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esalination

ue  Donga, Junfeng  Liua, Mingrui  Suia,  Youpeng  Qub,∗,  John  J.  Ambuchia, Haiman  Wanga,
ujie Fenga,∗

State Key Laboratory of Urban Water Resource and Environment, Harbin Institute of Technology, No 73 Huanghe Road, Nangang District, Harbin 150090,
hina
School of Life Science and Technology, Harbin Institute of Technology, No. 2 Yikuang Street, Nangang District, Harbin 150080, China

 i g  h  l  i g  h  t  s

Alkalinity  produced  in  MDCs  was  used  for  treatment  of copper-containing  wastewater.
There  was nearly  complete  removal  of  copper  after  treatment  of  precipitation.
An  MDC-powered  electrodialysis  system  was  presented  as  deep  desalination  step.
Energy  balance  was  built  for  performance  evaluation  of the  combined  MDC-ED  system.
The  real-world  application  prospect  of  the  system  was  also  analyzed.
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a  b  s  t  r  a  c  t

A  new  concept  for heavy  metal  removal  by forming  hydroxide  precipitation  using  alkalinity  produced  by
microbial  desalination  cell  (MDC)  was proposed.  Four  five-chamber  MDCs  were  hydraulically  connected
to  concurrently  produce  alkalinity  to  treat synthetic  copper-containing  wastewater  and  salt  removal.
There  was  nearly  complete  removal  of  copper,  with  a maximum  removal  rate  of 5.07  kg/(m3 d)  under
the  initial  copper  concentration  of 5000  mg/L  (final  pH  of  7).  The  final  copper  concentration  met  the
emission  standard  for electroplating  of  China  (0.5 mg/L,  GB  21900-2008).  XRD  analysis  indicated  copper
was  precipitated  as  Cu2Cl(OH)3. The  best  performance  of  MDCs  in  terms  of average  power  density,  salt
removal  and  COD  removal  rate achieved  in  stage  3  were  737.3  ± 201.1  mW/m2,  53.6  ± 0.8  kg/(m3 d),  and
1.84  ±  0.05  kgCOD/(m3 d)  respectively.  For purposes  of water  recovery,  an electrodialysis  (ED)  system  was
igh-salinity-water desalination presented  based  on  in-situ  utilization  of generated  electricity  by  MDCs  as  post-desalination  treatment  for
salt effluent  after  sedimentation.  The  maximum  discharging  voltage  of  12.75  ±  1.26  V  at  switching  time
(Ts)  of  15 min  using  a capacitor-based  circuit  produced  a maximum  desalination  efficiency  of  30.4  ±  2.6%.
These results  indicated  that  this  combined  system  holds  great  promise  for real-world  treatment  of  copper-
containing  wastewater  and  deep  desalination  of  high-salinity-water.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction
Water pollution is a serious environmental issue, which has
osed a potential threat to human health and socio-economic
evelopment [1]. Insufficient treatment of domestic wastewater
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304-3894/© 2016 Elsevier B.V. All rights reserved.
and heavy metal wastewaters presents to be one of the major chal-
lenges, which would exacerbate shortage of fresh water [2,3]. As
reported, 1.2 billion people are suffering from shortage of fresh
water and another 500 million people are approaching this sit-
uation [4]. Efficient treatment of polluted water for reclamation
especially for those heavy metal wastewaters and extending the

supply of fresh water might offer the option of alleviating shortage
of fresh water.
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In terms of domestic wastewater treatment, microbial electro-
hemical process has been proved to be effective to accelerate the
egradation of organic matter in domestic wastewater [5]. The
ough part was the purification of heavy metal wastewaters. Many
pproaches have been used to treat heavy metal wastewaters, such
s chemical precipitation, ion-exchange, adsorption, membrane
ltration, and electrodialysis [6,7]. Those commonly used tech-
ologies are efficient in removing metals, but require huge extra
nergy input such as electricity, high temperature and high pres-
ure. Previous laboratory researches involving removal of heavy
etal from wastewater have typically focused on the removal effi-

