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HIGHLIGHTS

® A resource recovery microbial fuel cell is proposed for urine-containing wastewater treatment.

® Urea hydrolysis rate is increased by microbial and electrical processes.

® Ammonium migration through the ion exchange membrane replaces ammonia stripping.

® N, P, and S nutrients are efficiently recovered.
® No external energy consumption is needed.
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Resources in urine-containing wastewater are useful if recovered as nutrients. In this study, a three-chamber
resource recovery microbial fuel cell (RRMFC) is proposed to treat synthetic urine-containing wastewater with
various organic pollutants and recover N, P, and S nutrients. In the treatment, urea hydrolysis was increased by
microbial and electrical processes. Ions migration driven by the self-generated electric field was used to recover
nutrients from the wastewater. Over one cycle (~ 3 days), 99% of urea, 97% of COD, 99% of histidine, 91% of

creatinine, 99% of sodium acetate, 98% of S04, and 99% of PO,>~ were removed from the wastewater, and at
the same time, 42% of total nitrogen, 37% of PO43~, 59% of SO42~, and 33% of total salts were recovered in the
middle chamber. This technology is very attractive for sustainable resource recovery from urine-containing

wastewater.

1. Introduction

Nitrogen pollution is a significant environmental issue around the
world. Eutrophication causes a scarcity in usable water and increases
the cost of water treatment [1]. Nowadays, nitrification and deni-
trification have been applied to remove ammonium and nitrate from
wastewater [2]. However, urine is another big source of nitrogen pol-
lution that is requiring more advanced treatment methods [3]. In do-
mestic wastewater, urine comprises approximately 75-80% of the ni-
trogen but the volume only accounts for 1% of the total water [3].
Traditional techniques for urine-containing wastewater treatment re-
quired biological processes to hydrolyze urea [4]. The produced am-
monium was sequentially removed via an ammonia striping column
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under the alkali condition [4,5] or converted into the precipitates of
calcium phosphate minerals or struvite [6]. However, the efficiency of
urea hydrolysis is usually low [7] and the ammonia stripping process is
energy intensive [5]. Therefore, developing more effective and eco-
nomic methods to treat urine-containing wastewater is in high demand
[8]. On the other hand, urine-containing wastewater is a rich source of
nitrogen (N), phosphorus (P), and sulfur (S) nutrients. Recovering re-
sources from urine-containing wastewater would be helpful for pollu-
tion control and also benefit agriculture [9,10].

Bio-electrochemical systems (BESs) have been developed to treat
wastewater and recover resources attributed to the abundant fuel
sources, mild reaction conditions, and high efficiencies [11]. Microbial
fuel cells (MFCs) is a typical type of BESs that use microbes as the
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catalyst to remove organic pollutants from wastewater and produce
electricity simultaneously [12]. Besides MFCs, many other BESs have
been developed to utilize the generated electricity, such as microbial
desalination cells (MDCs) to reduce salinity with an added desalination
chamber between the anode and the cathode [13] and microbial elec-
trolysis cells (MECs) that generate H, gas at the cathode with an ad-
ditional small voltage (~1V) [14]. BESs are also developed for urine
treatment and resource recovery. In 2012, a communication reported
for the first time the direct utilization of urine in MFCs for the pro-
duction of electricity [15]. Later, nutrients separation microbial elec-
trolysis cells (NSMECs) were introduced to concentrate ammonium and
phosphate from diluted synthetic hydrolyzed urine, however the tech-
nique required an energy consumption of 0.44 kWh per m® [16]. An-
other research proposed that pre-treatment of BESs followed by mem-
brane aeration successfully converted 80-90% of organic nitrogen into
ammonium nitrogen [17]. The disadvantage is that the urine needed a
pre-hydrolyzation before the treatments, which increased the com-
plexity of the processes. To further facilitate urea hydrolysis, a stacked
microbial nutrient recovery cell (SMNRC) was proposed with the self-
generated field and harvested 76-87% of N and 72-93% of P from
source-separated urine [18]. To save the energy of ammonia stripping,
researchers coupled an alkalifying electrochemical cell for direct liquid-
liquid extraction with a hydrophobic gas membrane to replace the
conventional stripping column, and nitrogen recovery from urine was
improved [8]. Moreover, interests in micro-pollutants and organics
such as ethinylestradiol, diclofenac, and carbamazepine contained in
human urine has also been considered [19,20].

