Environ Sci Pollut Res (2015) 22:6176-6184
DOI 10.1007/s11356-014-3831-6

RESEARCH ARTICLE

Treatment of synthetic urine by electrochemical oxidation using

conductive-diamond anodes

Sondos Dbira - Nasr Bensalah - Ahmed Bedoui -
Pablo Caiizares - Manuel A. Rodrigo

Received: 11 August 2014 /Accepted: 6 November 2014 /Published online: 18 November 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract In this work, the electrochemical oxidation of syn-
thetic urine by anodic oxidation using boron-doped diamond
as anode and stainless steel as cathode was investigated.
Results show that complete depletion of chemical oxygen
demand (COD) and total organic carbon (TOC) can be
attained regardless of the current density applied in the range
20-100 mA cm 2. Oxalic and oxamic acids, and, in lower
concentrations, creatol and guanidine were identified as the
main intermediates. Chloride ions play a very important role
as mediators and contribute not only to obtain a high efficien-
cy in the removal of the organics but also to obtain an efficient
removal of nitrogen by the transformation of the various raw
nitrogen species into gaseous nitrogen through chloramine
formation. The main drawback of the technology is the for-
mation of chlorates and perchlorates as final chlorine prod-
ucts. The increase of current density from 20 to 60 mA cm >
led to an increase in the rate of COD and TOC removals
although the process becomes less efficient in terms of energy
consumption (removals of COD and TOC after applying
18 Ah dm* were 93.94 and 94.94 %, respectively, at
20 mA cm 2 and 89.17 and 86.72 %, respectively, at
60 mA cm 2). The most efficient conditions are low current
densities and high temperature reaching total mineralization at
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an applied charge as low as 20 kAh m . This result confirmed
that the electrolysis using diamond anodes is a very interesting
technology for the treatment of urine.

Keywords Synthetic urine - Anodic oxidation - Boron-doped
diamond anodes - Hydroxyl radicals - Mineralization

Introduction

Urine can be considered as a special type of wastewater with
very complex chemical composition. This composition has
been studied by many researchers, showing that it depends on
time of day, diet, climate, physical activity, and body size
(Heinonen-Tanski et al. 2007). The means of inorganic com-
pounds are nitrogen, phosphorus, and potassium. The organic
fraction contains many substances such as vitamins, hor-
mones, organic acids, and especially urea, uric acid, and
creatinine. Urine is the fraction of domestic wastewater that
contains the major part of plant nutrients with approximately
80 % ofnitrogen, 55 % of phosphorus, and 60 % of potassium
and very low metals content (Vinneras et al. 2006), being
considered as natural resource of nutrients. However, the reuse
of this wastewater as a fertilizer may result in transmission of
pathogens such as Leptospira interrogans, Salmonella typhi,
Salmonella paratyphi, and Schistosoma haematobium
(Heinonen-Tanski et al. 2007; Blum and Feachem 1983;
Hoglund et al. 2002). This may produce many diseases such
as cholera and typhoid fever, leptospirosis, and paratyphoid
fever (Hanjra et al. 2012; Shuval et al. 1997). For this reason,
it is necessary to treat the urine wastewater before any reuse
because it has been demonstrated (Hoglund et al. 2002) that
pathogens can survive in urine during very long periods.

The literature indicated that advanced oxidation processes
(AQOPs) are the best technologies to mineralize persistent and
bio-resistant organic pollutants in water and wastewater such
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as photographic and agro-industrial wastewaters (Ahmed et al.
2011; Bensalah et al. 2013) in which total mineralization can
be attained. The great effectiveness of AOPs is due to the
production of the hydroxyl radicals (HO"). Hydroxyl radicals
which are non-selective, and very powerful oxidants (E°=
2.80 V/NHE), react very quickly with the organic pollutants
to mineralize them in CO,, H,O, and inorganic ions
(Elahmadi et al. 2009; Oturan et al. 2011) or at least transform
into biodegradable compounds. Recently, electrochemical
methods which may be easily coupled with green chemical
technologies become good candidates to replace conventional
methods for the destruction or removal of bio-refractory or-
ganics in water. In particular, anodic oxidation is increasingly
taking attention for its high efficiency and low costs, especial-
ly when combined with renewable energy sources like wind
and solar sources, in removing persistent organic pollutants
from water and wastewater. The effectiveness of anodic oxi-
dation is mainly related to the innovation of new anode
materials capable of generating large quantities of strong
oxidizing agents such as hydroxyl radicals HO™ which are
weakly adsorbed on the surface of the anode. Boron-doped
diamond (BDD) anodes developed in the last decade exhibit
high efficiency and excellent compatibility to degrade a vari-
ety of organic pollutants, reaching efficiencies close to 100 %
when mass transfer is not limiting the rate of the processes
(Sires et al. 2006; Guinea et al. 2009a). BDD electrode has
much larger O, evolution over potential enabling the produc-
tion of large amounts of hydroxyl radicals on the surface by
water oxidation (Eq. 1) (Guinea et al. 2008; Lacasa et al.
2012a; Panizza and Cerisola 2008; Zhou et al. 2011).