iency of targeted heavy metal, with little consideration given to
he consumption of energy needed for the treatment process. For
eal-world applications, these input would likely multiplied as the
ize of the system increases due to other losses in systems scal-
ng up, which set up a barrier to sustainable industrial application.
ompared with the energy-intensive technologies, hydroxide pre-
ipitation with negligible energy input using sodium hydroxide
NaOH) and lime (CaO) may  be the most common and effective

ethod [8]. However, present preparation technologies of these
recipitating agents such as causticizing and electrolysis method
onsume considerable heat or electricity [9,10]. It is also believed
hat secondary pollution exists in the manufacturing process of
hose chemicals [11]. Therefore, it would be viable if an energy-
aving or even energy-generating technology offers the option of
lkalinity production.

In respect of extending the supply of fresh water, high-salinity-
ater desalination has gained its popularity, especially in arid

egions [12]. Recently, microbial desalination cell (MDC) has been
eveloped as a promising technology due to the desalination and
imultaneous electricity generation functionality [13,14]. A simple
DC contains three chambers, with a middle desalination chamber

eparated from anode chamber by an anion exchange membrane
AEM), and a cathode chamber by a cation exchange membrane
15]. The performance of desalination can be magnified by using

ore than one membrane pair between electrodes [16]. However,
H imbalance in both anode and cathode chambers resulting from
indered ion migration due to use of membrane, presents a big
bstacle for extent of desalination and electricity production. This
ituation could be more serious in a stacked MDC system, where

 significant salinity gradient across membranes results in junc-
ion potential enhancing the voltage output of whole system [17].
nce voltage output increases, there is more protons release in
nolyte and more hydroxyl anions release into the catholyte to
alance charges. But it is noteworthy to understand that one unit
ecrease in pH would significantly inhibit bacterial activity and

ead to a complete failure of anode (pH < 6) [18]. Nevertheless,
he change of pH on cathode performance appears to be relatively

inor compared to its effect on anode (potential loss of 0.095 V per
nit of pH) [19]. It is therefore possible to maximize the alkalin-

ty production while having no significant negative impact on MDC
erformance.

A combined system for simultaneous treatment of domestic
astewater and heavy metal wastewater, as well as high-salinity-
ater desalination was established in this study. Four five-chamber
DCs with a desalination chamber and two concentrate chambers
ere hydraulically connected for desalination and alkalinity gener-

tion, and heavy metal copper was chosen as the targeted pollutant.
n this study, we investigated the system performance in terms
f desalination, power generation and copper removal efficiency.
or purposes of water recovery, an electrodialysis (ED) system was
resented as post-desalination treatment for salt effluent after sed-
mentation. The feasibility of in-situ of the generated electricity by
DCs for ED system was investigated, and the desalination perfor-
ance was evaluated comparing to that of using DC power supply.
aterials 321 (2017) 307–315

2. Materials and methods

2.1. Reactor construction

Design of the MDC  was based on a previous described five-
chamber MDC  (one anode chamber, two desalination chambers,
one concentrated chamber, and one cathode chamber). The five
chambers were made of Plexiglas, and possessed the same cross-
section dimension of 150 cm2 (15 cm long, 10 cm high). The
thickness for anode chamber was  50 mm,  5 mm for cathode cham-
ber, and 3 mm for desalination and concentrated chamber. The
anode chamber, concentrate chamber, desalination chamber, and
cathode chamber were separated by alternating anion-exchange
membranes (AEMs) and cation exchange membranes (CEMs). One
row of anode was  constituted by parallel placed four carbon
brushes, which were externally woven onto a titanium wire (3 cm
diameter by 10 cm length). Cathode was made by “rolling-press”
method using activated carbon and PTFE [20]. All the chambers
were clamped together by stainless steel fasteners and silica gel
plates were inserted between membranes and chambers to prevent
water leakage (Fig. 1).

