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Keywords: 

This paper presents an investigation into urea-to-hydrogen valorization through electro-oxidation on nickel(III). The study has dual objectives: (i) to gain a better understanding of the effects of organic compounds (other than urea) in human urine on UEO and (ii) to upscale the process to pilot-scale. Initial voltammetric studies at labscale using real human urine showed that urea adsorption on nickel(III) sites, followed by its electrooxidation, competes with molecules such as creatinine, histidine, and creatine. Notably, creatinine reduced the nickel(II) oxidation signal by up to 20 %, indicating its reaction precedence over urea. Additionally, the oxidation rate of urea by nickel(III) in urine exhibited a much lower partial order (0.1), as opposed to 0.3 in KOH solution, confirming the impact of competitive adsorption. Subsequently, UEO experiments were upscaled using a specially designed 1 L undivided tubular EC reactor operating in multi-pass mode. Potentiostatic electrolysis of a urea synthetic solution was conducted over 70 h, achieving nitrogen and carbon species mass balances of over 97 %-a milestone previously unreported at this scale. The study further examined the influence of operating parameters such as anode surface area, flow rate and applied potential on the EC process. This investigation underscored the impact of factor like reactor geometry, controlled potential and temperature on process efficiency. Parameters for optimal N 2 production, highest urea conversion rate, etc., were also defined. Finally, the electrolysis of human urine at pilot-scale unveiled new challenges distinct from those encountered with urea synthetic solutions.

Introduction

To overcome both water pollution and energy challenges, urea contained in wastewater has been identified as a promising route [1]. Indeed, the rising freshwater contamination due to human activities (like the carbon industry, transportation, and the primary sector, including mining [2] and agriculture [3]) combined to the wastewater production, that is expected to surge by nearly 50 % by 2050 [4,5], have boosted the interest to consider wastewater as a significant source for pollutant valorization [6]. Among the contaminants, urea, primarily contained in human urine at around 0.33 mol L -1 , holds a substantial share of nitrogen (N) present in watercourses and thus offers a considerable source of nitrogen recovery [7]. Recognizing the potential for over half a century, researchers are delved into the electrochemical (EC) oxidation of urea with various purposes in mind, such as urine degradation [START_REF] Urbańczyk | [END_REF], H 2 production through electrolyzers [8], energy generation via urea fuel cells [9], and development of advanced electrode materials [START_REF] Ke | Electrocatalysis[END_REF]. Among the key findings, one concerns the feasibility to achieve efficient urea electro-oxidation (UEO) using low-cost electrode materials in alkaline media, which clearly paves the way to potential industrial-scale implementation [START_REF] Urbańczyk | [END_REF]. Notably, Ni-based anodes have demonstrated interesting electrocatalytic activity for the UEO process [12,13].

The UEO process has been long considered as an effective solution for the treatment of urea-laden effluents, with the dual advantage of generating eco-friendly by-products and reducing environmental impact according to the following indirect oxidation mechanism (EC').

At the anode: 

Ni(OH)
At the cathode:

6 H 2 O (l) + 6e -→3 H 2,(g) + 6 OH - (l) (4) 
Net cell reaction:

CO(NH 2 ) 2,(aq) + H 2 O (l) →N 2,(g) + 3 H 2,(g) + CO 2,(g) (5) However, very recently, the formation of by-products (OCN -, NO - 2 , NO - 3 , NH 3 ) other than N 2 and CO 2 (identified as CO 2- 3 in alkaline medium) has been demonstrated. As posing major environmental concerns, some research efforts are now required, first to understand the related multi-pathway reaction mechanism and secondly to find solutions to orient the UEO process towards a full mineralization [14][15][16][17].

Moreover, the scaling of the UEO process to an industrial scale should rely on two factors: the use of affordable electrode materials and the generation of valuable hydrogen at the cathode. At present, the stateof-art on UEO focuses on lab-scale studies, and mainly on synthetic solutions. The proof-of-concept towards an industrial perspective should be thus refocused by accounting two issues: operating using real effluent (i.e., human urine) and at pilot-scale, while maintaining the same performances than at lab-scale. So far, few studies have investigated the influence of the matrix on EC response (i.e., of the urine chemical on the amplitude of the measured signal). Schranck et al. [18] performed cyclic voltammetry and ATR-FTIR spectroscopy to study the impact of urine-contained compounds on UEO using a NiCo 2 O 4 catalyst on different substrates and synthetic urine solutions. They revealed that: (i) phosphate, creatinine (major organic compound after urea in human urine [19]) and proteins, were the major disruptors of electro-oxidation (creatinine could form deactivating complexes); and (ii) the weak binding of urea indicated its oxidation via an indirect electron transfer. Carpenter and Stuve [20] focused on the effect of creatinine during UEO and attributed the decrease in oxidation current during electrolysis of urea/creatinine solutions to the poisoning of electrode sites by creatinine or adsorbed fragments over long treatment periods. Our previous work [21] provided new highlights on real urine electrolyzes by carrying out long-term experimentations on nickel massive electrode; in particular, the formation of two by-products (formic acid (FA) and oxalic acid (OA)) that were not present during the electrolysis of urea synthetic solutions was revealed. By monitoring the urea and creatinine concentrations over time, the competition between their oxidation could also be demonstrated. However, to date, any study on the effect of the actual matrix on EC behavior has been reported neither on a massive nickel electrode nor at larger scale using a Chemical Engineering framework.

This study is designed to address two specific challenges: (i) to enhance understanding of the matrix effect in the treatment of real human urine and its impact on UEO efficiency, and (ii) to demonstrate the feasibility of UEO at pilot-scale using both urea synthetic solutions and human urine. Accordingly, the results and discussion section is divided into two main parts. Section 3.1 will detail EC investigations of real urine at lab-scale through voltammetric analysis. It will first examine the effect of urine storage conditions, followed by an exploration of the system's EC response (namely, the nickel(II) oxidation current) to the spiking of primary urine compounds in different media (KOH, urea/KOH and urine/KOH in Section 3.1.2). This section will also report on the kinetics of the UEO reaction (Eq. ( 2)) in the presence of urine (Section 3.1.3). Section 3.2 will delve into pilot-scale experiments conducted in a 1 L EC reactor. For the first time, complete mass balances in both gaseous and aqueous phases will be established during the EC treatment of urea in synthetic solution (Section 3.2.1). This will be followed by a series of experiments to assess how operating parameters such as anode surface area, flow rate, and applied potential E influence process efficiency (Section 3.2.2). Finally, long-term electrolysis will be conducted in the pilot reactor with human urine, aiming to validate the overall process and identify any potential drawbacks.