BDD + H,O—BDD(HO") + H" + le (1)

Recently the treatment of human urine by electrochemical
methods has been studied (Raut et al. 2013) showing their
ability to completely disinfect synthetic urine spiked with
Escherichia coli using boron-doped diamond electrode. The
aim of this work was to study the electrochemical treatment of
synthetic urine using BDD anodes. Furthermore, the influence
of the main operation parameters such as current density and
temperature on the performance of oxidation and mineraliza-
tion of synthetic urine with BDD anodes was investigated.
The efficiency of the electrochemical process was followed by
different analytical methods including total organic carbon
(TOC), chemical oxygen demand (COD), pH, and conductiv-
ity. The formation of organic intermediates and the decay of
initial products were performed with high performance liquid
chromatography (HPLC). Ion chromatography was used to
identify and quantify inorganic ions formed during galvano-
static electrolyses.

Materials and methods
Chemicals

The synthetic urine solutions were prepared by dissolving
urea 3.333 g L™' (CH4N,0), 0.050 g L' uric acid
(CsH4N,405), and 0.166 g L™ creatinine (C4H;N;0). Salts
were also dissolved to obtain 1 g L™" chloride (CI), 1 g L™
potassium (K*), 0.025 g L' phosphate (PO,>), 0.3 g L'
sulfate (SO4>), 0.025 g L™ calcium (Ca*"), 0.016 g L'
magnesium (Mg”"), 0.166 g L™ sodium (Na"), 0.025 g L™
ammonium (NH,4"), and 0.166 g L' carbonates (CO5 ). Urea
(CH4N,0), uric acid (CsH4N403), and creatinine (C4H,N;0)
were analytical grade (>99.0 % purity), purchased from Sig-
ma-Aldrich. Sulfuric acid utilized to adjust the initial pH from
8.0 to 5.6 was analytical grade purchased from Merck. The
other chemicals were analytical grade purchased from Fluka.
All solutions were prepared with high-purity water obtained
from a Millipore Milli-Q system, with resistivity >18 M
Qcm ' at 25 °C.

Analytical methods

Total organic carbon (TOC) and total nitrogen (TN) were
monitored with a Multi N/C 3100 Analytik Jena TOC analyz-
er. Chlorine species (Cl , ClO5 , and ClO, ) were measured
by ion chromatography using a Shimadzu LC-20A equipped
with Shodex IC I-524A column. The mobile phase was
2.5 mM phthalic acid at pH 4.0 with a flow rate of
1.0 mL min"'. The formation of inorganic ions (nitrate, nitrite,
NH,", sulfate, phosphate) was determined by the same ion
chromatograph (column, Shodex IC YK-421) with a mobile
phase 5.0 mM tartaric acid, 1.0 mM dipicolinic acid, and
24.3 mM boric acid at a flow rate of 1.0 mL min '). The
determination of hypochlorite was carried out by titration with
As,0O3 in NaOH 2 M. The concentrations of urine and inter-
mediates generated were identified by HPLC-UV (Agilent
1100 series). The column temperature was 25 °C. Volume
injection was set to 20 puL. The analytical column used was
Phenomenex Gemini 5 um C18. The detection wavelength of
HPLC-UYV was performed at 291 nm. A lineal gradient chro-
matographic elution was used by initially running 10 % of
solvent B ascending to 100 % in 40 min. Solvent A was
composed of 25 mM of formic acid water solution and solvent
B was acetonitrile. Samples taken from electrolyzed solutions
were filtered with 0.20 um Nylon filters before analysis.
Inorganic chloramines measured by the DPD colorimetric
method was conducted using Shimadzu spectrophotometer
UV-2400PC as previously described in the literature (Cotillas
et al. 2013). Chemical oxygen demand (COD) was monitored
by sampling 2 mL of the electrolyzed solution at certain time
intervals. These samples were mixed in a glass tube filled with
an oxidizing solution purchased from Merck (Spectroquant®)
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([CI'] in samples was kept below 2 g L', as recommended).
UV-vis spectra were obtained using a Shimadzu UV-1603
spectrophotometer in 1 cm quartz cells. The solution pH and
conductivity were measured with an InoLab WTW pH meter
and a GLP 31 Crison conductimeter, respectively.

Electrochemical setup

The electrochemical experiments were carried out in a single
compartment electrochemical flow cell (Fig. 1) working under
a batch-operation mode (Canizares et al. 2005). Two types of
electrodes were used: diamond-based material (p-Si—boron-
doped diamond) as anode and stainless steel (AISI 304) as
cathode. Boron-doped diamond (BDD) films were provided
by Adamant Technologies (Neuchatel, Switzerland) and syn-
thesized by the hot filament chemical vapor deposition tech-
nique (HF CVD) on single-crystal p-type Si (100) wafers (0.1
Q cm Siltronix) (Si substrate; 2 mm thickness; 100 mQ cm
resistivity; 500 ppm boron concentration; 2.62 um CDE-film
thickness; 115 CDE-film Raman sp’/sp®). Both electrodes
were circular (100 mm in diameter) with a geometric area of
78 cm? and an electrode gap of 9 mm.

Experimental procedures

Lab-scale electrolyses were carried out under galvanostatic
conditions. The volume of wastewater was 600 mL. The pH
was adjusted to about 5.6 with sulfuric acid. The current
density applied ranged from 20 to 100 mA c¢cm 2. The cell
voltage did not vary during electrolysis indicating that
conductive-diamond layers did not undergo appreciable dete-
rioration or passivation phenomena. The wastewater was
stored in a glass tank and circulated through the electrolytic
cell by means of a centrifugal pump (at different flow rate). A
heat exchanger coupled with a controlled thermostatic bath
(Digiterm 100; JP Selecta) was used to maintain the temper-
ature at the desired set point (25 °C). At certain time intervals,
samples of 20 mL volume were taken from the solution and
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Fig. 1 The experimental setup used in this work
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filtered through 0.20-pm Nylon filters and analyzed for ions,
TOC, TN, target compounds and intermediates, and UV-vis.