The ED stack comprised three repeating cells, each consisted of
a cation exchange membrane and an anion exchange membrane
(Fig. 1). Theses membranes were separated by silicone gaskets
forming flow channels for alternating concentrate and dilute. The
area of the membrane was 54 cm2. A squared electrode was  placed
on both sides of the membrane stack. The stainless steel sheet
(6 × 9 cm)  was  used as electrodes. Thickness of the flow channel
was 3 mm,  by inserting a woven PET fabric spacer into the com-
partment of membranes.

2.2. Operating conditions

The MDCs were inoculated with domestic wastewater (20%, v/v)
and operated in fed-batch mode. The medium contained glucose
(1 g/L) in a 50 mM phosphate buffer solution (PBS) containing trace
minerals and vitamins as previously described [21]. The desalina-
tion chambers were filled with 35 g/L NaCl in distilled water, while
the concentrate chambers were filled with tap water. The cathode
chambers were filled with 50 mM PBS buffer. Each MDC  was oper-
ated with fixed hydraulic retention time (HRT) of 24 h during the
start-up period, with stepwise reduced external resistance from
500 � to 100 � and finally to 10 � where it was maintained.

After a stable voltage output was observed, a series of hydrauli-
cally connected MDCs were assembled and operated in continuous
flow mode. The medium was  in turn flowed from MDC-1 to MDC-4.
Salt solution (35 g/L) was  pumped from MDC-1 to MDC-4 in turn
through two  separate flow line. Tap water was first pumped into
the concentrate chamber of MDC-1, and then to MDCs two through
four. The concentrate effluent was used as influent for the cathode
chamber of MDC-1, and from there it flowed on to the other three
reactors. The MDC  performance under various operating conditions
was evaluated. According to the operating conditions, the entire
experimental period was  divided into 4 stages, and the detailed
operating parameters are summarized in Table 1.

Heavy metal precipitation test was conducted in the settlement
tank by mixing catholyte effluent with synthetic copper-containing
wastewater (CuCl2) together with various initial copper con-
centrations (800, 1000, 1500, 5000 mg/L), with the HRT for the
sedimentation tank setting at 5 h. The initial pH was  adjusted to
3 using 1 M HCl based on the fact that almost all real heavy metal
wastewaters presented to be strongly acidic [22]. An ED system

was presented for further salinity removal of the effluent from the
settlement tank. The concentrate solution was  introduced from the
anode side and flowed serially through every concentrate cell. Sim-
ilarly, the dilute solution flowed through each of dilute cells. The
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Fig. 1. Schematic of the experimental setup.

Table 1
Operation parameters and performances of the MDCs.

Stage HRT (h) Salt removal (%) COD removal (%) pH

Anode Desalination chamber Concentrate chamber Anolyte Catholyte

1 24 24 12 50.9 ± 3.5 86.8 ± 3.5 4.43 ± 0.17 10.72 ± 0.03
2  12 24 12 55.9 ± 2.9 84.8 ± 3.2 6.18 ± 0.16 10.65 ± 0.08
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ote: each HRT was set based on the total volume of the 4 MDCs.

ow rates were equal in the concentrate and dilute channel and
ere set to match the effluent flow rate of the settlement tank.

 boost circuit was used to harvest the electricity generated by
DCs (The HRTs for each chamber were identical to those in stage

) to power the ED system (Fig. S1). This ED desalination experi-
ent was also performed under constant voltage condition using

 DC power supply (10, 11, 12, 13, 14 V). Salinities of the dilute and
oncentration were characterized in terms of conductivity.