Experimental

Two EC set-ups were considered in this work. First, the same undivided three-electrode set-up (~50 mL) than the one described in a previous work [21] was used. It involved a nickel RDE working electrode (WE) (~3.14 mm 2 ), a 316 L stainless counter electrode (CE) and a Hg/HgO/OH -reference electrode.

Secondly, an undivided pilot-scale reactor and its environment (instrumentation, fluidics, etc.) were designed and built to treat urine by UEO. As illustrated in Fig. 1, it consisted in a vertical annular geometry with a volume of approximatively 1 L. It was made of a nickel electrode
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E potential (V) I current (A) i current density (A m -2 ) i ∘
limiting current density in absence of histidine during OH - oxidation (A m -2 ) k reaction rate constant of r (mol in grid form as anode (from 300 to 1100 cm 2 ) and a 316 L stainless steel tube as cathode which was centered inside the anodic grid. The reaction medium thus flowed from the bottom to the top inside the annular section comprised between the external wall of the poly(methyl methacrylate) (PMMA) tube and the cathode. A Hg/HgO/OH -electrode was used as the reference electrode. Note that, in this work, the potential values were systematically referred to the Hg/HgO/OH -reference. As detailed in the Supporting Material (SM) -Section 1, this pilot-scale reactor operated in multi-pass closed mode by means of a thermoregulated storage tank and a set of equipment.

For each set-up, the reaction medium was sampled at different times during the UEO process, and then analyzed by coupling ion chromatography (IC) to mass spectroscopy (liquid phase) and by gas chromatography (gas phase).

The experimental details (including the chemicals, characteristics of the EC cells at lab-and pilot-scales, and analytical methods) are given in the Supporting Material (SM) -Section 1.

Results and discussion

Electrochemical treatment of real urine at lab-scale

During long-term electrolyzes, we have previously observed how the EC response of human urine was significantly different from the one obtained with urea (such the formation of new by-products, FA and OA), which could be expected accounting for the complexity of the real matrix and the electro-activity of organic compounds [21]. In the present section, linear voltammetry experiments will be carried out to better understand the UEO mechanisms occurring with human urine. I-E curves will be plotted in order:

(i) to highlight the phenomenon of urea hydrolysis in urine; (ii) to evaluate the influence of the matrix effect on the EC response; (iii) to determine the kinetic partial order of urea for the chemical reaction (Eq. ( 2)) between NiOOH and urea in the case of a real urine solution and comparing it with urea synthetic solution.

Electrochemical behavior of urine stabilized by alkalinization

Fig. 2a shows typical linear voltametric curves obtained with a urea synthetic solution and a urine solution freshly excreted and alkalized at pH = 14 (equivalent to a KOH concentration of 1 mol L -1 ).

Curves ② in Fig. 2a and ❶ in Fig. 2b correspond to the residual current obtained on nickel with KOH 1 mol L -1 solution.

Two distinct regions can be observed on the curves ① and ❻ plotted in Fig. 2a and Fig. 2b respectively: (i) a first anodic signal occurs, exhibiting a plateau (~25 A m -2 ) in the potential range between -0.05 and 0.45 V vs. Hg/HgO/OH -. This wave is not observed in the case of urea synthetic solutions (curve ③ in Fig. 2a). After deep investigations, it can be attributed to the oxidation of uric acid (C 5 H 4 N 4 O 3 ). Indeed, successive additions of uric acid quantities (from 1 to 4 mmol L -1 ) allow to obtain curves in which the magnitude of this wave increases according to Eq. ( 6). (i) a second oxidation signal exists between 0.45 and 0.55 V vs. Hg/ HgO/OH -, which the magnitude (~50 A m -2 ) remains constant. This signal has been already observed with both KOH and urea synthetic solutions, and is attributed to the oxidation of Ni(II) to Ni(III). Note that (i) the potential of this wave is not modified in the case of "urine" matrix, and (ii) its magnitude in the case of urine (~50 A m -2 ) is lower compared to the one obtained with urea synthetic solutions (~280 A m -2 ), which means that the turnover number ( [15], definition is reminded in Supporting Material -Section 1) is smaller.

I E=0.4 V = 7.5 × 10 -6 + 4.7 × 10 -2 × [C 5 H 4 N 4 O 3 ] with R 2 = 0.997 ( 
A second series of experiments is carried out to investigate the longterm stability of urine samples and to study the kinetics of urea hydrolysis into the urine. For that, I-E curves are plotted over several days by implementing two situations for the same initial batch of urine:

• Case (i): a part of the urine sample is alkalinized on the first day, and the I-E curves are plotted after various days' storage; • Case (ii): the other part of this urine sample is stored at room temperature, and periodically, an aliquot is undertaken, alkalinized and analyzed.

Fig. 3 shows the I-E curves plotted with the urine solutions alkalinized at different durations/ages (case (ii)). As shown in Fig. 3a, the first oxidation signal (-0.1 V vs. Hg/HgO/OH -) remains unaffected over time, while the anodic signal attributed to the Ni(II) oxidation decreases over time. Fig. 3b reports the temporal variation of the ratio of the net current at d-day (defined in Eq. ( 7)) to the initial net current.

I net d-day = I E=0.6V d-day -I E=0.4V d-day (7) 
From Fig. 3b, one can conclude that:

(i) the Ni(II) oxidation current decreases with time in both cases. The urea is hydrolyzed, according to reaction presented in Eq. ( 8), and its concentration then decreases. As this Ni(II) oxidation is catalyzed by the presence of urea, the current magnitude logically falls down.