Results and discussion

BDD anodes have been successfully used to treat domestic
and industrial wastewater (Martinez-Huitle and Ferro 2006),
to produce strong oxidants (Cano et al. 2012), and to analyze
different organic and inorganic species (Svorc et al. 2014).
Likewise, several researchers (Bensalah et al. 2013; Marselli
et al. 2003; Michaud et al. 2000; Serrano et al. 2002) have
indicated that strong oxidants can be produced at the surface
of BDD anodes by anodic oxidation of water during the
electrolysis of wastewater and the nature of supporting elec-
trolyte and current density have a strong influence on this
production. The production of these strong oxidants on
BDD anodes plays an important role in the overall electro-
chemical process and affects largely the efficiency of the
BDD-anodic oxidation. Because urine contains many ionic
inorganic species dissolved, it is then necessary to study the
effects of operating conditions on the efficiency of urine
treatment by electrochemical oxidation using BDD anodes.
Literature indicated that the current density is the most impor-
tant operation parameter to be optimized in all electrochemical
processes in order to reach high current efficiencies (Bensalah
etal. 2013; Brillas et al. 2009; Lacasa et al. 2013; Oturan et al.
2011; Panizza and Cerisola 2005; Zhou et al. 2011). For this
reason, in this work to study the effect of current density on
the oxidative degradation of urine, galvanostatic electrolyses
of the synthetic urine were carried out at different current
densities of 20, 60, and 100 mA cm 2 keeping the other
operating parameters unchanged (pH, temperature, organic
and inorganic load).

Removal of TOC and COD

Figure 2 shows (in semi-logarithmic plot) the changes in TOC
and COD with the electric charge applied during the electro-
chemical oxidation of synthetic urine with BDD anodes at the
three different current densities assessed. As experiments were
carried out galvanostatically, changes with the electric charge
applied time and with current charge for both parameters
follow the same fashion because electric charge applied and
reaction time are proportional. As it can be observed, linear
trends are obtained for the decay of both parameters (COD
and TOC) during electrolyses for all values of current density
tested, indicating that results fit a first-order kinetic decay
kinetics. As it is known, this type of kinetic behavior is
characteristic not only of mass transport controlled electro-
chemical processes but also of mediated electrochemical pro-
cesses. As it can be seen, the TOC and COD have a rapid
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Fig. 2 Oxidation progress and mineralization during electrolyses of
synthetic urine with BDD anodes at different current densities and
temperatures: filled triangles—20 mA cm 2, 25 °C; filled circles—
60 mA cm 2, 25 °C; filled squares—100 mA cm 2, 25 °C; filled
diamonds—20 mA cm™2, 50 °C

decrease from 731 to 37 mgC dm > and from 825 to

50 mg O,dm >, respectively, during electrolysis of syn-
thetic urine using BDD anodes at 20 Ah dm > and room
temperature. The decrease in TOC content indicates the
mineralization of synthetic urine by anodic oxidation
(transformation of organic matter into carbon dioxide
CO,), while a decrease in the COD is related to the
change in the chemical species during the treatment. The-
se results indicate that the complete removal of synthetic
urine by anodic oxidation with BDD anodes was observed
after 300 min for all current densities. Then, an almost
complete depletion of TOC and COD is attained at larger
O regardless of the current density applied. The harsh
oxidation conditions that should account for this efficient
removal (especially, if compared with other electrodes) is
explained in the literature (Haidar et al. 2013; Marselli

et al. 2003; Oturan et al. 2011; Panizza and Cerisola 2005;
Zhou et al. 2011) by the production of higher amounts of
hydroxyl radicals (HO") generated from oxidation of wa-
ter at the surface of BDD anodes (Eq. 1).

Likewise, in the treatment of urine and due to the very large
amount of chlorides, it can also be explained by the generation
of hypochlorite ions by the oxidation of chloride during the
anodic oxidation of synthetic urine using BDD anode mate-
rials. To better observe this influence of the supporting media
and current density, and taking into account the linear trend
observed in the COD versus Q plot, data COD versus ¢ of each
test were fitted to a first-order decay kinetic. First-order kinetic
constants and maximum efficiency for the removal of TOC
and COD during the electrochemical treatment of synthetic
urine with BDD anodes are summarized in Table 1.
Concerning the kinetic aspect, this table shows that the in-
crease of current density increases the degradation rate con-
stant, while temperature seems to have a lower positive influ-
ence on the degradation rate, but still appreciable. Anyhow,
this increase may suggest the significance of mediated pro-
cesses in the overall oxidation of urine. As it is known, these
processes are largely influenced by temperature, and chlorine
and other oxidants could have advantage of this temperature
increase, improving the organic degradation rate by more than
30 %.