.3. Analyses and calculation

MDC  voltages (U) were recorded every 30 min  across a fixed
xternal resistance of 10 � using a data acquisition system (Posi-
13, ICP DAS Co., Ltd). Current was calculated using Ohm’s law
I = U/R), with power calculated as P = IU.  A reference electrode
Ag/AgCl; + 200 mV  vs standard hydrogen electrode, SHE) was
nserted into the anode chamber to determine the anode and cath-
de potentials. Polarization and power curves were obtained by
hanging the external resistance from open circuit to 2.7 �.  COD
as measured using standard methods, and sample for COD mea-

urement was firstly filtered through a 0.45 �m pore diameter
yringe filters. The pH was measured using a pH meter and probe

Pb-10, Sartorius Ltd, Germany). The salt solution was analyzed in
erm of conductivity using a conductivity meter and probe (DDS-
07, SPSIC-Rex Instrument Factory, China). The effects of OH− on
onductivity were neglected due to its low concentration (0.0001 M
76.5 ± 1.2 92.2 ± 2.6 5.95 ± 0.08 10.56 ± 0.07
68.8 ± 1.6 73.4 ± 2.1 5.95 ± 0.02 10.55 ± 0.04

at pH = 10). Further, COD removal rate (kgCOD/(m3 day)) was cal-
culated based on COD removal per day and the volume of the
medium. The NaCl removal rate (kg/(m3 day)) was calculated by
the NaCl removal per day based on reactor volume of the medium.
The copper concentration in the form of Cu2+ in the samples was
determined with an inductively coupled plasma-optical emission
spectrometer (ICP-OES; Vista-MPX, Varian, Inc.). The X-ray diffrac-
tion patterns (XRD) were recorded on an X-ray diffractometer (D8
Advance, Bruker, Germany). The average discharging power of the
capacitor-based circuit was calculated as previous described [23].

3. Results and discussion

3.1. Electricity generation and COD removal

To evaluate the electricity producing ability of the four MDCs  at
various HRTs, the polarization curves were measured at the end of
each run to determine the maximum power densities (Fig. 2). The
first MDC  (MDC-1) of the four MDCs operated in series exhibited the
best performance in terms of electricity generation in each stage,
compared to the three downstream MDCs. The average maximum
power densities of four MDCs during 4 operating stages decreased

from 843.1 ± 49.3 (MDC-1) to 257.9 ± 167.4 mW/m2 (MDC-4) along
the direction of fluid flow. The decrease in power was  likely due
to a combination of factors that included the reduced COD con-
centrations in anode chamber, an anabatic pH imbalance between
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Fig. 2. Power densities (a–d) and change of the cathode and anode potentials (e–h) of the four MDCs in four stages.
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Fig. 3. The anolyte and catholyte pHs variation of the MDCs in four stages.

he anode and cathode chambers, and increased internal resis-
ance in the middle desalination stack. Compared with the internal
esistance of MDC-1 (9.9 ± 3.2 �),  the internal resistance of MDC-

 increased nearly 4 times (39.3 ± 13.3 �),  which to some extent,
xplained the sharp decline of power generation in downstream
DCs. The salinity gradient power resulting from reversible mixing

f salt solutions with high and low concentrations also contributed
o the difference of power densities. HRT is one of the important
arameters for desalination process, as it significantly affected the
lectricity generation of this system. In each stage, the mean max-
mum power densities of the four reactors also differed at various
RTs. The average maximum power density of the four MDCs in

tage 3 (737.3 ± 201.1 mW/m2) was 26.8–62.3% higher than those
n stage 1, 2, and 4. These average power densities were comparable
o that obtained in a three-chamber MDC  system (from 776 ± 30 to
31 ± 29 mW/m2) with released pH imbalance in electrode cham-
ers by operating the reactors in an internal recirculation mode
24].