CO(NH 2 ) 2,(aq) + H 2 O (l) ⇌2 NH 3,(g) + CO 2,(g) (8) 
It should be noted that similar phenomena could occur with other electroactive species that could be absorbed at NiOOH sites and catalyze the electro-oxidation of Ni(II).

(i) an equilibrium state is reached as the observed normalized current stabilizes after 2 days of urine storage (~75 % for case (i) and ~60 % for case (ii)). (ii) the hydrolysis kinetics of urea (or even of the other adsorbed molecules) is slow down in alkaline conditions. Indeed, the decrease of the current is faster and stronger when urine is stored at neutral pH (~ -40 %) than at pH = 14 (~ -25 %). In alkaline conditions, the kinetic of urea degradation was found to be slowed down:for example, Wang et al. [22] showed that the hydrolysis of urea-N in the samples exposed to pH = 12 and pH = 13 resulted in a reduction of 27-35 % and approximately 0.5 %, respectively, when compared to the reference.

Voltammetric studies of various media spiked with key urinary elements

To deeply understand the matrix effect, various voltammetric studies will be carried out by spiking three different matrices: KOH, urea/KOH and urine/KOH. As a first approach, the solution's spiking is made on (i) the most concentrated compounds present in urine [19] and (ii) on the ones formed especially during the urine electrolysis (especially FA and OA). They are listed below: Fig. 2. (a) Linear voltammetry curves obtained with: a freshly excreted human urine immediately alkalinized with a KOH solution at 1 mol L -1 (solid line ①), a KOH solution at 1 mol L -1 (dotted line ②) and a urea solution at 0.33 mol L -1 alkalinized with KOH at 1 mol L -1 (dashed line ③). (b) Linear voltammetry curves obtained with: a freshly excreted human urine immediately alkalinized with a KOH solution at 1 mol L -1 (dashed line ⑥), and uric acid solutions (concentrations at ❶ 0 mmol L -1 ; ❷ 1 mmol L -1 ; ❸ 2 mmol L -1 ; ❹ 3 mmol L -1 and ❺ 4 mmol L -1 ) alkalinized with KOH at 1 mol L -1 (solid lines). All the curves were obtained on nickel RDE, at 1000 RPM and with a scan rate of 10 mV s -1 .

• organic molecules: creatinine (C 4 H 7 N 3 O), hippuric acid (C 9 H 9 NO 3 ), creatine (C 4 H 9 N 3 O 2 ), histidine (C 6 H 9 N 3 O 2 ), oxalic acid (denoted OA, C 2 H 2 O 4
) and formic acid (denoted FA, CH 2 O 2 ); • various ion compounds: phosphate (PO 3- 4 ), sulfate (SO 4- 2 ), chloride (Cl -) and ammonia (NH 3 ).

I-E curves, shown in the Supporting Material -Section 2, have been plotted under various operating conditions:

• an alkalinized solution ([KOH]= 1 mol L -1 ); • an alkalinized solution ([KOH]= 1 mol L -1 ) containing urea at 0.33 mol L -1 ; • an alkalinized solution ([KOH]= 1 mol L -1 ) containing urine in which urea is at 0.22 mol L -1 .
The obtained I-E curves exhibit some differences depending on the studied compound and matrix:

(i) hippuric acid, chloride, ammonia, sulfate and phosphate do not significantly affect the Ni(III)/Ni(II) signal, as the current remains constant whatever the added concentrations in KOH 1 mol L -1 solution. (ii) creatine, OA, creatinine and histidine seem to affect the electroactivity of the Ni(OH) 2 present at the surface of the electrode. Indeed, the magnitude of the corresponding current vary as a function of the added concentration into the alkalinized solution.

For example, at 50 mmol L -1 , it is 3.6 times (creatine), 1.2 times (OA), 1.1 times (creatinine) and 1.1 times (histidine) higher compared to the initial current observed in unspiked solutions. This effect is less pronounced in the case of urea/KOH matrix (at 50 mmol L -1 ; × 0.6, × 0.9, × 0.22 and × 0.2 respectively compared to the initial current observed in unspiked solutions). (iii) For urine/KOH matrix, the presence of OA, FA and creatine would not influence the Ni(II) signal. Conversely, doping this matrix by histidine, creatinine or even hippuric acid leads to decrease the current magnitude of the Ni(II) oxidation signal, and all the more for increasing added concentrations.

Fig. 4 summarizes these results by reporting the ratio of the net current of the Ni(II) oxidation signal for each spike to the net intensity before spiking.

Different conclusions can be drawn depending on the medium and on the concentrations (chosen to be close to physiological concentrations present in urine). They are discussed in the following sub-sections. From Fig. 4a, the main effect is observed with the creatine since the signal is multiplied by ~4 when adding 0.05 mol L -1 of creatine. The magnitude of the current oxidation of Ni(II) increases with the creatine concentration, but not linearly (Supporting Material -Section 2, Fig. S7). This behavior is similar to the one observed with urea. The direct oxidation of creatine is thus excluded. By analogy, one can conclude that NiOOH oxidize creatine following the scheme presented in Eqs. ( 9)- [START_REF] Urbańczyk | [END_REF] which involves the creatine adsorption on the NiOOH sites. [

Ni(OH) 2,(s) + OH - (aq) → r1 NiOOH (s) + e - (9) 
C 4 H 9 N 3 O 2,(aq) + NiOOH (s) r 2 ⇌ r -2 [C 4 H 9 N 3 O 2 ⋅NiOOH] ads (10) 
C 4 H 9 N 3 O 2 ⋅NiOOH] ads → r3 Products (11) 
For creatine concentrations higher than 0.05 mol L -1 , the current stabilizes, meaning that the kinetic rate of the reaction (9), r 1 , is rapid and the kinetic rate of the forward direction of the reaction (10), r 2 , is dominant. The main limitation then comes from the reaction (11), r 3 .

To go further in the understanding of mechanism, additional investigation is required.

