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Microbial Desalination Cell (MDC) represents an innovative technology which
accomplishes simultaneous desalination and wastewater treatment without external
energy input. MDC technology could be employed to provide freshwater with low-energy
input, for example, in remote areas where organic wastes (i.e., urban or industrial)
are available. In addition, MDC technology has been proposed as pre-treatment in
conventional reverse osmosis plants, with the aim of saving energy and avoiding
greenhouse gases related to conventional desalination processes. The use of oxygen
reduction (i.e. Oo + 2HoO + 4e~ — 4 OH—, E9 = 0.815V, pH = 7) was usually
implemented as cathodic reaction in most of the MDCs reported in literature, whereas
other strategies based on liquid catholytes have been also proposed, for example, ferro-
ferricyanide redox couple (i.e. Fe(CN)g‘ +1e™ — Fe(CN)g‘, E9 = 0.37V). As the MDC
designs in the literature and operation modes (i.e., batch, continuous, semi-continuous,
etc.) are quite different, the available MDC studies are not directly comparable. For this
reason, the main objective of this work was to have a proper comparison of two similar
MDCs operating with two different catholyte strategies, and compare performance and
desalination efficiencies. In this sense, this study compares the desalination performance
of two laboratory-scale MDCs located in two different locations for brackish water and
sea water using two different strategies. The first strategy consisted of an air cathode for
efficient oxygen reduction, while the second strategy was based on a liquid catholyte
with Fe3t/Fe?t solution (i.e., ferro-ferricyanide complex). Both strategies achieved
desalination efficiency above 90% for brackish water. Nominal desalination rates (NDR)
were in the range of 0.17-0.14 L-m~2.h~" for brackish and seawater with air diffusion
cathode MDC, respectively, and 1.5-0.7 L-m~2-h~! when using ferro-ferricyanide
redox MDC. Organic matter present in wastewater was effectively removed at 0.9
and 1.1kg COD-m~3.day~" using the air diffusion cathode MDC for brackish and
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sea water, respectively, and 7.1 and 19.7 kg COD-m~3.day~" with a ferro-ferricyanide
redox MDC. Both approaches used a laboratory MDC prototype without any energy
supply (excluding pumping energy). Pros and cons of both strategies are discussed for
subsequent upscaling of MDC technology.

Keywords: microbial desalination cell, wastewater treatment, air cathode, sea water, brackish water

INTRODUCTION

More than 700 million people worldwide do not have access
to enough clean water and the number is expected to rise up
to 1.8 billion people in the next decade (Talbot, 2015). The
water sources in regions like the Mediterranean coast, Mexican
Gulf or California coast start to be depleted by an increasing
demand of drinking water, agriculture, or industry use, while
the Middle East region, one of the most water-scarce regions
of the world, copes with similar water scarcity problems (Water
Scarcity, 2019). Consequently, current desalination technologies
have a huge impact on society due to the increasing demand of
water worldwide (Badiuzzaman et al., 2017; Chowdhury et al,,
2018). However, the high energy cost continues to be a major
concern, with energy consumption accounting for 75% of the
desalination operating costs when excluding capital costs, or 40%
including capital costs (Elmekawy et al., 2014). This energy cost
for desalination is about 10 times higher than for conventional
water sources, leading to high water prices.

In this context, the most extended desalination technology is
reverse osmosis (RO) with an associated energy consumption
of 35 kWh-m™3 (50% recovery) (MacHarg et al, 2008).
Temperature-driven technologies such as multi stage flash (MSF)
and multi effect distillation (MED) consume even larger amounts
of energy (5.5-40 kWh-m™3), thus limiting their use only
in countries with low fuel cost (Sharon and Reddy, 2015).
Electrodialysis (ED) desalination is mainly suitable for brackish
water applications since energy costs depends on the salinity of
the water source (Ortiz et al., 2005). Other emerging membrane
technologies like forward osmosis (FO), membrane distillation
(MD), and capacitive deionization (CDI) have been shown to be
only suitable for specific treatment applications (Yuan et al., 2012;
Shaffer et al., 2014; Wang and Chung, 2015).

