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a b s t r a c t

This study investigated the effect of pre-fermented urine on anode performance of a two-chambered
microbial electrolysis cells (MECs) compared to raw urine. Pre-fermentation of urine was performed
by anaerobic digestion. The effect of this pre-fermentation on anode performance of a MEC was assessed
by measuring the removal of chemical oxygen demand (COD), current density and Coulombic efficiency
(CE). The MEC using fermented urine achieved a higher average current density (218± 6mAm�2) and a
higher CE (17%). Although no significant differences were observed in the COD removal efficiency be-
tween both urines, the MEC using fermented urine displayed the highest COD removal rate
(0.14± 0.02 g L�1 d�1). The organic compounds initially found in both urines, as well as the metabolic
products associated to the biodegradation of the organic matter were analyzed by proton nuclear
magnetic resonance (1H NMR). The main compounds initially identified in the raw urine were urea,
creatinine and acetate. In the fermented urine, the main compounds identified were methylamine, ac-
etate and propionic acid demonstrating the effectiveness of the anaerobic fermentation step.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Urine is a high concentrated wastewater stream, which con-
tributes with around 75% of the total amount of nitrogen (N) and
50% of the total amount of phosphorus (P) present in domestic
wastewater [1]. At the same time, urine accounts for only 1% of the
total volume of wastewater. Undiluted fresh urine, collected by
separation toilets and water-free urinals, has a chemical oxygen
demand (COD) concentration of 10 g L�1 and a total nitrogen con-
centration of 8.1 g L�1 [2]. In fresh urine most of the N is mainly
found as urea [3]. During storage, urea is hydrolyzed due to mi-
crobial urease activity into ammonia (NH3)/ammonium (NH4

þ) and
carbonate (CO3

2�) [4]. Urine stored during 6 days, contains a COD
concentration of 9.3 g L�1 and approximately 1.9 g L�1 of ammo-
nium nitrogen (NH4

þ-N) [5]. Thus, urine can be considered as a
valuable wastewater stream for energy production and N recovery
in bioelectrochemical systems (BESs) [6].
r Heijne).
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BES can be operated in a microbial fuel cell (MFC) mode if
electrical energy is produced or in a microbial electrolysis cell
(MEC) mode if energy is supplied for hydrogen (H2) production [7].
MECs have several advantages over MFCs: (1) oxygen supply to the
cathode is not required in an MEC and (2) H2 gas has a higher
economic value than electricity [8,9]. BES for N recovery are
commonly composed of two compartments, an anode and a cath-
ode chambers separated by a cation exchange membrane. At the
anode, electrochemically active bacteria (EAB) are used to oxidize
organic substrate producing protons and electrons [10,11]. Elec-
trons flow to the cathode chamber through an external circuit
generating electricity. Electricity will drive the migration of protons
and cations such as NH4

þ from the anode to the cathode through the
membrane, where it is converted to NH3 and easily stripped and
recovered [8]. In general, MECs can reach higher current densities
and therefore higher N removal rates than MFCs [12]. Kuntke and
co-workers demonstrated N-recovery and H2 production in anMEC
as a viable treatment option for diluted urine [8]. However, in their
work only 34% of the NH4

þ-N was removed suggesting that further
improvements are necessary to increase N-recovery.

MECs fed with fermentable substrates are, in general,
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:annemiek.terheijne@wur.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2019.02.120&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2019.02.120
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.renene.2019.02.120
https://doi.org/10.1016/j.renene.2019.02.120


Abbreviations

TSBP two-stage bioconversion process
SAA specific acetoclastic activity
SHMA specific hydrogenotrophic methanogenic activity
C-Tex Cellulose-based carbon
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outperformed (in terms of the Coulombic efficiency (CE)) by MECs
using non-fermentable substrates [9]. Several studies have shown
the efficient conversion of volatile fatty acids (VFAs) such as acetate
and butyrate [13] and propionate [14] directly into electricity. Chae
and co-workers investigated the effect of four different substrates
(acetate, butyrate, propionate and glucose) on MFC performance
[15]. Glucose-fed-MFC showed the lowest CE due to glucose con-
sumption by diverse non EAB via several metabolic pathways
including fermentation and methanogenesis [15]. Among several
hydrolysable composites such as lipids, proteins and carbohydrates,
urine contains fermentable compounds including glucose and
lactate [16,17].