In this study, a resource recovery microbial fuel cell (RRMFC) is
designed to treat urine-containing wastewater with various organic and
inorganic substrates and simultaneously recover nutrients and salts. In
the RRMFC, a middle chamber was added between the anode and the
cathode, a cation exchange membrane (CEM) was used to separate the
middle chamber from the anode chamber, and an AEM was applied
between the middle chamber and the cathode chamber. Driven by the
self-generated electric field between the anode and the cathode, the
cations migrated from the anode chamber to the middle chamber
through the CEM and the anions moved from the cathode chamber to
the middle chamber through the AEM. As a result, N, P, and S nutrients
were separated from the wastewater and concentrated in the middle
chamber without external energy consumption. Additionally, urea hy-
drolysis was enhanced in the anode chamber by electrical and biolo-
gical processes, and ammonium was recovered by the ion migration
process instead of using energy-intensive ammonia stripping.

2. Materials and methods
2.1. Configuration of RRMFC reactors

An RRMFC contained three chambers with cylindrical configura-
tions inside polycarbonate cubes. The chambers were all 3 cm in dia-
meter: an anode chamber (4 cm length, 28 mL), a middle chamber
(2cm length, 14mL), and a cathode chamber (4 cm length, 28 mL)
(Fig. 1). A cation exchange membrane (CEM, Selemion CMV) was
placed between the anode chamber and the middle chamber, while an
anion exchange membrane (AEM, Selemion AMV) was added between
the middle chamber and the cathode chamber. The anode was a gra-
phite fiber brush (2.5 cm in diameter X 2.5cm in length), which was
heated at 450 °C for 30 min in a muffle furnace (ThermoFisher Scien-
tific) to gain a higher N/C ratio and a lower C-O composition [21]. The
cathode was an circular activated carbon air—-cathode (7 cm?), which
was made by a phase inversion method [22].

2.2. Operation of RRMFC reactors

The carbon brush anode was preacclimated with electroactive mi-
crobes in a single-chamber MFC with a cylindrical configuration (3 cm
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Fig. 1. Configuration of the resource recovery microbial fuel cell (RRMFC).

in diameter, 4cm in length, and 28 mL in volume) inside a poly-
carbonate cube and an activated carbon air-cathode. The MFC was in-
oculated with a 50:50 (v/v) mixture of anaerobic digestion sludge and
growth medium. The anaerobic digestion sludge was collected from the
East Baton Rouge South Wastewater Treatment Plant (Baton Rouge, LA,
US). The growth medium contained (per L): 1 g sodium acetate, 4.28 g
NazHPO4 2.45 g NaH2PO4'H20, 0.31 g NH4C1, 0.13 g KCL, 12.5mL
minerals, and 5 mL vitamins [23]. After incubated for 3 days in a 30 °C
thermotank (ThermoFisher Scientific, US), electricity was generated.
Later, only the growth medium was fed to the MFC for at least 30 cycles
(1 day per cycle) until the current was stable (Fig. 2, inserted figure).
Then, the carbon brush anode was transferred into the anode chamber
of the RRMFC for urine-containing wastewater treatment.

The RRMFC was operated in a batch mode (3 days per cycle) in a
30 °C thermotank (ThermoFisher Scientific, US). The batch operation
mode was chosen mainly considering the simple reactor design and
operations. The anode chamber of the RRMFC was fed with 23 mL
synthetic urine-containing wastewater with a 10-times diluted urine
concentration, which was similar to raw urine after toilet flushing [7].
The synthetic wastewater contained (per L): 1717 mg urea, 1000 mg
sodium acetate, 90 mg creatinine, 142mg histidine, 507 mg NaCl,
135 mg K,SO0.,, 132 mg KH,PO,, 72 mg MgCly6H,0, 22 mg NH,HCO,,
48 mg CaCl,2H,0, and 193mg KCl. The cathode chamber of the
RRMFC was supplied with the effluent of the anode chamber from last
cycle, which was held in the cathode chamber for one cycle (3 days).
The middle chamber was fed with deionized water for the purpose of
nutrient recovery. Graduated syringes were used to feed and suck out
all solutions from the three chambers to avoid leaving behind residuals
from the last cycle and measure the real water volumes. A relatively
small external resistance of 10 {2 was connected between the anode and
the cathode to monitor the current based on Ohm’s law (I = U/R) and
simultaneously allowed for a high current generation compared to
larger resistances. At the end, a control reactor with the same config-
uration as the RRMFC without sterilization was run under an open
circuit condition to distinguish the effects of the self-generated electric
field on ions migration. The sterilized control reactor was not con-
sidered here because wastewaters always contain microbes.

