering the initial
nitrogen content and the fact that the final accumulated concentration of nitrogen ions did not
exceed 46.3 mg L-!, one can infer from a general mass balance that over 97% of the initial
nitrogen content remained in the form of the original molecules of urea and creatinine, or was
lost from the synthetic urine solution as volatile products such as N, and N,O, [58].

4. Conclusions

This study investigated the potential of using in situ H,O, generation in synthetic urine
with GDE/PL6C as a decentralized electro-sanitation strategy. The initial results indicated
that the in situ electro-generation of H,O, in Na,SO, solution, under the same pH and ionic
strength of synthetic urine, directly correlates with the applied current density. The final
results obtained showed that the application of a current density of 25 mA cm? generated
258.0 mg L' of H,0,, which increased to 958.0 mg L-! when the current density was raised to
100 mA cm. This outcome was attributed to an increase in the electron transfer rate at the
electrode/solution interface. However, kinetic analysis suggested that at higher current
densities, HO, production did not follow a linear pattern; this points to limitations in the mass
transfer process. The choice of using the current density of 50 mA cm™ to investigate the
performance of the system was justified by the fact that the proposed system required the
application of a relatively high current density with economic viability which offers a balance
between energy efficiency and energy consumption efficiency with high H,O, production and
effective compounds degradation.

The analysis of H,O, production in synthetic urine revealed that the presence of
organic compounds, such as urea, creatinine, and uric acid, in the synthetic urine matrix
interfered with H,O, accumulation, and this resulted in a decrease of 65% in H,O, production
compared to the concentration of H,O, generated in the aqueous solution containing only
Na,SO, (at the current density of 50 mA cm2). This outcome was attributed to the
consumption of H,O, in the degradation of organic compounds. Additionally, it was
demonstrated that the ionic composition of urine further limited H,O, production, and this
clearly reflects the complexity of the reactions involved. Energy efficiency analysis showed
that the Na,SO, solution exhibited lower energy consumption and higher current efficiency
compared to the synthetic urine matrix - both in the presence and absence of organic
compounds, which exhibited higher energy consumption and lower current efficiency. The
results obtained from these analyses show that the presence of inorganic ions in synthetic
urine significantly affected the H,0O, electro-generation efficiency. In particular, the presence
of chloride and phosphate ions exerted a negative impact on H,0, electro-generation, by
either competing with reagents on the electrode surface or promoting secondary reactions that
consumed the H,O, generated.

Regarding the oxidation of organic matter in synthetic urine, the data obtained showed
that the in situ generation of H,O, in the matrix enhances the degradation of complex organic
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compounds, with increased efficiency in the removal of urea (8.3%) and creatinine (8.6%).
Kinetic analysis pointed to the preference of the system for the degradation of uric acid; in
essence, the results of this analysis highlighted the importance of chemical interactions in the
degradation process. The mineralization of the organic compounds, although limited to 31.8%
TOC removal, showed that H,O, may act as a complementary degradation agent in complex
wastewater treatment systems. The high concentration of carboxylic acids, particularly oxalic
and maleic acids, accumulated in the system was regarded as the primary intermediate
products of the degradation process. Of the nitrogenous compounds formed in the oxidation
process, we observed the initial release/formation of NH,*, which was subsequently oxidized
to NO;5™.

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

1082 e Inorganic urine composition significantly influences in situ H,O, generation

1083 e Active chlorine species affect the accumulation of H,O, in urine

1084 e [n situ H,0O, generation enhances the removal of organic compounds in urine
1085 e Uric acid is degraded 95 times faster than urea and 15 times faster than creatinine
1086 o In situ H,O, generation contributes to sustainable treatment of sanitary effluents.
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