The presence of fermentable compounds in urine will promote
the growth of non-EAB. Non-EAB will be the responsible of diver-
sion of electrons due to the substrate consumption via other
metabolic pathways such as methanogenesis, nitrate and/or sul-
phate reduction, thus reducing the Coulombic efficiency of the
system. In a two-stage bioconversion process (TSBP), the complex
biodegradable compounds that are not directly converted by the
EAB to electricity are firstly converted in a preliminary anaerobic
fermentation step to simple compounds namely VFAs, which can be
directly converted by the EAB to electricity in BES [18]. Cerrillo and
co-workers investigated the integration of the anaerobic digestion
process with a BES in order to improve the COD removal and N
recovery from pig slurry [19]. In this study, pig slurry was firstly
submitted to a process of anaerobic digestion in a lab-scale
continuous stirred tank reactor. The effluent of the anaerobic
digestion was then used as feed for a subsequent MEC. MEC oper-
ated with digested pig slurry showed higher COD removal and
higher CE compared with MEC fed with raw pig slurry [19]. Several
works have been highlighting the potential of using BES as a
downstream step to recover energy from anaerobic digestion
effluent [20e22].

Since urine contains fermentable compounds that can be used
by diverse non-EAB via several metabolic pathways, a TSBP may be
a suitable option to improve anodic performance of a MEC with
urine. In the present work, the MEC operation in combination with
a previous anaerobic fermentation step of urine was investigated to
improve the COD removal and the current production. This current
will drive the migration of NH4

þ from the anode to cathode.
Ammonia can be recovered from the cathode [23]. At first, a pre-
liminary anaerobic biodegradability assay was performed to assess
the anaerobic biodegradability of urine. Afterwards, anaerobic
urine fermentation over 15 days was performed to convert complex
organic compounds present in urine into simpler compounds. The
fermented urine was then used as feed for a MEC. Finally, the
organic compounds found in urine before and after fermentation as
well as the metabolic products associated to urine degradation
were analyzed by proton nuclear magnetic resonance (1H NMR).

2. Materials and methods

2.1. Urine source

Human urine was collected and mixed from five male and five
female individuals (~ 2.5 L). After storage over 6 days at room
temperature, a magnesium oxide (MgO) was added to promote P
recovery by struvite precipitation according to Barbosa and co-
workers [5]. Following the precipitation process, the urine was
submitted to two distinct downstream processes. One portion of
the urine (herein referred as raw urine) was used as feed for a first
MEC (MEC A). The remaining urine was submitted to an anaerobic
digestion process to promote the fermentation of the complex
organic compounds present in urine (herein referred as fermented
urine). This urine was then used as feed for a second MEC (MEC B).
Both urines were stored at �80 �C before use.

2.2. Anaerobic biodegradability of urine

Anaerobic biodegradability batch assays were used to evaluate
the anaerobic biodegradability of urine as well as to define the time
course of urine fermentation step. Biodegradability assays were
prepared by adding the substrate (urine), 30% (v/v) of inoculum
(anaerobic granular sludge) and basal medium to a final volume of
50mL. Batch tests were executed in triplicate and incubated at
37 �C, according to Angelidaki and co-workers [24]. Different con-
centrations of total COD, 0 g L�1; 0.5 g L�1; 1 g L�1; 2 g L�1; 5 g L�1

were tested. The different COD concentrations were obtained by
dilution of urine with basal medium. The procedure of diluting the
initial COD was adopted to investigate the possible effect of initial
COD concentration on methane production. Although during the
dilution procedure all the characteristics of the urine change,
namely the concentration of ammonia, the initial ammonia con-
centration was not the critical point since the concentration of
ammonia increases during the batch assays due to urea hydrolysis.
A blank assay without the addition of urine was also performed to
discount the amount of methane (CH4) produced from residual
substrate initially present in the inoculum.