2.3. Chemical analysis

To analyze the performance of the RRMFC reactor, the input and
output of each chamber were monitored. Water samples were taken
separately from each chamber at the beginning and the end of every
fed-batch cycle (~ 3 days). The samples were filtered through 0.22 um
syringe filters (PVDF, Restek Corporation) before all chemical analysis.
Phosphate, sulfate, nitrite, and ammonium ions were determined by
SmartChem 170 (Unity Scientific, US) according to the United States
Environmental Protection Agency (EPA) standard methods [24]. Ni-
trate and the soluble chemical oxygen demand (COD) were determined
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Fig. 2. Currents of the MFC and the resource recovery microbial fuel cell (RRMFC) with different external resistances. The main part shows the currents of the
RRMFC, the magnified view (the smaller figure) showed the currents of the MFC. (The chemical analysis started from the 60th day).

using test kits (TNT plus vial test, Hach Co.). The pH of the solution was
tested using a pH meter (VWR SB70P). Conductivity was measured
using a conductivity meter (VWR SB90MS5). Urea was analyzed by
spectrophotometric method at 525nm wavelength after digested in
water bath with diacetylmonoxime at 95 °C [25]. Histidine, creatinine,
and sodium acetate were detected by high performance liquid chro-
matography (HPLC) (Agilent 1260) with a C18 column (250 mm
length) at a temperature of 30 °C and a UV detector at the wavelength of
205 nm. The injection volume to the HPLC was 5 uL, the mobile phase
was acetonitrile and HsPO,4 (10 mM) (7:93, v/v), and the flow rate was
0.2 mL/min.

2.4. Calculations

Due to adding of electrodes and membranes and withdrawing of
samples, the real water volumes added in each chamber were different
from the chamber volumes (that is, ~23 mL for the anode chamber,
~19mL for the middle chamber, and ~19mL for the cathode
chamber). The effluent volumes of the anode and middle chambers
were similar to the added volumes, but the effluent volumes of the
cathode chamber decreased to ~5 mL due to evaporation from the air-
cathode. Graduated syringes were used to measure the real water vo-
lumes in and out of each chamber for every cycle. The mass in and mass
out were then calculated based on the concentration and the measured
real water volumes. Average mass values over 33 cycles were reported
with 95% confidence intervals. The removal efficiency (%) of each
substance in the wastewater was calculated based on the average mass
out of the cathode chamber over the average mass in of the anode
chamber. The removal rates of each substance (g m~3d~ 1) were cal-
culated as the average removed mass normalized to the cycle time (~3
days) and the volume of the anode and cathode chambers (56 mL). The
recovery efficiency (%) of ions was obtained as the ratio between the
average mass out of the middle chamber and the average mass in of the
anode chamber. The total nitrogen recovery efficiency was calculated
based on the total N mass out of the middle chamber (i.e., urea, NH, ™",
NO;3 ™, and NO, ") over the total N mass in of the synthetic wastewater
(urea and ammonium bicarbonate). The columbic efficiency was the
ratio between the experimental coulombs by integrating the current
over time and the theoretical coulombs calculated based on COD
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changes (Ciheoretical = F*b*Va4n#ACOD, F is Faraday’s constant, b = 4
indicates the number of electrons exchanged per mole of oxygen, V,, is
the volume of liquid in the anode compartment, and ACOD is the
change of the COD over time) [26].