The last column of Table 1 is in good agreement with
previous results for the efficiency of TOC and COD
removal during the electrolyses, indicating that the anodic
oxidation using BDD anode is a good choice for the
successful treatment of a great variety of pollutants with
efficiencies expressed in terms of milligrams of pollutant
per ampere-hour much higher than obtained with other
anodes (Brillas et al. 2004; Canizares et al. 2005, 2007,
2008; Faouzi et al. 2006; Guinea et al. 2008, 2009b;
Martinez-Huitle and Brillas 2009; Martinez-Huitle and
Ferro 2006; Panizza and Cerisola 2007, 2008, 2009;
Polcaro et al. 2004, 2005, 2007; Sires et al. 2006). These
high efficiencies are explained in terms of the significant
role played by mediated processes. However, in spite of
the important role of mediated electrolysis, the process is
also strongly influenced by mass transfer limitations be-
cause the higher the current density the lower is the
efficiency. Therefore, the most efficient conditions for this
treatment are low current densities (which are associated
with low diffusion limitations) at high temperature (which
can be associated with an enhanced mediated oxidation),
which attain total removal of organics at an applied cur-
rent charge as low as 20 Ah dm . This is a very important
result because this means that costs for the complete
treatment of urine could be lower than 100 kWh m™ if
a typical cell potential of 5.0 V is supposed, converting
electrolysis into a very promising technology for this
application in terms of energy consumption.

@ Springer
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Table 1 Kinetic constants and

maximum efficiency for the j (mA cm™) Temperature (°C) K(h™ Maximum efficiency (mg Ah™")
removal of TOC and COD during
the electrochemical treatment of ToC COD ToC COD
synthetic urine with BDD anodes
20 25 0.37 0.36 125.07 130.32
50 0.78 0.52 205.25 180.72
60 25 1.24 0.85 87.29 62.32
100 25 0.61 0.50 83.70 60.88

Changes of pH and conductivity

Figure 3 shows the changes of pH and conductivity of the
electrolyte as a function of specific electric charge during the
electrolyses at different current densities. It can be observed
that the pH has a rapid decrease from pH=6.0 to pH=1.8—
2.0 at the beginning of the experiments and then it is kept
almost constant until the end of treatment. This strongly acidic
pH is expected to have an important role in the speciation of
the intermediates and, as a key point, it helps to prevent the
volatilization of ammonia during the electrolysis (Lacasa et al.
2011a, 2012a, b). The increase observed in the conductivity
may be explained by the release of inorganic species during
the mineralization of the organic pollutants and also by the
drastic change in the pH.

Formation of soluble phosphate and sulfate

The mineralization of organic matter by electrochemical pro-
cesses involves the transformation of organic matter into
carbon dioxide and inorganic ions. The most important ions
that are expected to be formed during mineralization are
nitrates, nitrites, ammonium, chlorides, sulfates, and phos-
phates (Dirany et al. 2010; Haidar et al. 2013; Sires et al.
2008). In this work, ionic chromatography analyses confirmed
the presence of sulfates, phosphates, nitrates, ammonium, and
different species of chlorine, and it also proved the absence of
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Fig.3 Changes in the pH (fill points) and conductivity (empty points) of
the electrolyte during the electrolyses of synthetic urine with BDD
anodes. Filled triangles—20 mA cm 2, 25 °C; filled circles—
60 mA cm 2, 25 °C; filled squares—100 mA cm 2, 25 °C; filled
diamonds—20 mA cmﬁz, 50 °C
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nitrites. Figure 4 shows the changes in the concentration of
soluble phosphate (a) and sulfate (b) during the electrolyses of
synthetic urine with BDD anodes. The changes on the con-
centration of soluble phosphates are mainly due to the pH
changes during electrolyses (Lacasa et al. 2011b). This can be
explained in terms of the dependence of acid-base and solu-
bility properties of this inorganic species on pH. Contrarily,
the concentration of sulfates is not influenced by pH and it is
almost kept constant at the same value during the electrolysis
of synthetic urine with BDD anodes.

Nitrogen speciation

Figure 5 shows the changes of the concentration of nitrogen
speciation (nitrates, ammonium, and nitrites) as a function of
specific electric charge during the electrolyses. As it is shown,
the production of nitrate and ammonium is observed from the
beginning of tests. The concentration of nitrate and ammoni-
um undergoes a linear increase and then reaches a plateau until
the end of treatment. A very important observation is that large
differences are obtained between the measured concentrations
of nitrogen and the concentration expected. In this treatment,
the initial concentration of nitrogen in the synthetic urine is
very high (around 1634 ppm) and this nitrogen is mostly
associated with urea in raw synthetic urine (>95 %) being
the rest free ammonium ion (20 mg dm ) and organic nitro-
gen (associated with creatinine and uric acid). At the

100 ~
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Fig. 4 Changes in the concentration of soluble phosphate (fu/l points)
and sulfate (empty points) during the electrolyses of synthetic urine with
BDD anodes. Filled triangles—20 mA cm 2, 25 °C; filled
circles—60 mA cm 2, 25 °C; filled squares—100 mA cm 2, 25 °C;
filled diamonds—20 mA cm 2, 50 °C
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Fig. 5 Speciation of nitrogen during the electrolyses of synthetic urine
with BDD anodes. Filled triangles—20 mA cmfz, 25 °C; filled
circles—60 mA cm 2, 25 °C; filled squares—100 mA cm 2, 25 °C.
Black points: nitrates, white points: ammonium, gray points: nitrites

conclusion of treatment tests, the concentration of nitrate
reaches about 57, 62, and 72 mg N L', the concentration of
ammonium attains about 198, 257, and 255 mg N L' and
organic species are depleted, respectively, at current densities
of 20, 60, and 100 mA cm 2. These results indicate that the
concentrations of nitrogen measured are far from those
contained in the initial synthetic urine. At this point, it is
important to realize that nitrate is known to be easily trans-
formed into ammonium ions in single compartment electro-
chemical cells as previously reported in the literature by
reduction on the cathode surface (Lacasa et al. 2011a,
2012a, b). In addition, the lower concentrations measured in
comparison to those expected can be explained by the forma-
tion of volatile nitrogenous species, in particular gaseous
nitrogen, by oxidation of ammonia with hypochlorite (Eq. 2)
as it will be explained later on, when the role of chlorinated
species will be discussed. Hence, electrolysis becomes a very
interesting technology not only for organic depletion but also
for nitrogen removal in this type of wastewater.