Anaerobic granular sludge (volatile solids
(VS)¼ 0.06± 0.01 g g�1) from a brewery industry plant (Central de
Cervejas, Portugal) was used as inoculum. The specific acetoclastic
activity (SAA) of the anaerobic sludge was 214± 17mL (CH4) g�1

(VS) d�1 and the specific hydrogenotrophic methanogenic activity
(SHMA) was 389± 16mL (CH4) g�1 (VS) d�1. The SAA and SHMA
analysis were performed according to Costa and co-workers [25].

During the anaerobic biodegradability assays, the CH4 produc-
tion was monitored by gas chromatography. The biochemical
methane production (BMP) and the CH4 production rate (Rm) were
determined. BMP was expressed in L of CH4 per kg of COD added to
each vial and determined according to equation (1). CODCH4 (kg) is
the amount of COD converted into CH4, also called cumulative CH4
production, determined by the theoretical CH4 production (350 L of
CH4 per 1 kg of COD) and the CODadded (kg) is the amount of COD
added to each vial [26].

BMP ¼ CODCH4
� 350

CODadded
(1)

The cumulative CH4 production during batch assays was
described by the modified Gompertz according to equation (2)
where M(t) is the CH4 cumulative production (mg), P is the
maximum CH4 production (mg), Rm is the maximum CH4 produc-
tion rate (mg d�1), e equals to 2.7182818, l is the lag-phase (d) and t
is the time (d) [26].

MðtÞ ¼ P exp
�
� exp

�
Rem
p

ðl� tÞ þ 1
��

(2)

Methanation percentage (MP) (%) was defined as the amount of
CH4 produced during the batch assays in relation to the theoretical
BMP (i.e. 350 L kg�1 of COD) and was determined according to



S.G. Barbosa et al. / Renewable Energy 139 (2019) 936e943938
equation (3), where CODCH4 (mg) is the amount of COD converted
into CH4 and CODadded (mg) is the amount of COD added to each vial
[26].

MP ¼ CODCH4

CODadded
� 100 (3)

2.3. Anaerobic fermentation of urine

Urine fermentation was performed by anaerobic digestion to
promote the anaerobic microbial conversion of complex com-
pounds present in urine such as sugars, to VFAs (e.g. acetate and
propionate). Similar to the previous assays, anaerobic digestionwas
performed in batch at 37 �C, by adding the substrate (urine, 346mL)
and 30% (v/v) of inoculum (anaerobic granular sludge) to a final
volume of 500mL. In this case, no basal mediumwas added to avoid
urine dilution. The batch assays were conducted until reaching a
steady state in terms of soluble chemical oxygen demand (sCOD)
concentration, which corresponds to the end of the fermentation
process. A preliminary assay, performed to evaluate the time course
of the COD solubilization, showed that after approximately 15 days
the sCOD concentration stabilizes. Then, the granular sludge was
separated from the fermented urine by centrifugation at 4192g for
30min. Afterwards the fermented urine was carefully collected and
was submitted to a second centrifugation step (4192 g for 30min)
to ensure a sludge free medium. The fermented urine was frozen
at �80 �C until use in the MEC to avoid the occurrence of meth-
anogenic microorganisms and minimize loss of organic substrate.

2.4. MEC experimental setup and operation

The experimental setup was composed of two identical dual-
chamber MECs to study the effect of urine fermentation by anaer-
obic digestion on the anode performance of a MEC. MEC A was
operated with raw urine (no fermentation) and MEC B was oper-
ated with fermented urine. The MECs design used was similar to
previously studied MECs [27]. Cellulose-based carbon (C-Tex)
(MAST Carbon International Limited, United Kingdom) was used as
anode and a graphite insert as a cathode. Flat graphite plates
(Müller & R€ossner GmbH & Co., Germany) were used as current
collectors. A cation exchange membrane (CMH-PP, Ralex, Mega,
Czech Republic) was placed directly between the two-chambers.
The MECs were operated at room temperature (25± 3 �C) at an
anode potential of �300mV vs. Ag/AgCl using a potentiostat (VSP,
Biologic, France). Potassium hexacyanoferrate (0.050mol L�1) in
phosphate buffer (0.100mol L�1) at pH 7 was used as catholyte.

