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Abstract 11 

The electrolysis with diamond anodes of synthetic urines containing different 12 

concentrations of ibuprofen and cloxacillin is evaluated in this work, with the aim of 13 

determining if this technology is effective in the mineralization of both species in urine 14 

matrix and the main characteristics of the competitive oxidation among these two 15 

products and the natural organic compounds contained in urine (uric acid, creatinine and 16 

urea). Results point out that electrolytic technology can mineralize all organic contained 17 

in the urine very efficiently and that oxidation of the two pharmaceuticals is faster than 18 

that of the natural products contained in urine, opening the possibility of a selective 19 

treatment of the urine up to the point in which it can be merged safely with domestic 20 

wastewater without generating a negative impact on environment. Occurrence of 21 

perchlorate is the main drawback of this technology, although its impact is not believed 22 

to be as serious as the impact of the pharmaceuticals on environment. 23 



2 

 

Keywords 24 

Electrolysis; diamond anodes; urine; ibuprofen; cloxacillin  25 

Highlights 26 

- Total mineralization of organics contained in urine 27 

- Faster depletion of pharmaceutical products than of natural organic pollutants 28 

- Formation of perchlorate as a major drawback 29 

- Small effect of the current density applied on the performance of the treatment 30 

  31 



3 

 

Introduction 32 

Over the last two decades, a great number of works dealing with the applications of 33 

diamond coatings on the electrolysis of wastewater have been published [1]. They have 34 

pointed out the outstanding performance of this material as anode, clearly reflected on a 35 

very high oxidation efficiency and the absence of refractory species. These characteristics 36 

have been explained in terms of the combination of different oxidation mechanisms, 37 

which involved not only hydroxyl radicals oxidation but also other mediated oxidation 38 

pathways throughout oxidants formed from salts contained in the waste (peroxosulfates, 39 

peroxophosphates, peroxocarbonates, etc.). Most of these species can be activated 40 

chemically, electrochemically and/or by irradiation of UV light or ultrasounds resulting 41 

in a very powerful cocktail of oxidants [2].  42 

Use of this technology for the treatment of small amounts of especially difficult-to-treat 43 

wastes is becoming a relevant application, as it is also the disinfection of swimming pools 44 

or spas, in which many companies are currently focusing on their business model. 45 

Treatment of soil flushing or washing fluids is also an important potential application [3]. 46 

Production of oxidants seems also to be a good possibility, although it is still under 47 

commercial evaluation [4]. It is also intended to use this technology in disinfection of 48 

human supplies for small populations, although the strict regulation about the quality of 49 

this type of water makes necessary to carry out more work in order to optimize this 50 

application [5].  51 

In the recent years, a new concern has appeared which may lead to a new application of 52 

diamond electrolytic technology: the treatment of hospital wastewaters before being 53 

merged with the domestic wastewater in the municipal sewers. A success in this treatment 54 

is a challenge, because it may help to prevent the appearance of pharmaceutical persistent 55 

organic pollutants (POPs) in the environment. In addition, it will also contribute to 56 
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eliminate pathogens more efficiently, in particular those associated to resistances to 57 

antibiotics, which are needed to be prevented from environment, if the efficiency of these 58 

medicines is aimed to be maintained in the near future. In hospital wastewaters, and more 59 

particularly in urine, both pharmaceuticals and pathogens are more concentrated and 60 

hence their treatment is much more efficient. This is because most AOPs, including 61 

electrolysis with diamond, follows first order kinetics, which are known to lead to more 62 

efficient treatments as the raw wastes are more contaminated [6]. 63 

Degradation of organics contained in urine has been faced scarcely in the literature with 64 

different aims (disinfection, reclaiming, etc.) [7, 8] and even nowadays there are some 65 

works that aim to obtain energy from urine using microbial fuel cells [9-12]. In this 66 

context, treatment by electrolysis with diamond anodes of raw synthetic urines was faced 67 