The final pHs were 4.43 ± 0.17, 6.18 ± 0.16, 5.95 ± 0.08,
.95 ± 0.02 for the anolytes, and 10.72 ± 0.03, 10.65 ± 0.08,
0.56 ± 0.07, 10.55 ± 0.04 for the catholytes in four stages respec-

ively (Fig. 3). The lower HRT for anode chamber (24 h, stage-1;
2 h, stage 2–4) prevented sharp decrease in anolyte pH, how-
ver, the pH of catholyte approached almost same regardless
f the different HRTs for cathode chamber. This pH results also
aterials 321 (2017) 307–315 311

suggested that cathode pH is not as critical as anode pH to reac-
tor performance. Inhibition of exoelectrogenic activity resulting
from low pH of anolyte accounted for the low power generation
during MDC  operation. The COD removal rates for MDCs were
1.84 ± 0.05 kgCOD/(m3 d) in stage 3, higher than those observed in
other three stages (0.87 ± 0.04 kgCOD/(m3 d), stage 1; 1.70 ± 0.06
kgCOD/(m3 d), stage 2; 1.47 ± 0.04 kgCOD/(m3 d), stage 4). The
first MDC  (MDC-1) of the four MDCs operated in series had
the best performance in substrate degradation, compared to the
other three MDCs downstream (1.80 ± 0.14 kgCOD/(m3 d), stage 1;
2.98 ± 0.25 kgCOD/(m3 d), stage 2; 3.42 ± 0.22 kgCOD/(m3 d), stage
3; 2.77 ± 0.21 kgCOD/(m3 d), stage 4) (Fig. S2). There were two  main
factors resulting in the relatively lower COD removal rates of down-
stream MDCs: (1) inchoate pH inhibition in anode chamber and (2)
transport of chloride ions into anode chamber increased osmotic
pressure, which deactivated exoelectrogens in downstream MDCs
[25]. Also, dissolved oxygen was not removed from the influent and
this could have resulted in aerobic oxidation of substrate by aerobic
microorganisms in MDC-1 compared to downstream MDCs.

The overall CEs varied with different HRTs (26.4 ± 2.5%, stage 1;
15.7 ± 1.5%, stage 2; 19.4 ± 1.6%, stage 3; 11.7 ± 1.1%, stage 4) (Fig.
S2). The CEs of second MDC  were relatively higher than the first
MDC, and then the CEs further decreased in the third and fourth
MDCs. The lower CEs for the first MDCs were due to loss of sub-
strate via aerobic oxidation when there was  oxygen dissolved in
the influent. The CEs decreased in the second through the fourth
MDCs, mainly due to reduced current production in the direction
of flow resulted from substrates consumption and limited mass
transfer in anode and cathode chamber.

3.2. The desalination performance of MDCs

The desalination performance showed similar tendency as cur-
rent generation in different stages. The reactors in particular stage
with higher current generation also possessed better removal of
salt than other stages (Fig. 4). The four MDCs in stage 1 and stage
2 produced average current of 21.7 ± 8.2 mA  and 26.1 ± 4.1 mA,
with the overall removals for salt was 50.9 ± 3.5% and 55.9 ± 2.9%
respectively. With an average current increase to 27.5 ± 3.6 mA
in stage 3, the salt removal increased to 76.5 ± 1.2%. However, a
slight decrease of 7.7% in average current from 26.1 ± 4.1 mA in
stage 2–24.1 ± 3.7 mA  in stage 4, led to a higher salt removal of
68.8 ± 1.6%. This might be salt permeation without the effect of
being driven by electric field under higher concentration differ-
ence between desalination chamber and concentrated chamber
because of the increased flowrate of tap water in the concen-
trated chamber in stage 4. Besides, it could also be attributed to
waster osmosis between desalination chamber and concentrated
chamber [26]. This phenomenon of salt permeation without cur-
rent generation was  also observed in a previous study where the
ion mobility occurred under open circuit condition [27]. The total
rates of desalination in the four stages were 35.7 ± 2.5, 39.1 ± 2.1,
53.6 ± 0.8, 48.2 ± 1.1 kg/(m3 d), which was much greater than pre-
viously obtained in a milliliter-sized MDCs operated in series
(5.21 ± 0.05 kg/(m3 d)) [28]. A similar decrease in salinity removal
performance along the length of flow was observed on the basis of
just the analysis of a single stage, attributing to the gradual decline
of current generation from MDC-1 to MDC-4. The salt ions migrated
from desalination chamber to concentrate chamber producing the
salt concentrations in the concentrate effluent of 9.8 ± 0.8, 8.9 ± 0.6,
6.8 ± 0.1, 3.1 ± 0.3 g/L in stage 1–4 respectively, which was  enough
for conductivity requirement of cathode reaction.
It was worth noting that the two  desalination chambers showed
a slight difference in desalination performance. The desalination
chamber near cathode showed better salt removal rates than that
near anode. The reason for the discrepant desalination performance
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ig. 4. Desalination performance of the series of hydraulically connected MDCs in
our stages. The salt removal was  based on the average of the second and fourth
hambers.