For each type of urine (raw and fermented), three sequential
batches were performed until a stable current density was ob-
tained. The urine fed in each cycle was pre-flushed with N2 gas for
10min to avoid oxygen in the anodic chamber. The anode chambers
were inoculated for a final volume of 5% (v/v) with an anaerobic
community previously enriched in “urine-degrading” electroactive
microorganisms obtained after an acclimation process in a MFC
[28]. The microbial community present in the inoculum was pre-
viously investigated by high throughput sequencing in order to
identify the dominant bacterial and archaeal communities [28].

2.5. Chemical analysis and measurements

CH4 produced during the anaerobic digestion assays was
analyzed in a gas chromatograph (Chrompack 9000) equipped with
a FID detector and a Chromosorb 101 (80e120 mesh, 2m x 1/8”)
column, using N2 as carrier gas (30mLmin�1). The column
temperaturewas 35 �C, the injector temperaturewas 110 �C and the
detector temperature was 220 �C.

VFAs were determined by high-performance liquid chroma-
tography (HPLC) (Jasco, Japan) equipped with a UV detector
(210 nm) and a Chrompack column (6.5� 30mm2) at 60 �C and
using sulfuric acid (0.5mol L�1) as mobile phase at a flow rate of
0.6mLmin�1.

The MECs performance was assessed by monitoring sCOD, NH4
þ-

N, nitrate (NO3
�) and sulphate (SO4

2�) concentrations using Hach-
Lange cuvette tests (Hach Lange, Düsseldorf, Germany) and a
spectrophotometer DR 2800 (Hach Lange, Düsseldorf, Germany).
All samples were previously centrifuged at 10 000 rpm for 5min.
For each batch performed, the sCOD removal efficiency (%) was
calculated from the difference in measured COD of the influent and
effluent of the anode chamber. The sCOD removal rate (g L�1 d�1)
was determined from the difference in the measured COD of the
influent and effluent of the anode chamber normalized by the hy-
draulic retention time (d). The TAN removal efficiency (%) was
calculated from the difference of the measured TAN concentration
in the influent and effluent of the anode chamber. The TAN removal
rate (g L�1 d�1) was determined from the difference of the
measured TAN in the influent and effluent of the anode chamber
normalized by the hydraulic retention time (d). Ammonia nitrogen
(NH3-N) was calculated based on NH4

þ-N concentration and pH
according to equation (4), where NH3-N and NH4

þ-N were
expressed in mg L�1 [29].

NH3 � N ¼ NHþ
4 � N � 10pH

exp
� 6344
273þ37

�þ 10pH
(4)

Current density was determined based on projected surface area
of the anode (22 cm2). CE was determined from the measured
current and the removed sCOD as described by Logan and co-
workers [30].

1H NMR spectroscopy was used to study the course of the
biodegradation of the organic matter during MECs operation.
Furthermore, the NMR analysis allowed to compare the initial
composition of raw and fermented urines. Samples from bothMECs
were taken at different times (0, 3 and 42 days) and analyzed by
NMR using a Bruker Avance II 400MHz spectrometer. The main
functional groups were identified by liquid phase 1H NMR spec-
troscopy. Deuterated water (D2O) was used as the solvent.

Statistical significance analysis by using a single factor analysis
of variance (ANOVA) was used to compare the results obtained for
the different urines (raw and fermented). Statistical significance
was established at the p< 0.05 level.

3. Results and discussion

3.1. Anaerobic biodegradability of urine

Anaerobic biodegradability batch tests were used to assess the
BMP potential of human urine. Urine used in anaerobic biode-
gradability assays had an initial COD concentration of
10.43± 0.06 g L�1 and an initial sCOD concentration of
8.74± 0.56 g L�1. The initial NH4

þ-N and NH3-N concentrations were
3.32± 0.08 g L�1 and 1.88± 0.05 g L�1, respectively, which repre-
sents a total ammonia nitrogen (TAN, i.e. sum of NH3-N and NH4

þ-N)
concentration of 5.20 g L�1. Initial pH of urine was 9.01± 0.03.
These results are in the same range of values reported in previous
works using human urine [1,2,31]. The profile of cumulative CH4
production is shown in Fig. 1 whereas Table 1 reports the specific
CH4 production and MP obtained during these experiments. The
best scenario in terms of specific CH4 productionwas observed for a
COD concentration of 0.5 g L�1 with a specific CH4 production of