The effect of the concentrations of the other compounds appears minor, except probably for histidine (~ +0.03 V when adding 0.05 mol L -1 ) and creatinine (~ +0.02 V when adding 0.05 mol L -1 ) which seem to poison the electrode, as the Ni(II) oxidation potential increases over the concentration.

Urea/KOH matrix.

In this medium, one should keep in mind that urea catalyzes the oxidation of Ni(II) to Ni(III) by chemical reaction. Fig. 4b clearly demonstrates the occurrence of a matrix effect. Indeed, compared with the KOH medium, the presence of organic molecules causes the magnitude of the Ni(II) oxidation signal to decrease. A competition for accessing to the Ni(III) sites is thus induced between urea and other molecules.

From Fig. 4b, creatinine, creatine and histidine are the main molecules affecting the current. The decrease is strongly pronounced in the case of histidine and creatinine. When considering the physiological concentrations into the urine, one can observe that:

(i) creatine decreases the signal by 40 % (maximum physiological concentration of 2 × 10 -2 mol L -1 ); (ii) creatinine decreases the signal by 80 % (maximum physiological concentration 3 × 10 -3 mol L -1 ); (iii) histidine decreases the signal by 85 % (maximum physiological concentration 2 × 10 -3 mol L -1 ).

This behavior is another indicator of the competitive adsorption of these molecules on Ni(III) sites against urea. Decreasing the amount of urea adsorbed leads to decrease the rate of the urea/Ni(III) reaction. Furthermore, these molecules can undergo reactions with Ni(III), and in such instances, they are selectively transformed, showing a preference over urea. The most unfavorable scenario occurs when these compounds adsorb onto the surface without interacting with Ni(III), resulting in the inhibition of urea oxidation.

The comparison of the current measured at 0.55 V vs. Hg/HgO/OH - observed after the maximum concentration spiking (all at 50 mmol L -1 ) leads to the relation in Eq. (12).

I Urea > I FA > I OA > I Hippuric acid > I Creatine > I Creatinine ∼ I Histidine (12) 
Note that this current represents the oxidation of Ni(II) to Ni(III), followed by any potential oxidation of the preceding compounds, including urea, by NiOOH. In all cases, the observed current is lower than that of urea alone.

In conclusion, there is a competitive adsorption of these molecules, which induces a decrease in the current for the Ni(II)→Ni(III) reaction. At this stage, both chemical reactions (Ni(III)/urea and Ni(III)/other compounds) may occur, and the overall rate of Ni(III) reduction (i.e., by urea and other compounds) decreases, depending on the number of available Ni(III) sites (i.e., the respective adsorption affinity of urea and other compounds).

From this, one can deduce the order of the adsorption affinity of these adducts against the Ni(III) as follows:

Creatinine ∼ Histidine > Creatine > Hippuric acid > OA > FA (13)
3.1.2.3. Urine/KOH medium. The previously involved compounds have been also spiked in urine at pH = 14, even if they are already present in the solution. The results are presented in Fig. 4c. Compared to the previous medium (urea/KOH), the impact of these compounds on the Ni(II) oxidation signal magnitude is lower: for example, for creatinine, the current is 30 % smaller while it is 80 % in the case of urea/KOH solution.

As previously observed, only three compounds (creatinine, histidine and hippuric acid) exhibit a negative effect on the current that could be explained by an adsorption (competitive with urea) of the corresponding species onto the NiOOH sites and the subsequent poisoning of the electrode against, at the least urea oxidation.

3.1.2.4. Specific investigation on histidine. As shown in Fig. 4, histidine exhibits strong influence on both Ni(II) and solvent oxidations. Fig. 5a and 5b present the I-E curves obtained with various concentrations of histidine, in a potential scale going toward the anodic direction, until 2 V vs. Hg/HgO/OH -. The goal is here to get a better understanding of the observed shift of the potential of both signals (i.e., Ni(II) and OH - oxidation reactions) the anodic direction as a function of the increased concentration of histidine. The inset of Fig. 5b shows the Ni(II) oxidation signal.

The onset Ni(II) potential is slightly shifted to more anodic values (0.48 to 0.55 V vs. Hg/HgO/OH -) when increasing histidine concentration, which confirms the adsorption of histidine on Ni(II). The resulting blocking of the nickel sites limits the access of OH -to Ni(II). Besides, the amount of electrical charge of the Ni(II) oxidation signal decreases with histidine concentration (-30 % between the signal before doping and with a doping at 0.05 mol L -1 ).

For potentials higher than 0.6/0.7 V vs. Hg/HgO/OH -, the oxidation of the hydroxyl ions occurs following the reaction (14).

4 OH - (aq) →O 2,(g) + 4 e -+ 2 H 2 O (l) (14) 
Curve in Fig. 5a (same as curve ① in Fig. 5b) is the signal obtained in the alkalinized solution. For very high over-voltage (E anode > 2 V), the slope of the curve falls down (i.e., to exhibit a OH -diffusion-limited plateau at a magnitude of i ∘ ). This means that at such potential range, the interfacial concentration of OH -reaches low value and the new additional reaction occurring is the water oxidation described by the reaction (15). Note this also induces a decrease of the local pH. 

In Fig. 5b, one can note that the corresponding part of the water oxidation does not appear in curve ① and ②, but it is clearly observable for curves ③ to ⑤. Curves ② to ⑤ have been obtained for various concentrations of histidine, from 1 to 50 mmol L -1 . They show that the current magnitude observed at the plateau decreases, thus confirming certain inhibition of the anode by the histidine against OH -.

The next part expects to determine if the histidine adsorption could be modeled by the Langmuir model, assuming the following reaction (16).