3. Results and discussion
3.1. Electricity generation of the RRMFC

The anode of the RRMFC was preacclimated with electroactive
microbes in a MFC. The maximum power density of the MFC was
1300 mW/m? with an open circuit voltage of 0.72V and an internal
resistance of 208 Q (Fig. S1). The maximum current of the MFC was
~0.04 mA at an external resistance of 1000 Q. The values increased to
~0.5mA at 100Q2 and ~2.80mA at 10Q (Fig. 2, inserted figure),
which were comparable to previous studies on MFCs [27]. Then, the
anode was transferred to the RRMFC. The maximum currents of the
RRMFC varied within the range of 1.30 = 0.30 mA at an external re-
sistance of 10 Q (Fig. 2), which was lower than that of the MFC as a
combined result of the increased internal resistance from the addition
of the middle chamber and the feed-solution change from growth media
to urine-containing wastewater.

3.2. Chemical removal and recovery

After the current of the RRMFC became stable, the concentrations of
urea, COD, histidine, creatinine, sodium acetate, ammonium, nitrite,
nitrate, sulfate, phosphate, pH, and salinity in each chamber were
monitored at the beginning and the end of each cycle for 33 cycles (~3
days per cycle) (Fig. 3). The mass in and out of each substance in each
chamber were then calculated based on the concentration and the
measured real solution volumes. The average mass in and out over the
33 cycles were shown in Fig. 4 and Table 1 with 95% confidence in-
tervals. The removal and recovery efficiencies were then calculated
based on the average mass in and out (Table 1). It should be noted that
the mass balance on C, N, P, and S nutrients was difficult to be estab-
lished because species turned into gases and solids were not monitored
during the treatment, e.g., volatilization of some compounds, produc-
tion of CO,, CH,; N, and NH; gases, and formation of struvite
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Fig. 3. Concentrations of (a) urea and COD, (b) histidine, creatinine, and sodium acetate, (c) ammonium, nitrite, and nitrate, (d) phosphate and sulfate, (e) salinity,
and (f) pH in the anode, middle and cathode chambers of the resource recovery microbial fuel cell (RRMFC) at the end of 33 cycles.

precipitation and biomass.

3.2.1. Urea reduction and transfer

The urea decreased from 39.50 to 0.05 + 0.05mg in the anode
chamber and further reduced to 0 mg in the cathode chamber with a
removal efficiency of 99% and a removal rate of 235 gm~3d ™! (Fig. 4a
and Table 1). According to previous studies [28,29], urea can be hy-
drolyzed with urease that was synthesized by microbes widely dis-
tributing in soil and aquatic environments. Therefore, in the anode and
cathode chambers of the RRMFC, urea was hydrolyzed and NH; gas was
produced (Eq. (1)) [28]. The electric field also accelerated the urea
hydrolyzing speed in the RRMFC according to previous studies [18]. As
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a result, most of urea was removed in the anode chamber (99%). The
produced NH; from urea hydrolysis formed NH,* that was further
oxidized into NO,~, NO3 ™, or N, through nitrification or the Anammox
processes [30]. Additionally, the increase of urea from 0 to
0.08 *= 0.02mg in the middle chamber indicated that part of urea was
transferred to the middle chamber because the AEM and CEM could not
completely prevent urea from passing through the chambers.

3.2.2. Organics reduction and transfer

The COD decreased from 24.60 to 6.71 * 1.39mg in the anode
chamber and further reduced to 0.74 * 0.17mg in the cathode
chamber with a removal efficiency of 97% and a removal rate of
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Table 1
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Chemical parameters characterizing the urine-containing wastewater treatment in the microbial recovery cell (the data range is based on 95% confidence intervals).

Anode in (mg) Anode out (mg) Middle in (mg)

Middle out (mg)

Cathode in (mg) Cathode Out (mg) Removal (%) Recovery (%)