Table 1
Methane production parameters predicted by the modified Gompertz equation and
experimental results obtained at the end of anaerobic biodegradability batch assays.

tCOD g L�1 0.5 1 2 5

BMP L kg�1 299± 43 160± 51 165± 33 e

MP % 86± 12 46± 14 47± 9 e

Rm mg d�1 34.7 40.7 61.2 31
R2 e 0.99 0.98 0.99 0.97
pH e 7.55 7.70 8.00 8.45
sCOD g L�1 0.81 0.87 0.98 7.83
NH4

þ-N g L�1 0.50± 0.12 0.98± 0.06 1.85± 0.12 3.39± 0.30
NH3-N g L�1 0.02± 0.04 0.06± 0.02 0.21± 0.04 0.91± 0.01
VFA g L�1(COD) n.d. 0.53± 0.11 0.45± 0.05 2.67± 0.55
Acetic acid g L�1 (COD) n.d. 0.53± 0.11 0.43± 0.02 2.55± 0.55

n.d. not determined.
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299± 43 L kg�1 (COD) which corresponds to a MP of 86± 12%.
At a COD concentration of 1 g L�1, a BMP of 160± 51 L kg�1

(COD) corresponding to a MP of 46± 14% was obtained. Similar MP
of 47± 9% was obtained with a COD concentration of 2 g L�1, cor-
responding to a BMP of 165± 33 L kg�1. These results showed a
decrease of almost 50% in the CH4 production for assays with
1 g L�1 of COD or more. These assays exhibited a final TAN con-
centration higher than 1 g L�1. Total inhibition of CH4 production
was observed for assays with 5 g L�1 of COD (lower than the
exhibited by the blank due to degradation of residual substrate
present in the inoculum) which showed a final TAN concentration
of 4.3 g L�1. Col�on and co-workers, reported a specific CH4 pro-
duction of 437 L kg�1 (COD) at a TAN concentration of 3 g L�1 using
undiluted simulant human excreta [31]. The same authors
described a strong inhibition of CH4 productionwith the increase of
TAN concentration. They reported a decrease of 66% at 5 g L�1, a
decrease of 86% at 8 g L�1 and a decrease of 90% at 10 g L�1. Ac-
cording to Yenigün and co-workers, TAN concentrations between
1.7 g L�1 and 1.8 g L�1 can cause the failure of the anaerobic diges-
tion [32].

For all concentrations of COD tested, an increase of the TAN
concentration at the end of the batch assay was observed. This
increase was mainly due to the urea hydrolysis by an enzyme
(urease) into carbon dioxide (CO2) and NH3/NH4

þ. Furthermore,
NH3-N concentration detectable at the end of the batch assays
reached inhibitory levels. Around 1 g L�1 of NH3eN was obtained
for the assays with 5 g L�1 of COD. According to Hansen and co-
workers, NH3-N concentrations between 0.1 g L�1 and 1.1 g L�1

have been reported for initial inhibition of unadapted microor-
ganisms [33]. Simultaneously, it is possible to observe that the pH
value increased during the assay at 5 g L�1 of COD from 7 (initial
pH) to 8.5 (Table 1).

With decreasing in dilution of the urine, which corresponds to
increase in COD and TAN loading, an increase of inhibition effects
was observed. This inhibition was not only seen by the decreasing
values of BMP and MP but also by the VFA accumulation. In our
experiments, acetic acid was identified as the main VFA reaching a
concentration of 2.55 g L�1 for batch assay with 5 g L�1 of COD
(Table 1). Franke-Whittle and co-workers demonstrated that acetic
acid concentrations above 0.78 g L�1 could indicate process insta-
bility [34]. Furthermore, sCOD accumulation was also observed
during batch operation with 5 g L�1 of COD.