ould be the volume difference between anode chamber and cath-
de chamber. The amount of solution used in the anode chamber
as much larger than that of cathode chamber (10:1), and the

nolyte flowrate was 16.7 times higher than that of catholyte. With
 low volume ratio of desalination chamber to anode chamber,
he anode chamber acted as huge high-salinity-water pool with a
igh concentration of phosphate in the buffer solution migrating to
esalination chamber through the AEM, which decreased the salt
emoval of the desalination chamber near anode.

.3. Heavy metal removal

A high catholyte pH was essential for copper removal. The
atholyte effluents were all maintained at around pH of 10.6, in
pite of the difference in operational conditions in four stages.
he 4-MDCs system operating under stage 3 was the best choice
unctioning as “alkalinity donor” for post-precipitation treatment,
onsidering its higher electricity production.

For practical application, it is important to keep durable and
table removal performance for providing effluent quality assur-
nce. Various concentrations of copper-containing wastewaters

800, 1000, 1500, 5000 mg/L) were used as influent to simulate a
uctuation in discharge strengths in the case of unstable washing
ater dosage. The pH of these copper-containing wastewaters was

ll fixed initially at pH = 3 to simulate real wastewaters with high
Fig. 5. X-ray diffraction pattern of the precipitate in the sedimentation tank (a) and
salt  effect on copper removal at neutral pH (b).

acidity, and the effluents were controlled at neutral pH. Theoret-
ically, the concentration of Cu2+ starts to reduce at pH 5.12, 5.07,
4.99, and 4.72 under initial concentrations of 800 mg/L, 1000 mg/L,
1500 mg/L, and 5000 mg/L (Ksp = 2.2 × 10−20). To meet the emission
standard for electroplating of China (0.5 mg/L, GB 21900-2008), the
final pH needs to be controlled above 6.72. In this study, copper pre-
cipitated near the theoretical pH level, and a blue precipitate was
observed at the bottom of the reactor with obvious solid-liquid
boundary. XRD studies of the precipitate indicated the presence
of Cu2Cl(OH)3 (Fig. 5a). This formation of Cu2Cl(OH)3 might be
attributed to the Cl−-rich environment, which was also reported
by other researchers [29]. There was  nearly complete removal of
copper under various initial copper concentrations. A maximum
copper removal rate of 5.07 kg/(m3 d) (based on cathode volume of
MDC) was  obtained under the influent concentration of 5000 mg/L,
with the emission concentration of 0.27 ± 0.03 mg/L.

A potential concern with using the high-conductivity catholyte
effluent of MDC  as “alkalinity donor” for copper removal was  the
higher residual copper concentration after precipitation compared
to theoretical value. This difference between experimental and the-
oretical values was  correlated to salt effect stimulated by high
NaCl concentration in the catholyte effluent. To further confirm the
salt effect on residual copper concentration, tests with 5 mg  CuCl2
powder added into six different concentration gradients of NaCl
solution (5, 10, 15, 20, 25, 30 g/L, volume of 1 L) were conducted.
The residual copper concentrations at neutral pH were compared
under various salinities. A slight increase of copper concentra-
tion in supernatant from 0.271 ± 0.025 mg/L to 0.297 ± 0.035 mg/L
was observed with the salt concentration increment from 5 g/L to
20 g/L. Further increment in salt concentration to 25 g/L resulted in
a higher copper concentration of 0.343 ± 0.034 mg/L. When the salt
concentration was  30 g/L, the copper concentration increased to
0.488 ± 0.041 mg/L (Fig. 5b). This result demonstrated that salinity
played an important role in effluent quality, and treatment effi-
ciency could be only assured in certain salinity domain.