C 6 H 9 N 3 O 2,(aq) + NiOOH (s) k ads ⇌ k des [C 6 H 9 N 3 O 2 ⋅NiOOH] ads (16) 
As detailed in Supporting Material -Section 3, the following relationship can be established:

1 |ΔI| = 1 I ∘ + 1 K × I ∘ × [Histidine] ( 17 
)
where |ΔI| is the absolute value of the difference between the oxidation currents of hydroxide ions in presence and absence of histidine (A), I ∘ is the current in absence of histidine (A) and K is the equilibrium constant of the adsorption reaction ( 16) of histidine on nickel sites (K = k ads /k des , dimensionless). Fig. 5c shows the variation of the inverse of |ΔI| as a function of the inverse of the histidine concentration (by assuming that the adsorbed quantity is negligible). A good agreement is found with Eq. ( 17) (correlation coefficient 0.99), validating the Langmuir-modeled of histidine adsorption onto nickel sites. The y-intercept of the straight line (equal to 1/I, Eq. ( 17)) enables to determine the mass transfer coefficient of the hydroxide ions (in the case of 1 mol L -1 and an RDE anode surface area of 3.14 mm 2 ), as highlighted in Eq. (18). It is found equal to 8.4 × 10 -5 m s -1 .

k OH -= 1 y intercept × n e × F × [OH -] × S × 1 1-tOH- (18) 
Assuming a diffusion coefficient of 5.3 × 10 -9 m 2 s -1 for hydroxide ions [23] and a transport number t OH -equal to 0.75 (as calculated in Supporting Material -Section 3), an external diffusion layer of 65 µm is obtained, which is in agreement with usual values. Having determined the k OH -coefficient, the histidine adsorption equilibrium constant, K, can be deduced and found equal to 0.22, meaning a relatively low affinity of histidine against nickel.

Impact of the matrix effect on UEO kinetic

In this last sub-section, the UEO kinetics will be investigated with a urine matrix expecting to determine the partial order of urea (for the chemical reaction urea/OH -/NiOOH, illustrated in reaction (2)) considering the following kinetic rate law:

r = k × [ CO(NH 2 ) 2 ] α (t) × [OH -] β (t) × (S elec ) γ ( 19 
)
where k as the reaction rate constant

(mol 1-(α+β) (m 2 elec ) -(1+γ) (m 3 bulk ) α+β-1 s -1 )
, S elec the surface of the bare nickel electrode (m 2 elec ) and α, β, γ the partial orders of urea, hydroxide, and electrochemically generated nickel(III), respectively. The methodology developed by [24] for urea/KOH medium has been here implemented for urine/KOH medium, so as to quantify the impact of the urine matrix on the UEO kinetics. The urea partial order is thus determined by plotting I net -E curves at a low scan rate (0.12 mV s -1 ) for various concentrations of (added) urea into urine (see Fig. 6a and Eq. ( 20)), and the net current is calculated as:

log ( I ∞ net,plateau ) = log ( nF × k × [OH -] β × (S electrode ) γ ) +α × log ( [ CO(NH 2 ) 2 ]) (20) 
where I ∞ net,plateau is the current corresponding to the plateau of the signal in steady state of the catalytic cycle between Ni(III) and urea (A) [24], n the number of exchanged electron (1, dimensionless) and F the Faraday constant (96,500 C mol -1 ).

I net = I E=0.57 V -I E=0.40 V (21) 
As demonstrated in [24], operating in this way (i.e., at low potential scan rates) enables to minimize any limitation of the rate of the chemical reaction (Eq. ( 2)) by the oxidation of Ni(II) to Ni(III).

As shown in Fig. 6b, a straight line is obtained when plotting the logarithmic variation of the Ni(II) oxidation current against the urea (added) concentration. As demonstrated in [24], the slope of this straight line is directly related to the value of the urea partial order, and the value is here found equal to 0.10 ± 0.05. As a reminder, a value of 0.3 was obtained in a urea/KOH medium. The present low value indicates that the dependence of the Ni(II) oxidation current with respect to the urea concentration is poor, a direct consequence of (i) the adsorption competition effects, previously discussed and also (ii) the coupled indirect oxidation of both creatinine and urea.

UEO: from lab-to pilot-scale

This section is devoted to the extrapolation of the UEO process from lab-scale (~50 mL) to the pilot-scale (~1 L). The study will be composed of 3 parts aiming at:

(i) implementing and discussing complete mass balances (in both liquid and gaseous phases) during the whole course of the UEO process in presence of urea synthetic solutions, (ii) studying the influence of operating parameters on the UEO performances in presence of urea synthetic solutions; (iii) establishing the proof of concept for pilot-scale electrolysis in presence of human urine solution.

Complete mass balances during urea electrolysis at pilot-scale

This section focuses on the performances obtained when a potentiostatic electrolysis of a urea solution is carried out. The potential is fixed at 0.55 V vs. Hg/HgO/OH -, corresponding to the plateau obtained during Ni(II) oxidation coupled to the UEO. The results are plotted in Fig. 7.

Fig. 7a indicates the temporal variation of the current (black curve) and the volume of H 2 produced (red curve, in STP conditions). The current curve exponentially decreases over time. The initial value (0.25 A, equal to 3.41 A m -2 ), relatively low, decreases 5 times after 70 h. Fig. 7b introduces the time-dependent amount for the main analyzed compounds (urea, OCN -, NO - 2 , NH + 4 and N 2 ). One can first observe that the conversion of urea reaches 28 % after 70 h. Assuming that only urea is oxidized at the anode (to CO 2 and N 2 , i.e., 6 e -), at the end of electrolysis, the magnitude of the current should be equal to 72 % of the initially observed current. That is not the case as it decreases 5 times (equivalent to 20 % of the initially observed one). This can be due to the fact that (i) a fraction of the dissolved H 2 is oxidized at the anode (and undergo subsequent oxidation) as the pilot-scale reactor presents an undivided configuration, and/or (ii) a deactivation of the nickel electrode occurs. The first assumption can be demonstrated by comparing the actual quantity produced V H2, real , determined by GC, and the quantity, V H2, theoretical , estimated from the electrical charge (considering that no H 2 oxidation is present) according to Eq. ( 22).