Although CH4 production was inhibited at high concentrations
Fig. 1. Cumulative methane production during anaerobic biodegradability assays of
urine at COD concentrations of: (◊) 0 g L�1 (Blank); (þ) 0.5 g L�1; (O) 1 g L�1; (D)
2 g L�1; (,) 5 g L�1. The symbols represent the experimental data with respective
standard deviation (n¼ 3 points). The lines represent the predicted data obtained by
the modified Gompertz equation.
of TAN and COD, the VFA accumulation, mainly acetate, suggested
that urine was fermented during the anaerobic digestion. Thus,
anaerobic batch digestion was used as a pre-treatment step to
ferment urine and enrich it with VFAs.

3.2. MECs performance using raw versus fermented urine

The anodic chamber of each MEC was fed with raw urine (non-
fermented) and fermented urine. Table 2 shows the chemical
composition of the fed urines. The results showed that fermented
urine presents higher sCOD and TAN concentrations compared
with raw urine. Concentration of TAN increase in the fermented
urine possibly due to urea hydrolysis during the anaerobic diges-
tion pre-treatment process into NH3/NH4

þ and carbamate followed
by the subsequent carbamate decomposition into NH3/NH4

þ and
bicarbonate (HCO3

�) [35]. As a result of the decomposition of urea,
the pH of the urine increased from 7.8 to 9.0 (Table 2). Simulta-
neously, an increase on sCOD concentration was observed in fer-
mented urine. Furthermore, compared to raw urine, fermented
urine showed higher concentration of VFAs, namely acetic acid due
to the conversion of complex organic compounds into acetate.

3.3. Current generation

The current density generated in the MECs during three
sequential batches using raw and fermented urine are shown in
Fig. 2.

The shape of the current density profiles was very similar for
both MECs. An initial current density peak was observed, with a
visible difference between maximum current density reached in
both MECs. A peak current density of 836± 286mAm�2 was
observed for the MEC fed with raw urine, and a peak current
density of 1303± 717mAm�2 was observed for MEC fed fermented
urine. These current density peaks occurred immediately after the
urine replacement, suggesting that the electron transfer is inde-
pendent from the planktonic bacteria and the bacteria attached to
Table 2
Characterization of raw and fermented human urine used as feedings in the mi-
crobial electrolysis cells (MECs) (n¼ 3).

Raw urine Fermented urine

sCOD g L�1 5.17± 0.71 8.74± 0.56
NH4

þ-N g L�1 0.44± 0.11 5.35± 0.64
NH3-N g L�1 0.03± 0.11 2.73± 0.64
SO4

2� g L�1 0.87± 0.06 0.26± 0.01
NO3

�-N mg L�1 7.78± 0.11 11.15± 1.20
pH e 7.76± 0.05 8.90± 0.07
VFA g L�1 (COD) 3.15± 0.44 5.72± 0.75
Acetic acid g L�1 (COD) 2.78± 0.27 4.70 0.75



Fig. 2. Current density during experiment on microbial electrolysis cells fed with A) raw urine and B) fermented urine for three sequential batches (I, II and III).
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the electrode is possibly the main responsible for current genera-
tion [36]. VFA analysis suggest that the initial current peaks were
related to the consumption of easily biodegradable compounds
such as acetate. Until 13± 2 days of operation, an acetate removal
rate of 0.15± 0.02 g L�1 d�1 was observed for both MECs which
corresponds to an acetate removal of 34% for MEC with raw urine
(2.78± 0.27 g L�1 to 1.84± 0.06 g L�1) and 40% for MEC with fer-
mented urine (4.71± 0.75 g L�1 to 2.83± 0.04 g L�1). The remaining
53% of acetate removed onMEC with raw urine (1.84± 0.06 g L�1 to
0.37± 0.19 g L�1) and 26% on MEC with fermented urine
(2.83± 0.04 g L�1 to 1.60± 0.14 g L�1) occurred over the subsequent
25± 5 days of operation. After the initial current peaks, a plateau in
current density was observed. Significantly higher average current
density was generated from fermented urine (218± 6mAm�2)
(Fig. 2B) compared with average current density produced from
raw urine (107± 1mAm�2) (Fig. 2A) (p< 0.05).