Microbial Desalination Cell (MDC) is a novel technology
able to produce sustainable drinking water by using the
energy provided from the metabolism of electroactive bacteria
when organic matter is degraded, allowing simultaneous
desalination of water, treatment of waste water and production
of electricity. MDC consists of an electrochemical device with
three compartments (Cao et al., 2009). The anodic compartment
comprises an electrode covered by a biofilm that oxidizes
the organic matter contained in the wastewater, transferring
electrons from the substrate (ie., organic matter) to the
electrode. Then, the electrons use an external circuit to reach
the cathodic compartment, where the reduction reaction takes
place. The electric potential forces the migration of ions.
Therefore, desalination takes place when positive ions move
through the cation exchange membrane (CEM) from the saline

compartment to the cathode and negative ions move through
the anion exchange membrane (AEM) from saline to the
anodic compartment.

The first concept of MDC was proposed by Cao et al. in a
cell of 9 cm? (cross section) with a saline volume chamber of
11 mL, achieving 90% of salt removal batchwise, at initial salt
concentrations ranging from 5 to 35 NaCl g-L™! (Cao et al,
2009). Different MDC configurations have been reported in the
literature, including cubic and tubular reactors (Mehanna et al.,
2010; Jacobson et al., 2011a,b; Ping and He, 2013), stacked
cells (Chen et al, 2011; Kim and Logan, 2011), using batch
recirculation (Chen et al., 2012; Qu et al., 2012), biocathodes
(Wen et al,, 2012), increasing water production by applying
external voltage (Ge et al, 2014), or integrating innovative
membranes (forward osmosis) (Zhang and He, 2012; Yuan et al,,
2015), ion exchange resins in the compartments (Zhang et al.,
2012), or microfiltration processes (Zuo et al., 2017, 2018). Up to
date, the biggest MDC ever built (100 L) was reported to achieve
partial desalination of sea water with a nominal desalination rate
of 0.077 L-m~2-h~! (Zhang and He, 2015).

Cathode reaction is considered one of the main bottlenecks
in microbial electrochemical technologies (METs) (Freguia et al.,
2008). Most of the MDC studies have been carried out by
implementing oxygen reduction in the cathodic compartment by
taking advantage of the gained experience in the field of microbial
electrochemical systems using oxygen as electron acceptor (i.e.
0, + 2H;0 + 4e~ — 4 OH-, EY = 0815V, pH = 7).
Current challenges are to develop air-cathodes with high oxygen
reduction reaction (ORR) performance, long term stability and
low cost (Freguia et al, 2007; Lu and Li, 2012). Zhao et al.
studied three main factors that affect air cathodes performance:
the solution pH, the catholyte concentration and the catalyst load
(Zhao et al., 2006). Precious metals (Pt, Pd, Au, or Ag) are used as
catalysts in electrochemical devices to reduce oxygen in different
pH conditions (Ge et al., 2015). Liu et al. showed operative
oxygen reduction potential on MFCs between 0.17 to 0.26 V
using MnOx as alternative catalyst instead of precious metals
(i.e., Pt, Pd) (Zhao et al., 2006; Liu et al., 2010). Also other metal
oxides or metal-organic catalysts from the transition metal group
(FeOOH, CoOOH, MnOx, WOs3, Co-PPY) have been developed
to reduce the capital costs (Bashyam and Zelenay, 2006; Lu and
Li, 2012; Wang et al,, 2015; Zhang et al., 2016). Among these
transition metals, nickel has been shown good performance when
surface properties are modified to facilitate ORR (Vij et al., 2017).
Additionally, iron is also another promising transition metal for
ORR on microbial electrochemical devices (Lefévre et al., 2009).
For example, Harnish et al. demonstrated the versatility of iron-
phthalocyanine as catalyst for oxygen reduction on MFCs at
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TABLE 1 | Main features for MDC experimental setups.

Location LEITAT Lab IMDEA Water Lab
Cross section (cm?) 100 100

Dimensions active area (cm) 10 x 10 10 x 10

Number of unit cells 1 1

ANODE

Electric collector Stainless steel Isostatic graphite plate

(Grade 2114-45)

Electrode SGL Unidirectional RVG 2000 MERSEN
Carbon Fiber Felt Carbon Felt

Electrode thickness (mm) 5.0 4.6

Compartment thickness (mm) 8.7 9

CATHODE

Electric collector Stainless steel 316 frame Isostatic graphite plate

+ carbon fibers mesh (Grade 2114-45)

Electrode Carbon nanofibers doped RVG 2000 MERSEN
with iron nanoparticles Carbon Felt