in previous works, one of them of our group [13]. This work demonstrated the 68 

technological viability of the process and it pointed out the higher mineralization 69 

efficiency of this technology as compared to the electrolysis with other electrodes such 70 

as MMO (mixed metal oxides) coatings [14]. However, not all the results produced good 71 

news and, unfortunately, they also indicated the formation of chlorates and perchlorates 72 

as the main technological drawback.  73 

In addition, the oxidation of synthetic urines containing pharmaceuticals was also faced 74 

with the use of chloramphenicol as an antibiotic model. The outstanding mineralization 75 

was again confirmed, with the possibility of mineralizing completely the organic content. 76 

However, again the formation of chlorates and perchlorates could not be prevented, 77 

although some indications were proposed to minimize this contribution. These results are 78 

in agreement with those obtained in research works focused on the degradation of 79 

pharmaceuticals from synthetic and industrial wastes [15-20].   80 
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This paper focuses again on synthetic urine, but now we want to concentrate on a different 81 

and really important problem: the treatment of the urine excreted by polymedicated 82 

patients. As the real urine is a very complex matrix, which changing ratios between 83 

pollutants, we are focusing again on the same synthetic medium, well characterized in the 84 

previous works. The main novelty of this manuscript is the evaluation of the competing 85 

oxidation of two pharmaceuticals in a matrix containing also urea, uric acid and 86 

creatinine. It is true that urine of polymedicated patients does not only contain the surplus 87 

raw pharmaceutical species but it also contains metabolites. However, we consider this 88 

work as a first step in our way to obtain a technological process capable of treating urines 89 

of hospital patients before being discharged into municipal sewers, giving change to 90 

pathogens and hazardous emerging pollutants to disperse into the environment producing 91 

very dangerous effects such as the appearing of new super-bacteria. Results will also help 92 

to face the important problem of oxidation competition between the different organics. 93 

 94 

Materials and Methods 95 

Experimental procedure. Electrolysis experiments were carried out in a single 96 

compartment electrochemical cell working under batch-operation mode [21]. Circular 97 

boron doped diamond (BDD) plates (purchased from WaterDiam in France, formerly 98 

Adamant Technologies) with a geometric area of 78 cm2 were used as electrodes, and the 99 

inter-electrode gap between both electrodes was 9 mm. The same BDD electrode was 100 

used as anode for all the tests carried out with a boron content of 500 mg dm-3. A Delta 101 

Electronika ES030-10 power supply (0-30V, 0-10A) provided the electric current. Details 102 

are given elsewhere [13]. All experiments were carried out under galvanostatic conditions 103 

and the current densities applied were 100 and 1000 A m-2. The synthetic urine was stored 104 

in a glass tank (1 dm3). Its formulation was also proposed in a previous work [13] and it 105 
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contained 3333.34 mg dm-3 of urea, 166.67 mg dm-3 of creatinine and 50.00 mg dm-3 of 106 

uric acid. This composition is typically found in hospital effluents where the 107 

concentration of urine organic compounds is diluted with water from domestic activities 108 

in these facilities. In this case, it was enriched with ibuprofen (IBP) and cloxacillin (CLX) 109 

in two different mass ratios: synthetic urine 1 (su1), with 10.00 mg dm-3 of CLX and 1.00 110 

mg dm-3 of IBP, and synthetic urine 2 (su2), with 1.00 mg dm-3 of CLX and 10.00 mg dm-111 

3 of IBP. These low concentrations of organics have been selected taking into account 112 

that patients cannot completely metabolize pharmaceuticals.  113 

Analysis. High performance liquid chromatography was used to determine the 114 

concentration of different organics using an Agilent 1200 series coupled a DAD detector. 115 

A ZORBAX Eclipse Plus C18 analytical column was used and its temperature was 116 

maintained at 25ºC. The mobile phase consisted of 2 % acetonitrile / 98 % aqueous 117 

solution with 0.1 % of formic acid, applying a flow rate of 1.0 cm3 min-1, an injection 118 

volume of 10 μL and a DAD detection wavelength of 292 nm to determine uric acid 119 