V H2, theoretical = Charge Q n e × F × 22.4 (22) 
where n e is the number of electrons exchanged (dimensionless, 2 in the case of 2 H 2 O (l) + 2 e -→H 2,(g) + 2 OH - (aq) ). At the end of electrolysis, Fig. 7a shows a 10 % deviation between the measured and theoretical volume of hydrogen, thus confirming the occurrence of either hydrogen oxidation at the anode or by-products reduction (such as NO - 2 ) at the cathode (at the expense of H 2 production).

The cell voltage is indicated in the inset of Fig. 7a. The slight decrease in cell voltage (from 1.8 V down to 1.73 V) is ascribed to the decrease of both cathodic overvoltage and ohmic drop.

Fig. 7b points out that the degradation of urea primarily results in NH 3 (accounting for 13 mol.% at the end of the electrolysis, appearing as NH + 4 in IC analysis). The formation of NH 3 has been discussed in numerous studies and its mechanistic aspects have been extensively Fig. 6. Determination of the partial order of urea in urine/KOH medium: (a) I-E curves plotted for various concentrations of (added) urea, and (b) logarithmic variation of the Ni(II) oxidation net current against the urea (added) concentration. The potential scan rate was kept low (0.12 mV s -1 ) for these experiments.

explored [24][25][26][27]. It is generally proposed that ammonia formation predominantly occurs through urea hydrolysis, potentially accelerated at locally acidic pH conditions due to the consumption of hydroxide ions at the anode. Cyanate is also significantly (~10 mol.%) present. Note that the N 2 gas and NO - 2 are present in smaller amounts (~5 mol.%). Fig. 7c reports, for the first time, complete mass balances at pilotscale of the N-species generated in both liquid and gas phases. Whatever the electrolysis time, the predominant (> 97 %) N-compounds created during electrolysis at this scale are OCN -, NO - 2 , NH 3 , and N 2 . The mass balance of the C-species (specifically CO(NH 2 ) 2 , OCN -, and CO 2- 3 ) is reported in the Supporting Material -Section 4 and also corroborated (i.e., exceeding 97 %). These findings are fully in agreement with the lab-scale results presented in a previous work [21].

Effect of key operating parameters on urea synthetic solution electrolyzes at pilot-scale

In this section, the impact on the UEO performances of three operating parameters will be investigated, namely:

(i) the anode surface area; (ii) the flow rate of the urea solution into the undivided reactor;

(iii) the applied potential.

3.2.2.1.

Influence of the surface of the nickel grid anode. Fig. 8 shows the results of two potentiostatic electrolyzes (at 0.55 V vs. Hg/HgO/OH -) with two different anode surfaces: 734 cm 2 (2-cylinder revolutions of nickel grid in the reactor, S/V = 78 m -1 ) and 1101 cm 2 (3-cylinder revolutions, S/V = 117 m -1 ).

The following conclusions can be drawn:

(i) in Fig. 8a, when the geometrical surface is multiplied by 1.5, the initial current goes from 0.23 A (734 cm 2 ) to 0.96 A (1101 cm 2 ) and is therefore multiplied by approximately 4.2. It could be explained by (i) a stochiometric ratio in favor of nickel(III) and (ii) the chemical kinetic rate law. This would be consistent with the partial order of nickel(III) determined in [24] (value of 5). Indeed, the chemical rate is not a linear function of the nickel site surface concentration, but proportional to S 5 elec . (ii) Fig. 8b confirms that the variation of the volume of H 2 formed during electrolysis as a function of the electrical charge is not affected by the electrolysis surface. The time over which hydrogen is formed is shortened with a larger electrode surface area (3 L H2 in 71 h vs. 3 L H2 in 11 h). (iii) in Fig. 8b, the variation of the urea amount with the electrical charge is not affected when increasing the anode surface. However, the amount of oxidized urea is higher with larger electrode surface area (-0.08 mol urea in 71 h vs. -0.14 mol urea in 20 h). (iv) the nature of the by-products remains identical whatever the anode surface, as well as their proportions according to the electrical charge (the related data are reported in the Supporting Material -Section 5).

3.2.2.2.

Influence of the flow rate. Fig. 9 shows both (i) the temporal variation of the current magnitude and (ii) urea degradation measured during potentiostatic electrolyzes (at 0.55 V vs. Hg/HgO/OH -) carried out with two different flow rates:

(i) 29 L h -1 and (ii) 58 L h -1 .
When the flow rate is multiplied by 2, the current is increased by 20 %. In both cases, the current decreases in a similar manner and their magnitudes are relatively close. This trend indicates a low mass transfer limitation, either from urea or OH -. The limitation to the process rate seems to be primarily attributed to the chemical reaction between Ni(III) and urea.

No change is observed between both flow rates concerning urea degradation (Fig. 9b) and the UEO by-products (Supporting Material -Section 6) against the electrical charge.

3.2.2.3

. Influence of the applied potential. Fig. 10 shows the results of potentiostatic electrolyzes performed at three different applied potentials corresponding to Ni(II) oxidation (Fig. 2): (i) 0.45 V, (ii) 0.55 V and (iii) 0.65 V (vs. Hg/HgO/OH -).

The initial current magnitude increases as the applied potential increases (0.04 A at 0.45 V, 1.09 A at 0.55 V and 4.10 A at 0.65 V) as illustrated in Fig. 10a. All the currents decrease over time, translating the urea consumption, more rapidly at the higher potential value.

The urea degradation experimental profiles are shown in Fig. 10b. Increasing the applied potential causes, at identical electrolysis duration, an increase of the current magnitude, thus implying also an increase of the urea conversion as indicated in the Table 1. However, no change is observed between both potential values concerning urea degradation (Fig. 10b) against the electrical charge.

The current decreases more rapidly than urea conversion, while, in theory, it is expected to decrease slowly as the urea oxidation generates various products, some of which may exhibit electroactivity at the nickel anode. This discrepancy indicates the existence of at least one competitive adsorption occurring on an intermediate product at the NiOOH surface. Increasing the applied potential appears to facilitate the oxidation of this intermediate, leading to the liberation of occupied Ni (III) sites.