NH,* 4 3HCIO—N, + 3H,0 + SH' + 3CI” (2)

Formation of chlorine species

Figure 6 shows the changes in the concentration of the chlo-
rine species during the electrolyses. Synthetic urine contains
large concentration of chlorine species which are expected to
be transformed into a variety of species during the anodic
oxidation on BDD anodes such as chloride, chloramines,
hypochlorite, chlorate, and perchlorates. As it can be seen in
Fig. 6, the concentration of chlorides decreased rapidly during
electrolyses and they are completely removed at the conclu-
sion of treatment, being completely transformed into hypo-
chlorite (C10"), chlorate (ClO5 ), and perchlorates (ClO4 ).
This transformation is known to develop either by direct
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Fig. 6 Speciation of chlorine during the electrolyses of synthetic urine.
Filled triangles—20 mA cm 2,25 °C; filled circles—60 mA cm 2,25 °C;
filled squares—DDB 100 mA cm 2, 25 °C. Black points: chloride, white
points: chloramines. Inset—black points: hypochlorite, white points:
chlorate, gray points: perchlorates

anodic oxidation on BDD anodes (only the formation
of hypochlorite) or by the participation of hydroxyl
radicals generated on the anode surface during anodic
oxidation process (in this case hypochlorite, chlorate,
and perchlorate may be formed) as it is shown in
Egs. 3 to 7 (chlorite is unstable and rapidly dispropor-
tionate to chloride and chlorate) (Feng et al. 2013;
Panizza and Cerisola 2009; Randazzo et al. 2011;
Sanchez-Carretero et al. 2011). At this point, it is worth
taking into account occurrence of chlorate and perchlo-
rate is undesirable and becomes the main drawback of
this application of the electrochemical technology in
urine treatment. Hence, further research should be car-
ried out to prevent the oxidation of hypochlorite by
hydroxyl radical taking into account the hazardousness
of chlorates and perchlorates. The occurrence of these
species has been largely reported in other wastewater
treatments carried out with diamond anodes and even in
disinfection of water and reclaimed wastewater, and
currently, it is a major concern for the use of diamond
electrolysis in many applications (Bergmann et al. 2014;
Greer et al. 2002).

H,O—OH +H" + ¢ (3)
ClI" +OH —CIO” + H' + ¢~ (4)
ClO” +OH —ClO, + H" +¢” (5)
ClOy 4+ OH —ClO; + H" + ¢ (6)
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ClO3” + OH —ClO, + H" +¢ (7)

A key point for this expected future research seems to be
that just in the moment in which chloramines start decaying,
chlorates are produced massively, in particular in the experi-
ments carried out at 60 and 100 mA cm 2. For the lowest
current density, production is smaller, and this fact indicates
that gaseous chlorine is being produced and dispersed. This
means that prevention of the formation of chlorates or per-
chlorates may be obtained by the addition of an inhibitor
(reductant agent) in this part of the treatment or by depleting
Cl, (in equilibrium with hypochlorite) by gas stripping during
the treatment. However, this possibility of removal is only a
hypothesis and it should be studied carefully because hypo-
chlorite has a very important role and conditions have to be
optimized. Under no prevention conditions, Fig. 6 (inset)
shows that the oxidation of chlorides into hypochlorite, chlo-
rate, and perchlorate ions is complete.

The role of hypochlorite is very important because the
presence of high concentration of hypochlorite by oxidation
of chlorides is a key to facilitate the mineralization of synthetic
urine and the removal of the associated nitrogen in the form of
gaseous nitrogen. Regarding the removal of nitrogen, in a
previous work, it was showed that both formations of ammo-
nium (by cathodic nitrate reduction) and hypochlorite (by
anodic oxidation) during electrolyses develop at a high rate
in electrochemical processes (Lacasa et al. 2011a, 2012a). The
chloramines were formed by the chemical reaction between
the ammonium ions and the hypochlorite ions according to
Eq. (3) which develops in the bulk. Monochloramine,
dichloramine, and trichloramine and gaseous nitrogen (not
only dinitrogen but also nitrogen oxides in very low concen-
trations) are expected to be produced successively in the bulk
during the electrolysis by the reactions (Eqs. 8—14) (Lacasa
et al. 2012b).

NH,;* + OH + HCIO—NH,CIl + 2H,0 (8)

NH,Cl + HCIO—NHCL, + H,0 (9)

NHCI, + HCIO—NCl; + H,0 (10)
ANH,Cl + 3Cl, + H,0—N, + N,0 + 10HCI (11)
NH,Cl + NHCl, —N, + 3HCI (12)

@ Springer

NH,Cl 4+ NHCl, + HOCI—N,0 + 4HCI (13)

2NH,Cl + HOCI—N, + 3HCI + H,0 (14)

The low concentrations of chloramines monitored can be
explained taking into account their role as intermediates, and
they suggest the very important shifting of the reaction set
towards the formation of gaseous nitrogen (Reyter et al. 2010;
Vlyssides et al. 2002) and hence the validity of this technology
for the removal not only of organic pollutant but also of
nitrogen in urine. Once the role of inorganic species is clari-
fied, it is interesting to focus on organics.