Electrode thickness (mm) 0.6 4.6

Compartment thickness (mm) 8.7 9

SALINE COMPARTMENT

Compartment thickness (mm) 8.7 9

ION EXCHANGE MEMBRANES

Anionic membrane Neosepta AMX

Electric resistance (©2-cm?)* 2.4

Permselectivity (%) ** >93

Thickness (jum)* 0.14

Cationic membrane Neosepta CMX

Electric resistance (Q-cm?)* 3.0

Permselectivity (%) >90

Thickness (um)* 0.17

OPERATIONAL CONDITIONS

Operation mode Batch (3 streams) Batch (3 streams)

Flow rate (mL-min=") 95 95

Temperature (°C) 25-30°C 25-30°C

External load (2) 2.5 2.5

STREAMS

Anolyte FWM + 2.5 g/L Sodium FWM + 1.65 g-.L~'
Acetate Sodium Acetate

Catholyte 0.1M PBS 0.06 M KzFe(CN)g

Saline stream NaCl NaCl

TANKS

Anolyte Volume (mL) 2,500 2,000

Catholyte Volume (mL) 2,500 2,000

Saline Volume (mL) 500 370

Rate Van:Vsaiine :Veatholyte 5:1:5 5:1:5

START-UP OPERATION

Initial inoculum Electroactive biofilm from Pure culture Geobacter

an operating MFC sulfurreducens
Period (hours) 158 140

*Equilibrated with 0.5N-NaCl solution, at 25°C (data provided by the manufacturer).
**Measured at the laboratory. Membrane equilibrated with 0.1M NaCl and 0.5M
NaCl solutions.

neutral pH (Harnisch et al.,, 2009). Activated carbons, carbon
fibers, carbon black and graphene are also use on ORR due to
their tuneable surface properties and high surface (Yuan et al.,

2016). More recently, air diffusion cathodes using nanofibers
doped with transition metal (Bosch-Jimenez et al., 2017) has been
proposed for microbial fuel cells.

Despite the extensive use of oxygen as electron acceptor in
METs, the proof of concept of MDC was developed using a
ferricyanide catholyte (i.e. Fe(CN)g_ + le= — Fe(CN)*,
E® = 0.36V) (Cao et al, 2009). Salt removal up to 94%, and
energy production of 2 W-m~2 were achieved, thus increasing
significantly the performance of the system compared to that
when using ORR as cathodic reaction. Nevertheless, due to
high cost of reagents, the use of ferro-ferricyanide catholyte (or
other redox mediators/compounds) would be only feasible from
a technical point of view in MDCs if: (i) the redox mediator
is low cost or (ii) an easy and cheap strategy is developed for
regeneration of catholyte solution once depleted.

This work presents the results obtained in parallel in two
laboratories (LEITAT and IMDEA Water) for the development
of MDC technology for low-energy drinking water production.
Similar MDC configurations and experimental methodology
have been implemented in both locations in order to compare
two different approaches:

a) MDC operating using oxygen reduction as cathodic reaction.
b) MDC operating using the ferro-ferricyanide redox couple as
cathodic reaction.

For the first approach, an air diffusion cathode made of carbon
nanofibers and iron nanoparticle as catalyst (produced by
electrospinning and pyrolysis) was developed as suitable low-
cost electrode for environmental applications (i.e., no use of Pt
as catalyst).

In the second approach, a ferro-ferricyanide redox catholyte
was studied as an alternative to oxygen reduction, in order to
enhance the available potential in the MDC and allow for an
improved performance.

Finally, salt removal (SR), nominal desalination rate
(NDR), current efficiency, specific energy production
(SEP), COD removal rate (COD,4), coulombic efficiency
(CE), total circulated charge (Q), and water transport are
discussed to compare the pros and cons of the aforementioned
MDC approaches.

MATERIALS AND METHODS

Microbial Desalination Cell Set Up

Table 1 shows the main features for both MDCs used in this
study. The laboratory MDCs consisted of a three-compartment
compact stack design with neoprene gaskets for a hermetical seal
(see Figure 1). Graphite felt RVG2000 (MERSEN) and UDCF
(SGL) were used as anode electrodes, and isostatic graphite
(Grade 2114-45, MERSEN) and stainless steel AISI 316 as anode
electric collectors. In the first approach, a novel air diffusion
cathode using carbon nanofibers with iron nanoparticles as
catalyst was implemented (see section Start-up protocol), and
metal frame -stainless steel frame with UDCFs mesh (SGL) as
electric collector—was used in the cathodic compartment. For
the second approach (i.e., ferro-ferricyanide redox MDC), the
materials were the same of the anode compartment. Finally, two
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FIGURE 1 | Diagram of an MDC unit. AEM, anion exchange membrane; CEM, cation exchange membrane.

stainless steel end plates were used to close the cell on both ends
with a Torque of 10 and 6 N-m for the liquid and air cathode
MDCs, respectively.