(retention time: 0.78 min). In the case of pharmaceuticals determination, the mobile phase 120 

consisted of 64 % phosphate buffer (KH2PO4 0.025 M) / 27 % acetonitrile / 9 % methanol 121 

for the detection of cloxacillin. The flow rate was 0.6 cm3 min-1, the injection volume was 122 

20 μL and the DAD detection wavelength was 225 nm (retention time: 5.70 min). On the 123 

other hand, the mobile phase for the determination of ibuprofen consisted of 60 % 124 

acetonitrile / 40 % aqueous solution with 0.1 % of formic acid. A flow rate of 0.8 cm3 125 

min-1 and a DAD detection of 200 nm were used. The injection volume was 20 μL 126 

(retention time: 4.70 min).   127 

The urea concentration was determined by a spectrophotometric method using the Cary 128 

Series UV-Vis Spectrophotometer (Agilent Technologies). This method is based on the 129 
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yellow-green color produced when p-dimethylaminobenzaldehyde is added to urea in 130 

dilute hydrochloric acid solution [22].  131 

Ions (nitrite, nitrate, ammonium, chlorate and perchlorate) concentrations were measured 132 

by ion chromatography using a Metrohm 930 Compact IC Flex coupled to a conductivity 133 

detector. A Metrosep A Supp 7 column was used to determine anions, using a mobile 134 

phase consisting of 85:15 v/v 3.6 mM Na2CO3/acetone with a flow rate of 0.8 cm3 min-1. 135 

In addition, a Metrosep A Supp 4 column was used to analyze cations, using a mobile 136 

phase consisting of 1.7 mM HNO3 and 1.7 mM 2,6-pyridinedicarboxylic acid with a flow 137 

rate of 0.9 cm3 min-1. The temperature of the oven was 45 and 30ºC for the determination 138 

of anions and cations, respectively. The volume injection was 20 μL. The same system of 139 

cations determination was used for the quantification of creatinine concentration. 140 

TOC concentration was monitored using a Multi N/C 3100 Analytik Jena analyzer. 141 

Hypochlorite ion was analyzed by titration with 0.001 M As2O3 in 2 M NaOH [23, 24]. 142 

Oxidants were determined iodometrically according to Kolthoff & Carr [25]. The pH and 143 

conductivity were measured using a CRISON pH25+ and CRISON CM35+, respectively.  144 

The intermediates generated from the organic products were extracted with ethyl acetate 145 

within a ratio pollutant/solvent of 0.6 w/w. Then, both phases were stirred using a vortex 146 

mixer during 5 minutes and after that, samples were centrifuged during 15 minutes at 147 

4,000 rpm [26]. The organic phase was analyzed by GC-MS using a Thermo Scientific 148 

DSQ II Series Single Quadrupole GC-MS with a NIST05-MS library. The column was a 149 

polar TR-WAXMS (30 m x 0.25 mm x 0.25 µm). The temperature ramp was 70ºC for 1 150 

min, 30ºC min-1 up to 300 ºC and hold time 5 minutes. The inlet, source and transfer line 151 

temperatures were 250, 200 and 300ºC, respectively. 152 

 153 
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Results and Discussion 154 

To evaluate the competing oxidation of pharmaceuticals and other components of urine 155 

(in particular uric acid, creatinine and urea) several electrolysis tests were carried out to 156 

synthetic urine enriched with ibuprofen and cloxacillin in mass ratios 1:10 (synthetic 157 

urine 1, su1) and 10:1 (synthetic urine 2, su2). The organic and inorganic composition of 158 

the synthetic urine was kept in the same values in both synthetic urines for the whole set 159 

of tests. 160 

Figure 1 shows the changes in the concentration of the two pharmaceuticals during the 161 

electrolyses of the two synthetic urines at two different current densities (100 and 1000 162 