Changes in the raw species and organic intermediates

As in many other electrochemical processes, the oxidative
degradation of synthetic urine by the anodic oxidation is
accompanied by the formation of organic intermediates, and
sometimes they could be even more hazardous than the initial
product. For this reason, it is very important to identify the
intermediates, and this work was carried out by reversed phase
HPLC analyses. Results are shown in Fig. 7. In fact, uric acid,
urea, and creatinine (raw species) are depleted very rapidly
and transformed sequentially into aromatic species and car-
boxylic acid species, being oxalic acid, creatol, oxamic acid,
and guanidine the primary intermediates detected. All these
species are depleted at the conclusion of the treatment, and
they show a very low relevance in terms of chromatographic
area. At this point, it is important to keep in mind that no
chlorinated organic species were detected at significant con-
centrations (within the detection limits of the HPLC and
standard checked), indicating that occurrence of these
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Fig. 7 Oxidation progress during the electrolyses of synthetic urine with
BDD anodes at 20 mA cm 2, raw matters: filled triangles—uric acid;
filled circles—urea; filled squares—creatinine. Inset: reaction
intermediates: filled triangles—unknown 1; filled circles—unknown 2;
filled squares—unknown 3; filled diamonds—oxalic acid; open
triangles—creatol; open circles—oxamic acid; open squares—guanidine
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compounds is not a drawback which could be associated with
this electrochemical technology. These results are in very
good agreement with that found by the previous works in
which the electrolyses of compounds contained in urine were
studied (Antoniou et al. 2009; Calza et al. 2005) and make
electrochemical oxidation with diamond anodes a very inter-
esting technology for the treatment of urine.

Conclusion
From this work, the following conclusions can be drawn:

—  The anodic oxidation with boron-doped diamond (BDD)
anodes is an effective technology to eliminate organic
content of synthetic urine, and it can also efficiently
remove nitrogen and chlorine.

—  Complete depletion of COD and TOC can be obtained
regardless of current density applied. Organic carbon is
transformed into carbon dioxide CO,, being oxalic acid,
creatol, oxamic acid, and guanidine the main organic
intermediates formed. Moreover, the production of am-
monium and nitrates was observed during the electroly-
ses, but these concentrations are far from those contained
in the initial sample because gaseous nitrogen is the
primary product of the electrolytic process. This produc-
tion is carried out via formation of chloramines, produced
by chemical reaction between ammonium and
hypochlorite.

—  The chlorine present in urine is completely released in the
form of chloride, which is rapidly oxidized to hypochlo-
rite (C1O"), chlorate (ClO5 ), and perchlorate (ClOy4 )
during the treatment on BDD anodes. An important for-
mation of chloramines was obtained as intermediates in
the production of gaseous nitrogen as well. Further re-
search should be carried out to prevent the oxidation of
hypochlorite taking into account the hazardousness of
chlorates and perchlorates which behaves as an important
drawback of the technology.

— The most efficient conditions are low current densities
and high temperature, which attains total removal at an
applied charge as low as 20 Ah dm . This low current
change requirement allows the electrolysis with the BDD
anodes to be successfully used to treat the aqueous solu-
tion of synthetic urine at a reasonable cost.

—  The highest efficiency of anodic oxidation using BDD
anodes can be explained by the contribution of direct and
indirect oxidation in the mechanism of degradation of
synthetic urine. This includes (1) oxidation via hydroxyl
radicals electrogenerated from water discharge on the
surface of BDD anodes, (2) direct oxidation of synthetic
urine and its intermediates on the surface of BDD anodes,

and (3) mediated oxidation with chlorine species
electrogenerated from anodic oxidation of chloride ions.

Acknowledgments The authors acknowledge University of Gabes
(Tunisia) for providing partial financial support to accomplish this re-
search work. This work was also supported by the Spanish government
through project CTM2013-45612-R. Financial support of the Spanish
government and EU through project FEDER 2007-2013 PP201010
(Planta Piloto de Estacién de Estacion de Regeneracién de Aguas
Depuradas) is gratefully acknowledged.

References

Ahmed B, Limem E, Abdel-Wahab A, Nasr B (2011) Photo-Fenton
treatment of actual agro-industrial wastewaters. Ind Eng Chem Res
50:6673-6680

Antoniou MG, Nambiar U, Dionysiou DD (2009) Investigation of the
photocatalytic degradation pathway of the urine metabolite, creati-
nine: the effect of pH. Water Res 43:3956-3963

Bensalah N, Bedoui A, Chellam S, Abdel-Wahab A (2013) Electro-
Fenton treatment of photographic processing wastewater. Clean
Soil Air Water 41:635-644

Bergmann MEH, Koparal AS, lourtchouk T (2014) Electrochemical
advanced oxidation processes, formation of halogenate and
perhalogenate species: a critical review. Crit Rev Environ Sci
Technol 44:348-390

Blum D, Feachem RG (1983) Measuring the impact of water-supply and
sanitation investments on diarrheal diseases—problems of method-
ology. Int J Epidemiol 12:357-365

Brillas E, Boye B, Sires I, Garrido JA, Rodriguez RM, Arias C, Cabot PL,
Comninellis C (2004) Electrochemical destruction of
chlorophenoxy herbicides by anodic oxidation and electro-Fenton
using a boron-doped diamond electrode. Electrochim Acta 49:
4487-4496