Urea 39.50 0.05 = 0.05 0 0.08 = 0.02 0.05 = 0.05 0 99 N/A
COD 24.60 6.71 = 1.39 0 2.79 = 0.45 6.71 = 1.39 0.74 = 0.17 97 N/A
Histidine 3.30 0.81 = 0.01 0 0 0.81 + 0.01 0 99 N/A
Creatinine 2.10 0.60 = 0.01 0 0 0.60 = 0.01 0.19 = 0.02 91 N/A
Sodium acetate 23.00 0.95 = 0.91 0 0 0.95 = 0.91 0.02 = 0.02 99 N/A
Ammonium 0.10 7.22 = 0.81 0 9.01 = 2.12 7.22 = 0.81 0.06 = 0.04 40 N/A
Nitrite 0 0 0 2,69 = 0.51 0 0.17 = 0.07 N/A N/A
Nitrate 0 0.87 = 0.18 0 6.51 = 1.43 0.87 = 0.18 0.32 = 0.18 N/A N/A
Total N 20.20 4.34 = 1.96 0 9.44 = 2.16 4.34 = 1.96 0.27 = 0.08 98 42
Sulfate 1.70 0 0 1.01 = 0.15 0 0.04 = 0.04 98 59
Phosphate 0.90 0.48 = 0.08 0 0.33 = 0.04 0.48 + 0.08 0.02 = 0.01 99 37
Salinity 24.60 46.04 = 6.60 0 47.65 = 7.01 46.04 = 7.60 21.00 = 4.10 15 33
pH 6.90 6.00-7.90 7.20 7.90-8.50 6.00-7.90 8.10-8.90 N/A N/A

142gm~3d~! (Fig. 4a and Table 1). Most of organics was degraded in
the anode chamber by microbes [26,31], which provided electrons to
the external circuit to produce electricity with a columbic efficiency of
55%. Part of organics was removed in the cathode chamber via mi-
crobial processes. Additionally, there was 11% of organics transferred
to the middle chamber as the COD in the middle chamber increased
from O to 2.79 * 0.45mg.

The histidine decreased from 3.30 to 0.81 * 0.01 mg in the anode
chamber and further reduced to 0 mg in the cathode chamber (Fig. 4b).
The removal efficiency of histidine was 99% (Table 1) with a removal
rate of 20gm™> d~'. The creatinine reduced from 2.10 to
0.6 = 0.0l mg in the anode chamber and further decreased to
0.19 * 0.02mg in the cathode chamber (Fig. 4b). The removal effi-
ciency of creatinine was 91% (Table 1) with a removal rate of 11 g m~3
d™'. The sodium acetate decreased from 23.00 to 0.95 * 0.91 mg in
the anode chamber and was 0.02 + 0.02mg in the cathode chamber
(Fig. 4b). The removal efficiency of sodium acetate was 99% (Table 1)
and the removal rate reached 137 gm ™~ > d . Histidine, creatinine, and
sodium acetate were mainly degraded in the anode chamber and partly
removed in the cathode chamber, but none of them were detected in the
middle chamber. The detected COD in the middle chamber (Fig. 4a)
indicated that some degradation intermediates of the organics trans-
ferred to the middle chamber. Further investigations are still needed to
identify these intermediates.

3.2.3. Nitrogen reduction and transfer

As shown in Fig. 4c, the NH,* mass increased from 0.10 to
7.22 *+ 0.81 mg in the anode chamber over one cycle, which could be
largely attributed to urea hydrolysis [32] as well as histidine and
creatinine degradation [33]. The NH," mass in the middle chamber
increased from 0 to 9.01 = 2.12mg (Fig. 4c), indicating that a large
amount of NH, " was transferred from the anode chamber to the middle
chamber through the CEM. In the cathode chamber, the NH," de-
creased from 7.22 to 0.06 * 0.04mg (Fig. 4c), which could be at-
tributed to the nitrification process conducted by ammonia oxidizing
and nitrifying microbes [34]. Additionally, NH4* could also be oxi-
dized to N, through the Anammox process (Eq. (4)) [35,36].

The NO3; ™ mass increased from 0 to 0.87 = 0.08 mg in the anode
chamber (Fig. 4c), which should be due to the oxidation of NH,* [30].
The NO3;~ mass in the cathode chamber decreased from 0.87 to
0.32 + 0.18 mg (Fig. 4c), indicating that NO3~ moved from the
cathode chamber to the middle chamber through the AEM. As a result,
the NO3;~ mass in the middle chamber increased from O to
6.51 + 1.43mg (Fig. 4c). However, the increased NO;~ mass
(6.51 mg) in the middle chamber was much larger than the decreased
NO3;~ mass (0.55mg) in the cathode chamber, indicating that more
NO3~ was produced in the cathode chamber by the nitrification process
of NH, ™.

The NO,~ was not observed in the anode chamber, while the NO, ™
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mass increased from 0 to 2.69 = 0.51 mg in the middle chamber and
from 0 to 0.17 = 0.07 mg in the cathode chamber (Fig. 4c). Similar to
NO; ™, the increase in the cathode chamber could be due to the ni-
trification of NH4* to NO, . Moreover, the rise the middle chamber
could be attributed to migration of NO,~ from the cathode chamber
through the AEM.