3.4. MECs efficiency

Fig. 3A and B shows the removal efficiencies obtained during the
MECs operation. No significant differences on COD removals be-
tween both MECs were observed (p< 0.05). COD removals were
65± 10% in MEC using raw urine and 54± 3% in MEC using fer-
mented urine. However, MEC using fermented urine displayed a
significantly higher COD removal rate (0.14± 0.02 g L�1 d�1)
compared with the MEC using raw urine (0.08± 0.02 g L�1 d�1)
(p< 0.05). This may be explained by the greater sCOD concentra-
tion present in the fermented urine.

Although, no significant differences were observed for sCOD
Fig. 3. Averages over the three batches of sCOD (B), TAN (D) and pH (,) during exper
removal between both MECs, the higher current density produced
on MEC using fermented urine was a result of the higher CE ob-
tained and the higher sCOD at the start of each batch. CE was
determined during the operation at the stable current density
generation. CE of 14± 2% was obtained for the MEC using raw urine
and a CE of 17± 1% was obtained for the MEC using fermented
urine. For both MECs the CEs obtained were low, although are
comparable to other studies dealing with complex wastewaters
with fermentable substrates. Cerrillo and workers reported a CE of
18% using digested pig slurry in a MEC at an anode potential
of�100mV vs. SHE whereas Kuntke and co-workers describes a CE
of 10% using raw urine in a MFC [6,19]. Fig. 3 shows the changes in
sCOD, TAN, and pH during operation of the MECs.

The MEC using raw urine demonstrated a negative TAN removal
efficiency and an effluent TAN concentration of 1985± 420mg L�1

(Fig. 3A). The negative TAN removal efficiency can be explained by
the urea hydrolysis, which increase the NH4

þ-N concentration in the
anode chamber. Urea is hydrolyzed by an enzyme, namely urease,
into CO2 and ammonia increasing the urine pH from 7.7 to 9 during
the first 7 days of operation (Fig. 3A). On day 4, a maximum TAN
concentration of 8376± 170mg L�1 and an increase in the anolyte
pHwere observed for MEC A (Fig. 3A), which also suggests that urea
was hydrolyzed inside the MEC during the first 4 days of operation.
Using the TAN concentration after 4 days as the starting concen-
tration, a TAN removal efficiency of 76% was determined in MEC A,
which corresponds to a TAN removal rate of 0.15 g L�1 d�1. The TAN
removal efficiency for the MEC using fermented urine was 90%,
which corresponds to a TAN removal rate of 0.17 g L�1 d�1 and to an
effluent TAN concentration of 791± 127mg L�1 (Fig. 3B). In this
iment on microbial electrolysis cells fed with A) raw urine and B) fermented urine.
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study, the NH4
þ-N removal efficiency of 87% (final concentration of

678± 127mg L�1) was higher than the NH4
þ-N removal reported by

Kuntke and co-workers who reported an ammonium removal ef-
ficiency of 34± 2% using 5x diluted raw urine at an applied cell
voltage of 1.0 V vs Ag/AgCl [8]. Statistical analysis confirmed that
the TAN removal was significantly different when comparing MEC
A and MEC B (p< 0.05).

Further, the concentration of NO3
�-N (Table 2) decrease over

time, with a final concentration of 4.66 ± 0.14mg L�1 and
5.90± 0.76mg L�1, which corresponds to a NO3

�-N removal of 40%
in MEC A (raw urine) and 46% MEC B (fermented urine). Nitrate is
an alternative electron acceptor that might be reduced by deni-
trifying bacteria, thus reducing the CE of the system. The presence
of other alternative electron acceptors such as SO4

2� (Table 2) also
contribute to the low efficiency obtained. The low CE obtained for
both MECs demonstrated that further improvements are needed to
improve the conversion of the chemical energy into electrical en-
ergy efficiency.
3.5. 1H NMR analysis

The degradation of organic compounds during the second MEC-
batch was studied. Samples from both MECs working with raw and
fermented urine were taken at different times (0, 3 and 42 days)
and 1H NMR analyses were performed to study the course of the
sCOD biodegradation from the urine. The NMR spectra of the
samples taken from bothMECs are shown in Fig. 4. D2O (used as the
solvent) peak region (4.8 ppm) was excluded from all the spectra.