Figure 2 depicts the diagram of the MDC experimental
setup at IMDEA Water and LEITAT facilities (see pictures
in Supplementary Figure 1). In both cases, the systems were
operated in batch mode with recirculation at flow rate of 75
mL-min~! (for all streams), and in a temperature-controlled
room at 30°C.

The anolyte solution used at LEITAT consisted of a solution
containing 0.45 g-L~! NaCl, 0.165 g-L~! MgCl,-6H,0, 0.0136
g-L7! CaCly, 0.0153 g-.L~! Mg,SOy, 8.4 g-.L~! NaHCO3, 0.128
g-L™! KH,PO4, 0.925 mL-L™! of NH4CI 1 M solution, 1 mL-L™!
of trace element solution and 0.5 mL-L™! of Wolfe’s vitamins
solution, and 20 mM sodium acetate as organic substrate. The
catholyte solution consisted of 100 mM Phosphate Buffered
Solution (PBS). Saline media was prepared by dissolving 5
g-L™! NaCl for brackish water solution and 35 g-L~! NaCl for
seawater solution.

Similarly, the anolyte solution used at IMDEA Water
consisted of fresh water media (FWM) containing 0.1 g-L~!,
KCl, 2.5 g-L~! NaHCO3, 0.6 g-L~! KH,POy, 0.5 g-.L~! NH,Cl,
10 mL-L™! of trace element solution and 1 mL-L™! of

Wolfe’s vitamins solution and 20 mM sodium acetate as organic
substrate. The catholyte solution consisted of a K3Fe(CN)g
100mM solution. Saline media was prepared by dissolving 5
g-L™! NaCl for brackish water solution and 35 g-L~! NaCl for
seawater solution.

Air Diffusion Cathode

Air cathode was composed of three parts as depicted in Figure 3:
(i) an external membrane (high density polyethylene fibers
textile), impermeable to water and permeable to oxygen; (ii) a
conductive material, in this case carbon nanofibers with iron
nanoparticles to allow ORR; and (iii) an internal semipermeable
membrane (treated high density polyethylene fibers textile) to
allow proton exchange.

Start-Up Protocol

A previously reported start-up procedure was followed for both
MDCs under study (Borjas et al., 2017). The anolyte, saline,
and catholyte streams were firstly sterilized and recirculated
through the lab-MDCs. Then, 200 mL of inoculum containing
electrogenic bacteria was introduced in the anodic chamber of
the MDCs by recirculation with a peristaltic pump.
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For the air cathode MDC approach, as initial inoculum for
start-up, an anodic-electroactive mixed culture from a long term
(>3 years) operating Microbial Fuel Cell (MFC) was employed.
Initial microbial population content, characterized by MiSeq
Mlumina platform, accounted for a mixture of Bacteroidetes
(6.7%), Fermicutes (3.1%), Proteobacteria (65.9%), Spirochaetes
(4.8%), Thermotogae (2.8%), and Verrucomicrobia (9.0%). A
selective pressure through a redox potential gradient was applied
to the anode in order to promote the growth and attachment
of electroactive bacteria onto the electrode. Anode was properly
inoculated when current density achieved values higher than 0.15
mA-cm~2. After that, it was transferred to the MDC.

In the case of the ferro-ferricyanide redox MDC, a pure
culture of Geobacter sulfurreducens (strain DL1) was used as

inoculum. Exponential-phase culture (ODgoonm = 0.4) was used
for the inoculation into the anode compartment in the start-
up protocol.

After inoculation of the anodes, the peristaltic pump was
switched off overnight, allowing the microorganism to start
growing on the anode surface (i.e., graphite felt). After
incubation, the pumps were switched on to recirculate the
anolyte, catholyte, and saline solutions through the system.

Once the bioanode was considered stable (i.e., no significant
variation of electric current), the first desalination cycle
was performed with newly-prepared solutions to ensure
reproducibility among subsequent desalination cycles. The
desalination cycles were finished when the conductivity of the
saline tank was below of 1 mS-cm™!, as this threshold could be
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FIGURE 3 | Air cathode configuration.

considered as optimum value for water quality (Council Directive
75/440/EEC, 1975).