Brillas E, Sires I, Oturan MA (2009) Electro-Fenton process and related
electrochemical technologies based on Fenton’s reaction chemistry.
Chem Rev 109:6570-6631

Calza P, Pelizzetti E, Minero C (2005) The fate of organic nitrogen in
photocatalysis: an overview. J Appl Electrochem 35:665-673

Canizares P, Lobato J, Paz R, Rodrigo MA, Saez C (2005)
Electrochemical oxidation of phenolic wastes with boron-doped
diamond anodes. Water Res 39:2687-2703

Canizares P, Sacz C, Lobato J, Paz R, Rodrigo MA (2007) Effect of the
operating conditions on the oxidation mechanisms in conductive-
diamond electrolyses. J Electrochem Soc 154:E37-E44

Canizares P, Saez C, Martinez F, Rodrigo MA (2008) The role of the
characteristics of p-Si BDD anodes on the efficiency of wastewater
electro-oxidation processes. Electrochem Solid State Lett 11:E15—
E19

Cano A, Canizares P, Barrera-Diaz C, Saez C, Rodrigo MA (2012) Use of
conductive-diamond electrochemical-oxidation for the disinfection
of several actual treated wastewaters. Chem Eng J 211:463-469

Cotillas S, Llanos J, Canizares P, Mateo S, Rodrigo MA (2013)
Optimization of an integrated electrodisinfection/
electrocoagulation process with Al bipolar electrodes for urban
wastewater reclamation. Water Res 47:1741-1750

Dirany A, Sires I, Oturan N, Oturan MA (2010) Electrochemical abate-
ment of the antibiotic sulfamethoxazole from water. Chemosphere
81:594-602

Elahmadi MF, Bensalah N, Gadri A (2009) Treatment of aqueous wastes
contaminated with Congo Red dye by electrochemical oxidation and
ozonation processes. J Hazard Mater 168:1163—1169

@ Springer



6184

Environ Sci Pollut Res (2015) 22:6176-6184

Faouzi M, Canizares P, Gadri A, Lobato J, Nasr B, Paz R, Rodrigo MA,
Saez C (2006) Advanced oxidation processes for the treatment of
wastes polluted with azoic dyes. Electrochim Acta 52:325-331

Feng L, van Hullebusch ED, Rodrigo MA, Esposito G, Oturan MA
(2013) Removal of residual anti-inflammatory and analgesic phar-
maceuticals from aqueous systems by electrochemical advanced
oxidation processes. A review. Chem Eng J 228:944-964

Greer MA, Goodman G, Pleus RC, Greer SE (2002) Health effects
assessment for environmental perchlorate contamination: the dose
response for inhibition of thyroidal radioiodine uptake in humans.
Environ Health Perspect 110:927-937

Guinea E, Arias C, Cabot PL, Garrido JA, Rodriguez RM, Centellas F,
Brillas E (2008) Mineralization of salicylic acid in acidic aqueous
medium by electrochemical advanced oxidation processes using
platinum and boron-doped diamond as anode and cathodically
generated hydrogen peroxide. Water Res 42:499-511

Guinea E, Brillas E, Centellas F, Canizares P, Rodrigo MA, Saez C
(2009a) Oxidation of enrofloxacin with conductive-diamond elec-
trochemical oxidation, ozonation and Fenton oxidation. A compar-
ison. Water Res 43:2131-2138

Guinea E, Centellas F, Brillas E, Canizares P, Saez C, Rodrigo MA
(2009b) Electrocatalytic properties of diamond in the oxidation of
a persistent pollutant. Appl Catal B Environ 89:645-650

Haidar M, Dirany A, Sires I, Oturan N, Oturan MA (2013)
Electrochemical degradation of the antibiotic sulfachloropyridazine
by hydroxyl radicals generated at a BDD anode. Chemosphere 91:
1304-1309

Hanjra MA, Blackwell J, Carr G, Zhang F, Jackson TM (2012)
Wastewater irrigation and environmental health: implications for
water governance and public policy. Int J Hyg Environ Health
215:255-269

Heinonen-Tanski H, Sjoblom A, Fabritius H, Karinen P (2007) Pure
human urine is a good fertiliser for cucumbers. Bioresour Technol
98:214-217

Hoglund C, Ashbolt N, Stenstrom TA, Svensson L (2002) Viral persis-
tence in source-separated human urine. Adv Environ Res 6:265-275

Lacasa E, Canizares P, Llanos J, Rodrigo MA (2011a) Removal of
nitrates by electrolysis in non-chloride media: effect of the anode
material. Sep Purif Technol 80:592-599

Lacasa E, Canizares P, Saez C, Fernandez FJ, Rodrigo MA (2011b)
Electrochemical phosphates removal using iron and aluminium
electrodes. Chem Eng J 172:137-143

Lacasa E, Canizares P, Llanos J, Rodrigo MA (2012a) Effect of the
cathode material on the removal of nitrates by electrolysis in non-
chloride media. J Hazard Mater 213:478-484

Lacasa E, Llanos J, Canizares P, Rodrigo MA (2012b) Electrochemical
denitrification with chlorides using DSA and BDD anodes. Chem
Eng J 184:66-71

Lacasa E, Tsolaki E, Sbokou Z, Andres Rodrigo M, Mantzavinos D,
Diamadopoulos E (2013) Electrochemical disinfection of simulated
ballast water on conductive diamond electrodes. Chem Eng J 223:
516-523