A m-2). Both current densities represent limit behaviors of the electrolysis with diamond 163 

anodes [27] and these two limit behaviors have been checked later in many works 164 

regarding the oxidation of organics or the production of oxidants. Summarizing the 165 

expectations, for the lowest value, oxidation conditions are expected to be very soft with 166 

a very small significance of the hydroxyl radical mediated oxidation, while for the highest 167 

value, the role of hydroxyl radicals is expected to be clearly marked. For this reason, low 168 

current densities favor direct electrolysis mechanisms and high values encourage 169 

mediated electrolysis mechanisms. As example, the removal of herbicide glyphosate in 170 

different media (sulfate, chloride and carbonate) has been reported in literature at 100 and 171 

1000 A m-2 [28]. In this work, the production of oxidants is clearly influenced by the 172 

current density and, hence, the removal of herbicide. At 100 A m-2, the concentration of 173 

oxidants is lower due to that the generation of persulfate, percarbonate or hypochlorite 174 

mainly takes place by the direct oxidation of the ions on BDD surface. Opposite to that, 175 

oxidants concentration increases at 1000 A m-2 because of the effect of hydroxyl radicals 176 

on the generation of these species (mediated electrolysis). Specifically, the total oxidants 177 

electrogenerated at 1000 A m-2 are approximately 2 times the oxidants produced at 100 178 
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A m-2. Therefore, the use of high current densities leads to stronger oxidation conditions. 179 

Concentration of both species decreases from the very beginning down to the detection 180 

limit of the HPLC technique used to quantify it (0.006 mg dm-3 for ibuprofen, 0.008 mg 181 

dm-3 for cloxacillin), regardless of the current density applied. Then, these results clearly 182 

indicate that, as hypothesized, the technology can help to prevent the inlet of 183 

pharmaceuticals in the municipal wastewater, once urines are discharged into sewers. 184 

Avoiding this important POPs input may help to prevent these POPs flows and the later 185 

entrance of these pollutants into the environment. It is important to take in mind that 186 

pollutants are several log-units more concentrated in urine  in urban wastewater. In 187 

addition, because electrochemical oxidation processes typically fit well to a first-order 188 

kinetics, energy cost is paid not for removing a given amount of pollutant but a given 189 

percentage of removal (in other words, the same cost applies to remove 90% of 10 mg or 190 

of 0.1 mg, although in the first case the removal amount is 9 mg and, in the second case, 191 

the removal is only 0.09 mg). 192 

 193 
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 194 

Figure 1. Ibuprofen (a) and Cloxacillin (b) degradation during the electrolysis of 195 

synthetic urines. (■) 100 A m-2; (▲) 1000 A m-2. Full symbols: su1, empty symbols: su2  196 

Regarding this last point, in the onsets, the semi-logarithmic plot is shown for the 197 

degradation data of the two pharmaceuticals in each of the conditions studied. As it can 198 

be observed, there is not a single straight line in all cases but two or even three clearly 199 

distinguishable zones. All of them fits well to straight lines confirming the expected 200 

pseudo-first kinetic order for the oxidation of the two species but at the same time pointing 201 
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out the existence of more complex processes. Thus, the only way to explain them is by 202 

the competing oxidation between the different organics contained in the urine. Typically, 203 

the first zone is the fastest (and hence most efficient) and, in some cases (in particular at 204 

high current densities), this zone prolongs up to the end of the treatment and then, no 205 

other zone is observed. In the rest of the cases, there is a second zone which a much slower 206 

rate, which may correspond to the competition for the oxidants produced during the 207 

electrolysis between the raw pollutant molecules and the intermediates. Finally, there is 208 

a third zone in which the rate becomes higher again. As it will be discussed later on (when 209 

the TOC evolution will be discussed), this zone may correspond to the oxidation in the 210 

absence of intermediates. 211 

According to our previous studies, removal of natural urine components is easily attained 212 

by this technology. This is confirmed in Figure 2, in which the changes in the 213 

concentration of urea, uric acid and creatinine are shown in the electrolysis of both 214 

synthetic urines at the two current densities applied.  215 
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 216 