Overall, the increased concentrations of NH;*, NO;~, and NO, ™~ in
the middle chamber suggested that the cations (e.g., NH,*) migrated
from the anode chamber to the middle chamber through the CEM.
Similarly, the anions (e.g., NO»,~, NO3 ™) moved from the cathode
chamber to the middle chamber through the AEM. Although the re-
covery efficiencies of NH,*, NO,~, and NO5;~ could not be calculated
since they were not contained in the wastewater initially, the results
clearly demonstrated the recovery and concentration of ions (e.g.,
NH4*, NO;~, and NO, ") in the middle chamber (Table 1). The total
nitrogen recovery efficiency reached 42%, the value was comparable to
a previous method using a bio-electrochemical system coupled to a gas-
permeable membrane unit (49%) [37] and higher than an 10-liter-scale
microbial nutrient recovery system with membrane stack configuration
(20%) [38].

3.2.4. PO~ reduction and transfer

The PO,>~ decreased from 0.90 to 0.48 + 0.08 mg in the anode
chamber and further reduced to < 0.10mg in the cathode chamber.
The removal efficiency was 99% and the removal rate was 5gm~3d ™!
(Fig. 4d and Table 1). The PO,3~ could be reduced in the anode
chamber by microbes which use P as a nutrient element [39]. The
PO,3~ could also be transferred from the cathode chamber to the
middle chamber through the AEM under the effect of the electric field.
As a result, the PO,®~ increased from 0 to 0.33 + 0.04 mg in the
middle chamber with a recovery efficiency of 37% (Table 1). Ad-
ditionally, the formation of struvite precipitates (Eq. (3)) under the
alkali condition in the cathode chamber could be another reason that
resulted in the decrease of PO,>~ [40]. However, previous researches
reported that precipitation of phosphate may cause problems for
membranes and electrodes by obstructing the materials [41]. In the six-
month operation of the RRMFC, no obvious precipitates or decrease of
performance were observed, which could be due to the migration of
NH,4* to the middle chamber. It is well-known that urea hydrolysis can
induce struvite precipitation, attributing to the production of a large
amount of NH,* ions and the increase of pH [27]. However, the NH,*
ions migrated from the anode chamber into the middle chamber in the
RRMFC, and thus the NH, " concentration in the wastewater was lar-
gely reduced. Additionally, the pH did not increase too much in the
RRMFC (6.00-7.90 for the effluents of the anode chamber and
8.10 ~ 8.90 for the effluents of the cathode chamber as shown in
Table 1), which was not ideal for the formation reaction of struvite
(pH > 9.00) [7].
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3.2.5. SO~ reduction and transfer

The SO4%~ decreased from 1.70 to Omg in the anode chamber
(Fig. 4d), meaning that SO42~ was reduced into S~ or directly utilized
by the microbes [42,43]. The $2~ could be re-oxidized to S or 5042_ in
the cathode chamber in the presence of oxygen or nitrate [44]. As a
result, the SO,2~ increased from O to 0.04 = 0.04 in the cathode
chamber (Fig. 4d), and increased from 0 to 1.01 * 0.15mg in the
middle chamber due to the transportation from the cathode chamber
driven by the electric field. In total, the removal efficiency of SO,>~
was 98% with a removal rate of 10gm™> d ™! and the recovery effi-
ciency was 59% (Table 1).

3.2.6. Salinity

The salinity of the water was obtained by converting the con-
ductivity to the corresponding NaCl concentration. In the anode
chamber, the salinity increased from 24.60 to 46.04 + 7.60 mg NaCl
over one cycle (Fig. 4e). The reason is most likely due to the generation
of NH,* from urea, histidine and creatinine degradation. In the cathode
chamber, the salinity decreased from 46.04 to 21.00 *+ 6.10 mg NaCl
at the end of a cycle (Fig. 4e), showing that anions migrated from the
cathode chamber to the middle chamber through the AEM. In the
middle chamber, the salinity increased from 0 to 47.65 = 7.01 mg
NaCl over one cycle (Fig. 4e), which could be attributed to the Cl™
migration from the cathode chamber as well as the Na* migration from
the anode chamber. The removal efficiency of total salts was 15% with
a removal rate of 21 gm ™3 d~! and the recovery efficiency was 33%
(Table 1).