The influence of applied potential on the molar amount of N-compounds is also investigated (note that in NO - 2 and N 2 , the N-oxidation state is +III and 0, respectively). From Fig. 10c and10d, one can compare the molar amount of nitrite produced with N 2 . Increasing the applied potential tends to favor the NO - 2 formation. As presented in Table 2, the applied potential modifies the molar ratio of electrogenerated N 2 and NO - 2 . However, at 0.45 V vs. Hg/HgO/OH-, the N 2 obtained represents only 0.67 mol.% of the initial urea. The lower the potential, the more N 2 is formed from urea converted.

These results are similar to those obtained at lab-scale by Tatarchuk et al. [28] for both NO - 2 and N 2 . Note that nitrate formation was also observed in their work at potentials higher than 0.77 V vs. Hg/HgO/OH - (this range of potential values has not been investigated in this work). Fig. 8. Pilot-scale potentiostatic electrolyzes (at 0.55 V vs. Hg/HgO/OH -) of a urea synthetic solution (0.33 mol L -1 ) in alkaline medium (1 mol L -1 KOH) (29 L h -1 , undivided electrolyzer, 1 L) for two anodic surface areas (734 and 1101 cm 2 ): (a) temporal profile of the current and (b) variation of the volume of the produced H 2 (continuous lines) and of the molar amount of unconverted urea (circles and squares) during electrolysis. Fig. 9. Pilot-scale potentiostatic electrolyzes (at 0.55 V vs. Hg/HgO/OH -) of a urea synthetic solution (0.33 mol L -1 ) in alkaline medium (1 mol L -1 KOH; 1101 cm 2 ; undivided electrolyzer; 1 L) for two different flow rates (29 and 58 L h -1 , corresponding to Re = 155 and 311): profiles of (a) the current and (b) the urea molar amount.

All these findings indicate that, to maximize the reactor's performance from an environmental point of view (i.e., maximize N 2 and minimize nitrite), it is necessary to operate with high anode surface area and low volume of electrolyte (high specific surface area) at high flow rate. This enables to maximize the current, the urea conversion and the N 2 molar amount at the expense of the NO - 2 . The applied potential is identified as a key parameter as it allows to orientate N-compound formation mechanism.

Human urine electrolysis at pilot-scale

This last section presents the results obtained from pilot-scale electrolysis of real urine solution. Fig. 11 corresponds to a chronoamperometry electrolysis at 0.55 V vs. Hg/HgO/OH -on freshly excreted urine that has been alkalized. Note that the corresponding urea concentration in the urine was equal to 0.22 mol L -1 (corresponding to 30 % of the initial TOC).

Fig. 11a presents the temporal variation of the current; its initial value is relatively high (1.1 A) but drops drastically and immediately after polarization (decrease of 0.9 A in 1 h). After that, the current exhibits an exponential decrease and reaches 0.3 A after 24 h of electrolysis. Concerning the H 2 generation, the same evolution as the one for urea synthetic solution is evidenced by Fig. 11a (red curves). H 2 molecules (dissolved or gaseous) move from the cathode towards the anode and oxidize into water, thus causing a decrease of the faradic efficiencies of both urea and itself.

Fig. 11b reports the temporal variation of the TOC; a slight decrease (~3 %) is observed after 24 h of electrolysis, although more than 30 kC is supplied to the system. This means that some oxidation of organic molecules occurs but without mineralization (i.e., the oxidation does not generate CO 2 /CO 2- 3 ). In addition, during the electrolysis, it has been observed that the solution colorizes into dark brown, thus indicating the oxidations of adducts into urine to some conjugated molecules (see Supporting Material -Section 7).

Fig. 11c shows the temporal variation of the molar amount of urea and creatinine, both initially present into urine in significant amounts. The initial concentration of creatinine (9.5 × 10 -3 mol L -1 ) is lower than the one of urea (0.22 mol L -1 ). Both compounds are oxidized. However, the molar amount of creatinine decreases faster than urea. The final conversions reach 5 and 85 % for urea and creatinine respectively. Although, its lower concentration, creatinine first oxidizes and even appears to block/limit the urea oxidation. This behavior was also suggested at lab-scale [21] and thus clearly appears to be a serious drawback for the UEO process. However, if creatinine oxidation generated smaller products, then it is reasonable to imagine that, after creatinine oxidation, the urea oxidation would pursue. On another side, the creatinine oxidation products seem to present a certain passivating behavior against the Ni(II) oxidation, that could explain why the current magnitude does not represent the quantity of the urea present in the solution (urea conversion does not exceeds 5 %).

In conclusion, (i) the substances present in urine, at the least creatinine, hinds UEO as already observed in lab-scale experiments, (ii) the stabilized current is low compared to the one expected when considering the residual concentrations of urea. This again validates the competition existing between urea and at the least creatinine (or histidine) for nickel sites.

Fig. 11d depicts the temporal profiles of the identified compound concentrations during potentiostatic electrolysis of human urine solution. OCN -, NH 3 , NO - 2 -, FA and OA are the main products. Their concentrations increase over time, suggesting oxidation of organic compounds. It has been demonstrated at a lab-scale that creatinine oxidizes into various by-products (e.g., OCN -, NO - 2 -, FA and OA [21]). Lastly, despite the degradation of organic compounds caused by alkalinization (-20 % of TOC at the time of alkalinization and before electrolysis), the presence of surfa ctants or proteins in the treated urine is observed, as a significant layer of foam is formed inside the storage tank (Supporting Material -Section 7). Similarly, a brownish deposit can be seen on the reactor walls. The presence of nickel, possibly due to dissolution of the anode, remains always below 100 µg.L -1 (which is equal to the limit of detection, measured by ICP-OES after each electrolysis of the Section 3.2).

Conclusion

This study explored the intricacies of electrolyzing human urine, both at laboratory and pilot scales. The findings reveal the complex interactions within the chemical and electrochemical systems, particularly when dealing with this biological fluid.