Figure 2. Urea (a) uric acid (b) and creatinine (c) concentrations as function of the applied 217 

electric charge during the treatment of synthetic urines polluted with pharmaceuticals. (■) 218 

100 A m-2 () 1000 A m-2. Full symbols: su1, empty symbols: su2. 219 
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 220 

Again, the total degradation of the natural components of the urine down to the detection 221 

limits of the analytical technique (spectrophotometer, 1.00 mg dm-3 for urea; HPLC, 0.02 222 

mg dm-3 for uric acid; IC, 0.07 mg dm-3 for creatinine) is observed. However, the required 223 

electrical charges passed for the removal of creatinine and especially of urea are much 224 

larger due to their higher concentration. Furthermore, their degradations seem to be less 225 

efficient at high current density which is directly related to the higher production of 226 

hydroxyl radicals at 1000 A m-2 which are wasted in other reactions (e.g. oxygen 227 

evolution) or to the diffusion control of the creatinine and urea removal rates [29]. This 228 

is not the case of uric acid, which disappears very rapidly in all cases. These results are 229 

of a great relevance, because they open the possibility of a selective degradation of urine 230 

in order to deplete hazardous contaminants, while maintaining the other natural 231 

components that are easily degraded into municipal wastewater treatment facilities. 232 

Anyhow, they require more confirmation and, in particular, the evaluation of the 233 

metabolites formed as they could be even more dangerous than the parent compounds. 234 

Regarding the effect of the two pharmaceuticals on the degradation of the natural products 235 

(obtained by comparing su1 and su2), it can be observed that it is negligible. 236 

The slower degradation of the urea and creatinine reflected on the evolution of the TOC, 237 

shown in Figure 3. This figure also indicates that full mineralization is possible with this 238 

technology and that most of the TOC is related to the slowly degraded organic 239 

components of urine. In comparing the TOC measured directly with that calculated from 240 

the five organic species monitored by several analytical techniques, an estimation of the 241 

TOC associated with the intermediates can be calculated. Results of this calculated 242 

parameter are also shown in Figure 3 (3b) and points out that concentration of 243 

intermediates is very low and, hence, that once a molecule starts its degradation, it 244 
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continues up to the mineralization almost directly. Regarding the total TOC value 245 

associated, it is important to point out that it is higher in the case of operating at the lowest 246 

current density, which is in agreement with the expected softer oxidation conditions 247 

reported in previous work [27] and which also helps to explain the different oxidation 248 

zones reported for Figure 1. 249 
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Figure 3. Total organic carbon (part a) and estimated TOC associated to intermediates 251 

(part b) during the electrolysis tests. (■) 100 A m-2 () 1000 A m-2. Full symbols: su1, 252 

empty symbols: su2. Onset of part b: zoom of the TOC associated with intermediates 253 

 254 

In order to give more information about the intermediate organic compounds formed 255 

during the electrolysis of synthetic urines polluted with pharmaceuticals, samples were 256 

analyzed by GC-MS and results are summarized in Table 1. As it can be seen, there are 257 

different compounds which can be related to the partial oxidation of each organic present 258 

in synthetic urines: CLX, IBP and organic urine compounds. Likewise, simple organics 259 

with low molecular weight such as hydroquinone, guanidine or p-benzoquinone are 260 

formed during the electrolysis. The occurrence of these compounds suggests that the 261 

initial organics are being completely degraded to carbon dioxide.   262 

 263 

Table 1. Intermediates detected during the electrolysis of synthetic urine polluted with 264 

pharmaceuticals using diamond anodes. 265 

Compound Molecular structure 

Mw                

(g mol-1) 

Retention 

time (min) 

Main 

fragmentation 

ions (m/z) 

C19H18ClN3O7S 

 

468 27.12 139, 248 

C19H18ClN3O6S 

 