3.2.7. pH

The pH in the anode chamber was relatively stable in the range of
6.00-7.90 (Fig. 3f). This range was more beneficial for the growth of
microbes compared to other urine-containing wastewater treatments
usually with a larger increase of pH [45]. The reason to the small in-
crease of the pH could be that the produced protons neutralized the
alkalinity of NH,* and also NH,* migrated into the middle chamber. In
the middle chamber, the pH increased from 7.20 to 7.90-8.50 (Fig. 3f).
The pH in the cathode chamber increased from 6.00-7.90 to 8.10-8.90
(Fig. 3f), most likely due to the reduction of oxygen (Eq. (7)).

3.3. Working mechanisms of the RRMFC

The working mechanisms of the RRMFC haven been summarized in
Fig. 5. In total, the RRMFC can not only remove urea, organics, and
ions, but also recover N, P, and S nutrients and salts from the urine-
containing wastewater. Detailly, in the anode chamber, urea was hy-
drolyzed into NH3 and CO through microbial processes (Eq. (1)) [18].
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The produced NHj firsly dissolved in the water and formed NH,* (Eq.
(2)), which were further directly oxidized into NO,~ and NOs;~ (Eq.
(3)) or anaerobically oxidized to N, through the Anammox reaction
(Eq. (4)) [35]. The organic matters (i.e., sodium acetate, creatinine, and
histidine) were degraded by microbes into CO5, NH3, protons, elec-
trons, and other intermediates (Eq. (5)). Most of the electrons produced
from the oxidation reactions were transferred to the cathode to produce
electricity. The rest electrons were used for reduction reactions such as
reducing SO4>~ to S*~ (Eq. (6)) [42,43]. Moreover, S compounds could
be consumed by microbes as the growth nutrients [46], so were the N
and P nutrients in the anode chamber.

At the cathode, oxygen diffused from the air to the cathode and was
reduced by the electrons transferred from the anode to OH™ (Eq. (7)).
In the cathode chamber, most of NH, " produced from urea hydrolysis
was oxidized by nitrification microbes into NO, ™~ and NO3~ (Eq. (8))
[30] or anaerobically oxidized to N5 through the Anammox process (Eq.
(4)) [35]. Besides, S>~ were reoxidized to S or SO4>~ (Eq. (9)) [44],
and Mg®*, NH, ", and minimal PO,>~ formed little struvite at the alkali
pH condition in the cathode chamber (Eq. (10)).

Driven by the self-generated electric field, the cation ions (e.g., H*,
NH4", K*, Na*, Ca®*, Mg?") transferred from the anode chamber to
the middle chamber through the CEM. At the same time, the anions
(e.g., OH™, S0427, PO,2~, NO;~, NO, ™, C17) transported from the
cathode chamber to the middle chamber through the AEM. In contrast,
the low mass out of NH;* (3.2mg), NO3;~ (0.6 mg), NO,~ (0mg),
S04>” (0.3 mg), PO.>~ (0.04 mg), and salinity (0.01 mg) in the middle
chamber of the control reactor under open circuit clearly revealed that
the middle chamber hardly recovered nutrients and salts without the
electric field.

The relatively large variability of the RRMFC could be due to the
batch operation mode. The microbes in the system could be suffered
from the exposure to air between cycles and affected by the fluctuations
of substrate degradation rates and pH changes in each cycle, which was
demonstrated by the obvious variation of electricity generation of the
RRMFC (Fig. 2). A continuous flow mode would be better to obtain
stable electricity generation and treatment performance.