Marselli B, Garcia-Gomez J, Michaud PA, Rodrigo MA, Comninellis C
(2003) Electrogeneration of hydroxyl radicals on boron-doped dia-
mond electrodes. J Electrochem Soc 150:D79-D83

Martinez-Huitle CA, Ferro S (2006) Electrochemical oxidation of organic
pollutants for the wastewater treatment: direct and indirect process-
es. Chem Soc Rev 35:1324-1340

Martinez-Huitle CA, Brillas E (2009) Decontamination of wastewaters
containing synthetic organic dyes by electrochemical methods: a
general review. Appl Catal B Environ 87:105-145

Michaud PA, Mahe E, Haenni W, Perret A, Comninellis C (2000)
Preparation of peroxodisulfuric acid using boron-doped diamond
thin film electrodes. Electrochem Solid State Lett 3:77-79

@ Springer

Oturan N, Hamza M, Ammar S, Abdelhedi R, Oturan MA (2011)
Oxidation/mineralization of 2-nitrophenol in aqueous medium by
electrochemical advanced oxidation processes using Pt/carbon-felt
and BDD/carbon-felt cells. J Electroanal Chem 661:66—71

Panizza M, Cerisola G (2005) Application of diamond electrodes to
electrochemical processes. Electrochim Acta 51:191-199

Panizza M, Cerisola G (2007) Electrocatalytic materials for the electro-
chemical oxidation of synthetic dyes. Appl Catal B Environ 75:95—
101

Panizza M, Cerisola G (2008) Removal of colour and COD from waste-
water containing acid blue 22 by electrochemical oxidation. J
Hazard Mater 153:83-88

Panizza M, Cerisola G (2009) Direct and mediated anodic oxidation of
organic pollutants. Chem Rev 109:6541-6569

Polcaro AM, Mascia M, Palmas S, Vacca A (2004) Electrochemical
degradation of diuron and dichloroaniline at BDD electrode.
Electrochim Acta 49:649-656

Polcaro AM, Vacca A, Mascia M, Palmas S (2005) Oxidation at boron
doped diamond electrodes: an effective method to mineralise tri-
azines. Electrochim Acta 50:1841-1847

Polcaro AM, Vacca A, Mascia M, Palmas S (2007) Electrokinetic remov-
al of 2,6-dichlorophenol and diuron from kaolinite and humic acid—
clay system. J Hazard Mater 148:505-512

Randazzo S, Scialdone O, Brillas E, Sires I (2011) Comparative electro-
chemical treatments of two chlorinated aliphatic hydrocarbons.
Time course of the main reaction by-products. J Hazard Mater
192:1555-1564

Raut AS, Cunningham GB, Parker CB, Klem EJD, Stoner BR, Deshusses
MA, Glass JT (2013) Electrochemical disinfection of human urine
for water-free and additive-free toilets using boron-doped diamond
electrodes, ECS Transactions, pp. 1-11

Reyter D, Belanger D, Roue L (2010) Nitrate removal by a paired
electrolysis on copper and Ti/IrO, coupled electrodes—influence
of the anode/cathode surface area ratio. Water Res 44:1918-1926

Sanchez-Carretero A, Saez C, Canizares P, Rodrigo MA (2011)
Electrochemical production of perchlorates using conductive dia-
mond electrolyses. Chem Eng J 166:710-714

Serrano K, Michaud PA, Comninellis C, Savall A (2002) Electrochemical
preparation of peroxodisulfuric acid using boron doped diamond
thin film electrodes. Electrochim Acta 48:431-436

Shuval H, Lampert Y, Fattal B (1997) Development of a risk assessment
approach for evaluating wastewater reuse standards for agriculture.
Water Sci Technol 35:15-20

Sires I, Garrido JA, Rodriguez RM, Cabot P, Centellas F, Arias C, Brillas
E (2006) Electrochemical degradation of paracetamol from water by
catalytic action of Fe**, Cu**, and UVA light on electrogenerated
hydrogen peroxide. J Electrochem Soc 153:D1-D9

Sires I, Brillas E, Cerisola G, Panizza M (2008) Comparative depollution
of mecoprop aqueous solutions by electrochemical incineration
using BDD and PbO, as high oxidation power anodes. J
Electroanal Chem 613:151-159

Svorc L, Stankovic DM, Kalcher K (2014) Boron-doped diamond elec-
trochemical sensor for sensitive determination of nicotine in tobacco
products and anti-smoking pharmaceuticals. Diam Relat Mater 42:
1-7

Vinneras B, Palmquist H, Balmer P, Jonsson H (2006) The characteristics
of'household wastewater and biodegradable solid waste—a proposal
for new Swedish design values. Urban Water J 3:3—11

Vlyssides AG, Karlis PK, Rori N, Zorpas AA (2002) Electrochemical
treatment in relation to pH of domestic wastewater using Ti/Pt
electrodes. J Hazard Mater 95:215-226

Zhou M, Sarkka H, Sillanpaa M (2011) A comparative experimental
study on methyl orange degradation by electrochemical oxidation
on BDD and MMO electrodes. Sep Purif Technol 78:290-297



	Treatment of synthetic urine by electrochemical oxidation using conductive-diamond anodes
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Analytical methods
	Electrochemical setup
	Experimental procedures

	Results and discussion
	Removal of TOC and COD
	Changes of pH and conductivity
	Formation of soluble phosphate and sulfate
	Nitrogen speciation
	Formation of chlorine species
	Changes in the raw species and organic intermediates

	Conclusion
	References