452 25.93 139, 322 
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C11H8ClNO3 

 

238 16.57 59, 75, 139 

C5H6N4O5 

 

202 14.82 119, 158, 201 

C12H16O 

 

176 13.41 

120, 133, 162, 

176  

C10H14O 

 

150 11.79 110, 150 

C3H4N2O4 

 

132 4.12 44, 89 

C4H7N3O2 

 

129 4.83 43, 129 

C6H6O2 

 

110 5.03 95, 110 

C6H4O2 

 

108 5.66 80, 82, 108 

CH5N3 

 

59 3.47 44, 60 

 266 

 267 
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In order to clarify the competitive oxidation between the different organics, Table 2 268 

compares the pseudo-first order kinetic constants for the oxidation of the five organic 269 

species contained in the two synthetic urines at the two different current densities applied 270 

k100 (kinetic constant at 100 A m-2) and k1000 (kinetic constant at 1000 A m-2). Data related 271 

TOC are also included for the sake of comparison. They were obtained by fitting 272 

experimental results by a minimum square regression method. It is important to point out 273 

that the results presented in figures 1-3 are plotted versus the applied electric charge and, 274 

hence, they inform about the process efficiency but no about the kinetics. As it can be 275 

seen, the kinetic constant values decrease in the sequence uric acid > 276 

CLX>IBP>creatinine ≈urea. This indicates the selectivity of the oxidation towards large 277 

aromatic and cyclic molecules (with more functional groups) and helps to explain their 278 

depletion in a shorter time than that required to remove the other species as it has been 279 

pointed out before. In addition, this Table also shows the ratio between both kinetic 280 

constants for each compound, which may give valuable mechanistic information. 281 

Table 2. Pseudo-first order kinetic constants for the oxidation of different species 282 

contained in the two synthetic urine evaluated in this work. 283 

S
y

n
th

et
ic

 u
ri

n
e 

Pollutant 

CLX IBP Urea Uric Acid Creatinine 

TOC 

 

    

Initial 

concentration 

(mg dm-3) 

10.00 (su1) / 

1.00 (su2) 

1.00 (su1) / 

10.00 (su2) 
3333.34  50.00 166.67  

1 
k100(min-1) 0.0132 0.0117 0.005 0.0396 0.0057 0.0047 

k1000(min-1) 0.0657 0.1153 0.027 0.6141 0.0199 0.0221 

k1000/k100 
4.9773 9.8547 5.4000 15.5076 3.4912 4.7021 

2 
k100(min-1) 0.0237 0.0084 0.005 0.0416 0.0051 0.0044 

k1000(min-1) 1.8392 0.0994 0.027 0.6235 0.0198 0.0224 

k1000/k100 
77.6034 11.8333 5.4000 14.9880 3.8824 5.0909 

 284 
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Thus, it can be seen how the rate increases with the current density applied, although not 285 

in the same ratio for all organic species. This is important because conditions produced 286 

in both cases are expected to be different. Initially, an increase in the rate constants by a 287 

factor of 10 was expected, because this is the increase in the current density applied. The 288 

larger differences are observed for the two pharmaceutical species and for the uric acid 289 

while the shorter are obtained for urea and creatinine. In the first case, the kinetic 290 

constants increase by more than one log unit, while in the second the change is only 291 

around 4 times higher (the case of CLX in su2 is especially relevant because this 292 

compound is fully depleted before the first sampling). These values can be explained by 293 

taking into account the greater action of hydroxyl radicals on highly aromatic and 294 

complex molecules (with many functional groups that can be attacked during the 295 

oxidation), which is promoted by operating at large current densities. They also remark 296 

the more difficult oxidation of single molecules with this powerful oxidant, which was 297 

pointed out in previous studies in synthetic wastewater solutions containing only one 298 

single component [30, 31]. In addition, it can be seen how the concentration of the two 299 

pharmaceuticals (mainly IBP) does not almost influence on the general treatment results, 300 