3.4. The performance of MDC-powered ED system

The capacitor-based circuit was  applied to increase the dis-
charging voltage to meet voltage requirement for ED system by
means of the adjustment of switching time (Ts). The set-1 of MDC-
1 and MDC-2 possessed better electricity generation capability than
set-2 of MDC-3 and MDC-4 in terms of charging potential (Vc) and

discharging voltage (Vd) (Fig. 6). The charging and discharging volt-
age of set-1 at Ts of 15 min  varied in range from 174 ± 7 mV  to
426 ± 4 mV,  while the corresponding value of set-2 ranging from
154 ± 6 mV  to 371 ± 5 mV.  This difference of charging and discharg-
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Compared to continuous energy harvesting using the resis-
ig. 6. The discharging voltage of the capacitor-based circuit (a) and change of
oltage across the set-1 and set-2 (b–c) at different Ts.

ng voltage between two sets was equivalent to the additional
ower output of 4.42 mW.  A remarkable difference of power output
etween the two sets was also observed at Ts of 12 min  (5.23 mW)
nd 9 min  (6.43 mW).  Besides, the charging and discharging voltage
f each set appeared to be more differentiated with the increase of
s.

The curves showed that the maximum discharging voltage

ame out higher while the minimum discharging voltage was
ower with the increase of Ts. The maximum discharging voltages
12.75 ± 1.26 V) was obtained for Ts of 15 min, followed by 12 min
Fig. 7. The desalination performance of the ED system powered by MDCs.

(11.96 ± 1.29 V) and 9 min  (11.17 ± 1.11 V). The corresponding min-
imum discharging voltages were 5.26 ± 0.46 V, 5.57 ± 0.45 V and
6.04 ± 0.10 V, respectively. The average discharging current grad-
ually increased with the decrease of Ts. The current obtain when
operating at Ts of 9 min  was 7.0% and 14.1% higher than those
when operating at Ts of 12 min  and 15 min. This change of dis-
charging voltage and current consisted of an initial rapid decrease
and a following gradual decrease, indicating a non-uniform desali-
nation rate in a charging and discharging cycle. Performance at
shorter Ts also produced a higher average discharging power than
the longer Ts (15.54 ± 2.21 mW,  15 min; 16.16 ± 2.61 mW,  12 min;
16.98 ± 3.21 mW,  9 min).