Calculations

The following equations were used to determine the main
parameters of the MDCs performance. Current density, j
(mA-cm~2), was calculated by:

i= A, (1)

where I is the electric current (mA) and A,, is the effective
electrode surface area (cm?).

Salt removal, SR (%), refers to the percentage of NaCl removed
during every desalination cycle, and it can be expressed by:

d—d

SR= -2

: 2)

CS

where ¢ and c}; represent the initial and final molar

concentrations of salt in the saline tank (mol m—3), respectively.
Nominal Desalination rate, NDR (L-m~2-h™!), refers to the

normalized amount of fresh water per square meter of membrane

during every desalination cycle, and it can be expressed by:

Q
Am - tg

NDR =

(3)

where, t; is the desalination time (h) (i.e., conductivity of saline
tank below of 1 mS-cm™!), and Q; is the volume of desalinated
water (L).

Specific energy production, SEP (kWh-m™2), defines the
energy produced by the MDC per cubic meter of fresh water, and
it can be expressed by:

1
SEP= — [ E.ql(td 4
Qtf WL dt ()

where E. is the electric potential provided by the MDC
device (V).

Current efficiency, 7. (%), defines the percentage of the
total charge associated to the salt removed from the saline

compartment to the amount of electric charge transferred across
the membranes (ECT, C-m~>) over a complete process of
desalination. n. and ECT were calculated using Equations 5 and
6, respectively.

B UZF(CiS—Cg)
Ne = T EeT (5)
1
ECT= — | I(tHd 6
o [0 ©

where, v and z represent the stoichiometric coefficient and the
valence of the salt ions, respectively, and F is the Faraday constant
(96,485 C-mol ™).

Coulombic efficiency, ncp, is defined as the ratio of total
electric charge transferred to the anode from the consumed
organic substrate and it can be expressed by:

M [1(t)dt
F-b-Qan-ACOD

7)

Nch =

where M is the molecular weight of oxygen (32 g-mol™!), b is
the number of electrons exchanged per mole of oxygen (b = 4),
Qay is the volume of the anolyte tank (L), and ACOD is the
change in chemical oxygen demand (COD) for the experiment
(mg O, L7,

COD removal rate, COD, 4, (kg-m_3'day_1), was calculated
using the next expression:

CoD _ ACOD @)
rate — VAtd

where Vyis the volume of liquid in the anode compartment (m?).
The total circulated charge, Q (Coulomb), was calculated
according to Equation 9:

Q:fl(t)dtxtd )

RESULTS AND DISCUSSION

Both MDC strategies (i.e., ORR as cathodic reaction, ferro-
ferricyanide redox system as cathodic reaction) were compared
using laboratory-scale MDCs with 100 cm? of cross section (or
geometric electrode surface). Experimental results are showed
in Figure4. Experiments were carried out at two different
initial saline concentrations: brackish water range (NaCl 7.5-
10 gL7!) with an initial electric conductivity of 13.9 and
17.5 mS-cm~! for ferro-ferricyanide redox and air cathode
approach, respectively, and seawater range (NaCl 35 g-L™!),
with an initial electric conductivity of 51.5 and 53.3 mS-cm™!
for ferro-ferricyanide redox and air cathode approach. Nominal
desalination rate, salt removal, current efficiency and COD
removal rate were compared between both strategies to compare
the feasibility of MDC technology, understand its limitations,
describe its advantages and disadvantages and elucidate which
strategy is more convenient for scaling up of the technology in
real environments.
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FIGURE 4 | Experimental results for air diffusion cathode MDC (black) and ferro-ferricyanide redox MDC (red). (A,B) Current density vs. time for brackish and sea
water desalination. (C,D) Conductivity vs. time for brackish and sea water desalination. Horizontal line shows the threshold for conductivity 1 mS-cm~". The dotted
line for the air diffusion cathode MDC results from an interpolation of the electric conductivity below 1 mS.cm~" for comparative purposes.

Brackish Water Desalination

Figure 4A shows the electric current for brackish water
desalination experiments using the aforementioned strategies.
Maximum current densities for air diffusion and ferro-
ferricyanide cathode were 0.14 and 0.81 mA-cm™2, respectively.
As both devices used the same external load (2.5€) and
analogous anodes and configurations, the higher electric current
obtained when using the ferro-ferricyanide redox MDC may be
directly related to the cathode reaction, which provide higher
available potential to drive the desalination process.