because kinetic constants for the degradation of both components in both synthetic urines 301 

do not change abruptly. On the other hand, the initial concentration of each organic 302 

present in urine seems to directly influence the kinetics. In this context, the rapid depletion 303 

of pharmaceuticals and uric acid can be also related to their low concentration in 304 

comparison with the initial concentration of creatinine and urea.  305 

Urines contain a very important amount of nitrogen and its speciation is a very important 306 

point to be considered in the evaluation of a urine treatment technology. Figure 4 shows 307 

the main species detected grouped into oxidized nitrogen (nitrates and nitrites), organic 308 
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nitrogen (associated to organics), ammonium ions and rest of nitrogen species (gaseous 309 

nitrogen). Chloramines are not represented in this graph, because of their very low values. 310 

 311 

Figure 4. Nitrogen speciation during electrolysis of the two synthetic wastes. (a) 100 A 312 

m-2; (b) 1000 A m-2. (,) organic N, (,) nitrates+nitrites, (,) ammonium ions, 313 

(,) gaseous N. Full symbols: su1; empty symbols: su2. 314 
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The first important observation is the good reproducibility of the tests. Almost no 316 

differences were observed between the tests carried out with synthetic urines su1 and su2. 317 

Likewise, it is important to point out the important formation of ammonium and nitrates. 318 

At this point, it is important to bear in mind that oxidation of organics using electrolysis 319 

with diamond is expected to lead in most cases to the formation of nitrites/ nitrates [32] 320 

and that ammonium occurrence is typically associated to the electrochemical reduction 321 

of these oxidized nitrogen species. Thus, electrochemical oxidation of ammonium to 322 

nitrogen is not favored under the experimental conditions used. Another very important 323 

point to be remarked is the formation of important (and reproducible in the four tests 324 

carried out) amounts of gaseous nitrogen. According to previous works, this formation is 325 

not caused by the electrochemical reduction of nitrates or the oxidation of ammonium but 326 

by the development of the breakpoint chlorination, which is promoted due to the very 327 

large amounts of chloride contained in the urines [33, 34].  328 

On the other hand, regarding the influence of the current density on nitrogen speciation 329 

during the electrolysis of synthetic urines polluted with pharmaceuticals, it can be seen 330 

that the concentration of inorganic nitrogen is higher when working at 1000 A m-2. 331 

Specifically, the concentration of nitrites+nitrates is higher than ammonium under these 332 

conditions (Figure 4b). However, these species (nitrites+nitrates and ammonium) are 333 

similar at low current densities (Figure 4a). Likewise, the concentration of gaseous 334 

nitrogen is higher when applying 100 A m-2. This fact is directly related to chlorine 335 

speciation and the reaction of inorganic nitrogen with chlorine which is described below.  336 

In relation with chlorine speciation, and once clarified these very important mechanistic 337 

aspects, the main weaknesses of the electrolysis for the treatment of urines are not related 338 

to the organic pollutants but to the inorganic matrix. Urine contains large amount of 339 

chlorine (mainly as chloride with an initial concentration in the raw synthetic urines of 340 
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475.53 mg dm-3) and nitrogen (mainly as ammonium and urea, with an initial total 341 

concentration of 1660.53 mg dm-3) and, as it has just been pointed out, the speciation of 342 

both elements under the electrolytic conditions lead to the formation of many different 343 

chemical species, which in turn, are known to be able to interact among them. Thus, it is 344 

expected the production of hypochlorite, chlorate, perchlorate, monochloramine, 345 

dichloramine, among many others. Figure 5 shows the maximum (Figure 5a) and the final 346 

concentration (Figure 5b) of each of these species (only match when the species behave 347 

as a final product) for the electrolysis of the two synthetic urines at the two current 348 

densities employed. Furthermore, the concentration of chlorine compounds, when 349 

pharmaceuticals have been removed from urine (partial concentration), has been also 350 