(NH,)»>CO + H,0 — 2NH;3 + CO, 1)
NH; + H,O —NH,* + OH™ )
NH,* + 3H,0 - NO, /NO3;~ + 10H" + 8e~ ©)]
NH,* + NO,~ — N, + 2H,0 @
Organic matters — CO5 + NH;3 + intermediates + H" +e” 5)
S0,2” 4+ 8H' + 8¢~ —S2~ + 4H,0 6)

Organics — CO,+NH - ”
) 2 A T cd - 0,+H,0+e = OH
+ intermediates + e +H* H* Salts OH O i
- + =
(NE),C0 —» N, O Nr, NOy €7 NH4_ +02_ + E)H >
o NO, /NO;
+CO, —1> Mg+ No, <+
Wastewater STHINTRES Nogy | .. 2 o] @+ Nos Clean water
/NOy+H* +e e S0 <1 U 5 N, + 21,0
N+ NO; = Qo po <1 O 5240, » /507 +¢
N, + 2H,0 Nutrients
SO +H* +e - S O——>K+ cr <——O Mg2* + NH,* + PO,
+H,0 — MgNH,PO," 6H,0
Anode Middle Cathode
chamber chamber chamber

Fig. 5. Working mechanisms of the resource recovery microbial fuel cell (RRMFC) for wastewater treatment.
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O3 + 2H,0 + 4e~ —40H~ @
2NH,* + 30, —2NO, /NO;~ + 8H™ (8)
§%7 4+ 20,—5/S0,%" + 8e~ ©
Mg>* + NH,* + PO,®~ + 6H,0 — MgNH,PO46H,0 (10)

3.4. Outlook

The RRMFC effectively treated the urine-containing wastewater
with various organic and inorganic pollutants without external energy
input. It also efficiently recovered N, P, and S nutrients and salts from
the wastewater. The COD removal efficiency of the RRMFC reached
97%, which was higher than previous results of a membrane-aerated
and membrane-coupled bioreactor (M2BR) reactor (90%) [47]. The
COD removal was also more successful than a microbial electrolysis cell
system for ammonium recovery from urine in which the COD removal
efficiency was only 46% [48]. Compared with the removal rate of six-
stacked MFCs treating swine manure (1900 g COD m ™3 d ™) [49], the
rate of 143 g COD m™~> d ™! in this study is low, most likely due to the
lower initial organic concentration (1092 vs. 2470 mg L™ Y. However,
the COD removal rate of the RRMFC was similar to those of a granular
activated carbon (GAC) module (100 g COD m~3d™1Y) [50] and a mi-
crobial fuel cell (181g COD m 3 d~ 1) [51].

The urea removal efficiency was 99% with a removal rate of
235gm ™3 d ™!, which was similar to previous methods for urine-con-
taining wastewater treatment [30,41,52]. However, no separated urea
hydrolysis was needed for the RRMFC. The urea hydrolysis was ac-
celerated in the anode chamber by biological and microbial processes.
Moreover, ammonium was directly recovered in the middle chamber
through NH," migration driven by the self-generated electric field,
which avoided to use the energy-intensive ammonia stripping process
and the following costly acid trap of ammonia gas [53]. The total ni-
trogen recovery efficiency reached 42%, which was comparable to a
previous method using a bio-electrochemical system coupled to a gas-
permeable membrane unit (49%) [37], and higher than that of a scaled-
up MEC (31%) with a applied 0.5V voltage for urine wastewater
treatment [54].

The PO,>~ removal efficiency of the RRMFC was 99%, which was
higher than those of previous studies that removed only 72-93% of
PO43~ from urine-containing wastewater [45]. Although the PO,>~
recovery efficiency was a little lower (37%) than that of previous sys-
tems integrating electrodialysis into electrochemical membrane bior-
eactor (45% and 65%) [55], the RRMFC requires no external energy
consumption. The SO,2~ removal efficiency of 98% was higher than
those of MFCs (52-84%) [56]. The pH was stable around 6.00-8.00 in
the anode chamber, which was superior to other processes for urine-
containing wastewater treatment usually with a pH increase [57].

4. Conclusions

The RRMFC was very effective to remove organics and salts in the
synthetic urine-containing water and simultaneously recover N, P, and
S nutrients. The removal efficiency of urea reached 99% and the COD
removal efficiency was high as 97%. Besides, the SO4>~ and PO,>~
removal efficiencies reached 98-99%. At the same time, the RRMFC
recovered 42% of total nitrogen, 37% of PO,>~, 59% of SO,2~, and
33% of total salts. Moreover, no separate urea hydrolysis process, am-
monium recovered by NH,* migration driven by the self-generated
electric field rather than the energy-intensive ammonia stripping, and a
relative stable pH range for microbial growth, make this system at-
tractive for urine-containing wastewater treatment.
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