As the ions in the desalination chamber continuously
migrated to concentrated chamber, the dilute conductivity pre-
sented a decline and that of concentrate had an increase
(Fig. 7). The desalination efficiency of ED system at Ts of
15 min  achieved 30.4 ± 2.6%, with final conductivity of the
dilute reducing to 9.28 ± 0.75 mS/cm while concentrate increas-
ing to 17.45 ± 1.27 mS/cm. With Ts decreasing to 12 min,
the dilute conductivity decreased to 10.23 ± 0.79 mS/cm with
desalination efficiency of 23.4 ± 2.5%, while the concentrate con-
ductivity increased by 22.5% to 16.35 ± 0.95 mS/cm. A further
decrease in Ts to 9 min, the desalination efficiency slightly
dropped to 15.9 ± 1.3% (dilute conductivity of 11.17 ± 0.55 mS/cm).
The concentration of residual copper after precipitation treat-
ment also presented a decline (0.15 ± 0.03 mg/L, Ts = 15 min;
0.18 ± 0.02 mg/L, Ts = 12 min; 0.21 ± 0.03 mg/L, Ts = 9 min) in the
dilute effluents. It was  worth noting that the change tendency of
desalination efficiency presented an inverse correlation with aver-
age discharging power when Ts decreased from 15 min  to 9 min.
This meant the electricity that could be used as “qualified” driving
force for ion mobility was  limited in a certain range, considering the
voltage attenuation in the discharging process (detailed analysis
with a comparative study using DC power supply in the SI). Though
the desalination performance needed to be further improved, such
unique system utilizing the electricity produced by MDCs for salt
removal using ED still offered three benefits: (1) electrical energy
produced by MDCs could be used effectively instead of dissipat-
ing as heat through resistor; (2) converting salt water into useable
reclaimed water to extend water supplies; (3) further elimination
of trace copper after precipitation treatment.
tance, the capacitor-based circuit significantly increased the energy
output of MDCs. At Ts varying from 15 min to 9 min, the aver-
age discharging power was 40.5-53.5% higher than those when
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DCs were connected with resistance at maximum power point
11.06 ± 3.01 mW).  The capacitor-based circuit allowed MDCs
o harvest electrical energy of 4.14 ± 0.59 kWh, 4.31 ± 0.71 kWh,
.53 ± 0.86 kWh  (normalizing to 1 m3 of salt solution treated). This
nergy recovery mode using capacitor producing more energy than
onventional continuous energy harvesting using resistance, has
lso been reported in previous studies [30]. From an engineering
oint of view, it was of great meaning to offset the energy require-
ent for ED system using the energy recovery from MDCs. For

xample, to desalinate the salt solution to <20 �S/cm which was
omparable to drinking water in terms of salinity, the MDCs could
rovide 2.9–3.2% of electrical energy needed (according to the com-
arative study using DC power supply in SI, Fig. S3 and S4). In an

ndustrial process, this 2.9–3.2% of electrical energy consumption
s equivalent to huge economic cost, which helps to address energy
hortage.

.5. Perspectives

This combined system was attractive because the MDC  was no
onger a passive desalination device, but also an “alkalinity donor”
nd “real power supply”. Three separate innovations were used to
pread its applied fields. (1) A novel water flow scheme through
he stack. The use of concentrate as catholyte influent provided
wo potential benefits: minimizing amount of influent lines and
ecreasing the complexity of the water distribution system. (2) The
limination of need for a pH-controlled catholyte. The alkalinity
roduced by cathode reaction was desirable for copper removal

n this study, which refused the use of buffered catholyte. (3)
DC-powered ED system for a deep desalination. Although the

esalination performance remained to be improved compared to
C power supply, it still provide us a new enlightenment for deep

alt removal through in-situ utilization of generated electricity.
evertheless, several challenges still remain to be overcome for

eal-world application, for instance, the introduction of multiple
etals in the wastewater and configuration optimization of ED

eactor. With these further studies, it should be possible to bet-
er evaluate the feasibility of the combined system for real-world
pplication.

. Conclusion

A 4-MDCs system was successfully utilized to produce alkalinity
or copper-containing wastewater treatment and simultaneously
alt removal. By adjusting the operation conditions of MDC, the
est performance in terms of power generation, salt removal,
nd COD removal rate was achieved in stage 3. There was nearly
omplete removal of copper, with the emission concentration
0.27 ± 0.03 mg/L) meeting the emission standard for electroplat-
ng of China (0.5 mg/L, GB 21900-2008) Moreover, the salt effluent
fter sedimentation was subjected to deep desalination by an
D system powered by MDCs. Energy analysis demonstrated that
DCs could provide 2.9–3.2% of total electrical energy needed for

he ED system to produce high quality effluent with conductivity
20 �S/cm. Overall, these results suggested a promising applica-
ion for heavy metal removal and simultaneous deep desalination
f high-salinity-water after further study.
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