plotted (Figure 5c).  351 

It can be seen how the presence of perchlorate, which is the most hazardous species is 352 

promoted by working at high current densities. In fact, its presence is associated to the 353 

formation of hydroxyl radicals on the surface of the diamond electrodes [35], and as it 354 

has been pointed out before, 1000 A m-2 is a current density for which this process is 355 

promoted. Presence of hypochlorite and chloramines is much less important in percentage 356 

but not in relevance. Both species are known to be good disinfectants and may help to kill 357 

pathogens in urine of hospital patients, if present in the urine. Regarding chlorates, it is 358 

simply a reaction intermediate in the oxidation from chloride to perchlorate. Hence, the 359 

electrochemical treatment of urines is very efficient and the main drawback is the 360 

formation of perchlorates. Although the occurrence of perchlorates is an important 361 

problem in the case of disinfection for drinking water (due to the serious health concerns) 362 

in this application is not considered as relevant. This is because the electrolyzed urine is 363 

going to be discharged into a municipal sewer for a further treatment of urines in 364 

municipal WWTF and then, it has a lesser environmental impact. At this point, Figure 5 365 
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also shows, for the sake of comparison, the values of the chlorinated species when the 366 

two pharmaceuticals are completely depleted from urine (Figure 5c). As proposed before, 367 

this moment that can be used to finish the electrolytic treatment because the main 368 

objective of the electrolysis here is not to mineralize completely the urine but to remove 369 

the anthropogenic species, which can be later diffused in the environment as POPs. As it 370 

can be seen the conversion towards chlorate and perchlorate is much smaller (about the 371 

half), which means that the impact on environment of these pollutants can be minimized 372 

with this strategy. 373 

Summarizing, the use of low current densities favors the production of large amounts of 374 

hypochlorite whereas high values encourage the generation of chlorate and perchlorate. 375 

These results are directly related to the nitrogen speciation previously shown (Figure 4) 376 

where the concentration of inorganic nitrogen is lower at 100 A m-2 due to the potential 377 

reaction of nitrogen with hypochlorite. Specifically, large amounts of hypochlorite are 378 

produced at these conditions, favoring the formation of chloramines which significantly 379 

contribute to the degradation of the organic matter. Likewise, the final product of 380 

chloramines is nitrogen gas which is higher when working at low current densities. On 381 

the other hand, the concentration of hypochlorite at 1000 A m-2 is lower than that obtained 382 

at 100 A m-2 because higher current densities favor the production of chlorine compounds 383 

in high oxidation state (chlorate and perchlorate). Therefore, the concentration of 384 

inorganic nitrogen is higher at these conditions and the concentration of nitrogen gas is 385 

lower.  386 

 387 
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 388 

Figure 5. Maximum (a), final (b) and partial (c) concentration of hypochlorite, chlorate, 389 

perchlorate, chloramines during the electrolysis of the two synthetic wastes. (,) 100 390 

A m-2 (,) 1000 A m-2. Full symbols: su1, empty symbols: su2. 391 
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 392 

Conclusions 393 

Electrolysis with diamond anodes is an efficient technology for the removal of ibuprofen 394 

and cloxacillin from urine. The rate of removal of these two pharmaceuticals is much 395 

higher than that of urea and creatinine and this opens the possibility of a pretreatment of 396 

hospital urines before discharge into municipal sewers, preventing in that way the inlet 397 

of POPs into the environment. Main drawback of the technology is the formation or 398 

perchlorates, which impact is much lower than that of POPs. Competing oxidation of 399 

organics is a very important factor for this process. Highly complex molecules such as 400 

the pharmaceuticals are oxidized faster than most simple urea and creatinine and the effect 401 

of increasing the current density is higher for the complex molecules. Electrolytic 402 

treatment leads to the partial denitrogenation of urine, which is a very important aspect 403 

as these effluents have an unbalanced nitrogen /carbon ratio for the later biological 404 

processes applied in municipal WWTP. 405 
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