The spectra of initial raw urine, which corresponds to day 0 was
dominated by signals in the aromatic region (6.5e8 ppm) and in the
aliphatic region ascribed to protons attached to O or N
(2.5e6.5 ppm). Furthermore, some signals were detected in the
Fig. 4. Proton nuclear magnetic resonance (1H NMR) spectral data of A) raw urine; B) raw ur
urine after suppression of acetate peak (1.92 ppm).
aliphatic region (0e3 ppm). The main signals initially detected
were at 5.80, 4.08, 3.07 and 1.94 ppm corresponding to the aliphatic
region (Fig. 4A/4B). According to Bouatra and co-workers urea and
creatinine are two of the principal compounds present in urine [17].
In the 1H NMR analysis both compounds were identified (urea at
5.08 ppm and creatinine at 4.08 ppm and 3.07 ppm). The signal
attributed to urea disappear after the third day of operation sup-
porting the hypothesis that TAN concentration increase in the
anode chamber due to urea hydrolysis. Also the signals attributed
to creatinine decrease during the first three days of operation. The
reduction in the urea and creatinine peaks were possibly due to the
presence of microorganisms assigned to Corynebacterium and Tis-
sierella genus identified in the sludge used to inoculate the MECs
which was firstly acclimated in a MFC [28]. Some Corynebacterium
species have been described as urease positive that catalyze the
hydrolysis of urea into CO2 and ammonia whereas some species of
Tissierella genus are responsible for metabolize creatinine produc-
ing acetate, methylamine, ammonia and CO2 [37,38]. Simulta-
neously with the reduction of creatinine peak, an increase in the
acetate peak was observed (1.94 ppm) on day 3 due to the con-
version of complex organic compounds with a subsequent decrease
during the operation (day 42) due to its consumption.

The spectra of initial fermented urine, which corresponds to day
0, was dominated by signals in the aliphatic region (0e3 ppm),
namely at 2.60, 1.92 and 1.06 ppm (Fig. 4C/4D). The presence of
numerous peaks in the aliphatic region indicates a high biode-
gradability of the organic compounds found in fermented urine.
Urea and creatinine that are two of the main compounds present in
urine were not identified in fermented urine, suggesting that dur-
ing the anaerobic digestion these compounds were hydrolyzed.
This observation is in accordance with the increase of TAN con-
centration during anaerobic digestion. Furthermore, methylamine
ine after suppression of acetate peak (1.94 ppm); C) fermented urine and D) fermented
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(2.60 ppm) identified in fermented urine is a result of creatinine
hydrolysis. According to the NMR spectra, its peak almost disappear
on day 3 of operation. The peak corresponding to acetate
(1.92 ppm) is higher than the one detected in the raw urine
demonstrating that complex organic compounds where converted
to acetate during the fermentation process. Similar to the spectra of
samples taken from the MEC using raw urine, the acetate peak
decrease over time evidencing its consumption. Furthermore, and
contrary to the raw urine, propionate (1.06 ppm) was identified in
the fermented urine demonstrating the success of the fermentation
process. According to the NMR spectra, also the propionate peak
decrease demonstrating its consumption during the operation.
Electricity production from propionate oxidation in a MFC was
previously reported by Jang and co-workers [14].

4. Conclusions

Anaerobic digestion was implemented to convert fermentable
compounds commonly present in urine into simple compounds,
namely VFAs that are directly converted by the EAB to electricity.
Therefore, the anodic performance of a MEC was effectively
improved through the application of fermented urine, obtained
after anaerobic digestion, in comparison to the use of raw urine. The
efficiency of the anaerobic digestion process was evaluated through
1H NMR analysis, which showed acetate, propionate and methyl-
amine as themajor compounds fermented urine. In opposition, raw
urine exhibited as main compounds: urea, creatinine but also ac-
etate. MEC fed with fermented urine produced higher current
density and demonstrated higher CE and higher COD removal rate.
Moreover, higher current on MEC using fermented urine allowed
higher NH4

þ-N removal. Consequently, it can be concluded that the
integration of anaerobic digestion of urine with MEC in a two-stage
operation is an effective option for the treatment of urine using BES.
This provides an insight into the methodology to effectively treat
effluents loaded with complex substrates to obtain a polished
effluent and enhance the power production of BES.
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