At lab scale, voltammetric studies revealed the competitive adsorption and EC reactions of organic compounds-namely creatinine, histidine, and creatine-on nickel(III) sites, which in turn influenced the urea electro-oxidation. Notably, even at physiological concentrations, creatinine displayed a significant effect, by reducing the nickel(II) oxidation signal by approximately 20 %. This work demonstrates that the interaction among various organic compounds in human urine, which can influence the efficiency of the process, must be considered in the development of more efficient and selective EC treatment systems.

When scaled up to a pilot-scale 1 L reactor, trends not observed in lab-scale experiments emerged, including a significant decrease in current over time and a maximum urea degradation rate of 30 %. Interestingly, the nature of nitrogen and carbon compound by-products was identical and stable across the different anode surface areas and the flow rates, opening promising opportunities for optimizing process efficiency.

However, further research is warranted in several areas. First, investigating alternative materials (alloys, composites) and configurations for electrode design will be crucial [29], especially to address challenges like electrode partial deactivation by undesirable compounds in various types of urine. A deeper exploration of the influence of operating parameters, such as applied potential and galvanostatic operations, is necessary to maximize efficiency and selectivity in pilot-scale environments. Additionally, the practicality and scalability of this process in real-world settings pose challenges, underlining the necessity for pilot studies in actual wastewater treatment scenarios. Lastly, developing methods to recover and utilize valuable by-products, such as ammonia [30] and other nitrogen compounds [31][32][33], could offer significant benefits for agricultural or industrial applications.

In conclusion, this study not only sheds light on the EC properties of human urine but also opens avenues for innovative waste treatment technologies (particularly in resource-limited settings), and the recovery of valuable resources (circular economy), contributing to a more sustainable and efficient future by reducing the environmental footprint of waste management. 
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 6 where I E=0.4 V is the current observed at 0.4 V (before Ni(II) oxidation, in A) and [C 5 H 4 N 4 O 3 ] is the uric acid concentration (mol L -1 ).

Fig. 1 .

 1 Fig. 1. Computer-aided design of pilot-scale EC reactor.

Fig. 3 .

 3 Fig.3. Investigations of urine samples stability: (a) linear voltammetry of a urine solution at different days (up to 7 days) after excretion (alkalinized day-after-day, KOH 1 mol L -1 , 1000 RPM; 10 mV s -1 ; case (ii)) and (b) temporal variation of the ratio of the net current at D-day to the initial net current (observed at 0.55 V vs. Hg/HgO/OH -) obtained from the urine solution alkalinized initially (case (i)) or day-after-day (case (ii)).

  (i) by chemical reaction between NiOOH and the added species; (ii) by direct oxidation of the species added at the same potential than the oxidation of Ni(II).

Fig. 4 .

 4 Fig. 4. Variation of the ratio of the net current of the Ni(II) oxidation signal for each spike to the net current before spiking as a function of the concentration of the spiked compound: (a) KOH, (b) urea/KOH and (c) urine/KOH media. The net currents are measured at 0.55 V.
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Fig. 5 .

 5 Fig. 5. Linear voltammograms obtained (a) with an alkalinized solution ([KOH]=1 mol L -1 ) and (b) when doping this alkalinized solution with histidine for concentrations varying between 0.001 and 0.05 mol L -1 . (c) Determination of the affinity adsorption of histidine on nickel sites. All these results were obtained using the nickel RDE (3.14 × 10 -6 m 2 ) at 6000 RPM and at a scan rate of 10 mV s -1 .

Fig. 7 .

 7 Fig. 7. Pilot-scale potentiostatic electrolysis (at 0.55 V vs. Hg/HgO/OH -) of a urea synthetic solution (0.33 mol L -1 ) in alkaline medium (1 mol L -1 KOH) with an anode surface of 734 cm 2 , a volumetric flow rate of 29 L h -1 (Re = 155): (a) current density and volume of electrogenerated H 2 (solid line: measured by GC, dashed line: theoretical volume), inset: cell voltage, (b) temporal profiles of molar quantity of the identified N-species, and (c) N-mass balance.

Fig. 10 .

 10 Fig. 10. Pilot-scale potentiostatic electrolyzes of a urea synthetic solution (0.33 mol L -1 ) in alkaline medium (1 mol L -1 KOH, 1101 cm 2 , 58 L h -1 , undivided electrolyzer, 1 L) for three different applied potentials: (a) temporal profiles of the current, (b) variation of the urea molar amount with electrical charge and electrolysis time, (c) variation of the NO - 2 molar amount with electrical charge and (d) variation of the N 2 amount with electrical charge.

Fig. 11 .

 11 Fig.11. Pilot-scale potentiostatic electrolysis (0.55 V vs. Hg/HgO/OH -) of a human urine solution (urea concentration of 0.22 mol L -1 ) in alkaline medium (1 mol L -1 KOH, 1101 cm 2 , 58 L h -1 , undivided electrolyzer, 1 L): temporal profiles of (a) the current and the formed H 2 amount (inset: cell voltage), (b) TOC, (c) urea and creatinine molar amount, (d) molar amount of identified generated products.
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Table 1

 1 Pilot-scale experiments: influence of the potential applied during electrolysis on urea conversion and current.

	Applied	Electrolysis	Electrical	Current decrease	Urea
	potential E (V)	duration (h)	charge (kC)	I initial -I end I initial	(%,	conversion (%, Fig. 10b)
				Fig. 10a)		
	0.45	24	1.0	Non-significant	3
	0.55	23	39.4	59		29
	0.65	22	159.7	68		56

Table 2

 2 Pilot-scale experiments: Influence of the potential applied during electrolysis on NO - 2 and N 2 formations.

	Applied potential (V)	Delivered charge (kC)	NO -2 Molar amount (mmol, Fig. 10c)	Amount corresponding to initial urea (i.e., 330 mmol,%)	N2 Molar amount (mmol, Fig. 10d)	Amount corresponding to initial urea (i.e., 330 mmol,%)	nN 2 nNO-2 (dimensionless)
	0.45	1	0.71	0.22	2.20	0.67	3.1
	0.55		1.30	0.39	0.30	0.09	0.2
	0.65		0.60	0.18	0.07	0.02	0.1
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