In general, it could be stated that from the thermodynamic
point of view, the available potential in the MDC to perform
the desalination process is higher when oxygen reduction is used
in the cathode [E?\;IDC = Eg;thode_Eg;ode = 0.81 V—(—0.3V)
= 1.11 V]. However, oxygen reduction reaction provides less
potential than expected in the range of current densities (i.e., 0.2—
1.5mA cm™~2) used for desalination in MDC systems, and it is
mainly related to slow kinetics associated to this reaction at pH
= 7 (or neutral), that is common in microbial electrochemical
systems. On the other hand, regardless the lower thermodynamic
potential when ferri-ferrocyanide reduction is used in the

cathode compartment [Eg;[DC = 0.36—(—0.3V) = 0.66 V], fast
kinetic provides more available potential when implemented
in MDC systems. Thus, the lower potential available is the
reason behind the poor desalination performance when oxygen
reduction is used as cathodic reaction.

Figure 4C shows the electric conductivity for brackish water
desalination using the aforementioned strategies. As the electric
current is also directly related to migration of ion species, the
desalination time (i.e., time required to achieve the threshold
conductivity of 1 mS-cm™!) for the ferro-ferricyanide redox
MDC is lower compared to the air cathode MDC.

As shown in Figure4C, the current density in ferro-
ferricyanide redox cathode experiment decreased from 0.81
mA-cm~2 in 16 h to 0.08-mA cm 2. This decrease is attributable
to the drop in conductivity of the salinity compartment from
14 to 0.56 mS-cm ™. In the case of the air cathode experiment,
the current density dropped from 0.14 to 0.08 mA-cm~2 in
160h, decreasing the conductivity in the saline compartment
from 16 to 2.4 mS-cm™!.The decrease of current density in
both MDC cases could be linked to the increase of the internal
resistance of the MDC, as electric conductivity decreases during
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TABLE 2 | Initial and final salinity, salt removal, desalination time, current efficiency,
nominal desalination rate, COD removal rate, anode coulombic efficiency, specific
energy production, total circulated charge and volume variation for air diffusion
cathode and ferro-ferricyanide redox MDC experiments for brackish water
desalination.

Air-diffusion Ferro-ferricyanide
cathode MDC redox MDC
Initial salinity (g-L~") 10.7 7.3
Final salinity (g-L~") 0.5 0.5
Salt removal (%) 93.6 93.3
Desalination time (h) 205 23
NDR (L-m=2-h=1)* 0.17** 15
Current efficiency (%) 162 81.1
COD removal rate (kg 0.94 714
COD-m~3.day~")***
Coulombic efficiency (%) 6.5 91.0
Specific energy production 0.017 0.7
(KWh-m=3)
Total circulated charge (Q) 5086 5165
Volume variation (%) —36.0 —8.1

*Calculated considering the final volume of saline tank.
**Extrapolated from experimental results.
" Considering the volume of anolyte compartment.

the experiments. These observations are in accordance with
previous MDC behavior operating in batch mode (Borjas et al,,
2017).

It is worthwhile to mention that the air diffusion cathode
developed in this study (Fe-doped C-NF) displayed higher
current densities compared with analogous studies in the
literature (in the range of 0.084 mA-cm~2, using Pt coated air
diffusion cathode when desalinating 10 g-L~! brackish water)
(Jatary et al, 2018). Table2 shows the main experimental
performance parameters for brackish water desalination using
both cathodic reactions

For both desalination cycles the salt removal exceeded 90%,
indicating proper performance of both MDCs as desalination
devices. Regarding nominal desalination rate (NDR), the ferro-
ferricyanide redox MDC was able to produce almost six times
higher amount of desalinated water (1.54 L-m?-h~!) compared to
that of the air diffusion cathode MDC (0.17 L-m2-h~!). Current
efficiencies were 162% and 81.1% for air diffusion cathode
and ferro-ferricyanide redox MDC, respectively. As current
efficiency determines the rate of current that is used for ion
migration, values above 100% means that an additional transport
phenomena occurred during the experiment, i.e., diffusion from
saline to adjacent compartments.

From the point of view of waste water treatment,
COD removal rates for both air diffusion cathode and
ferro-ferricyanide redox MDCs were 0.94 and 7.14kg
COD-m~3.day~!. This parameter is related to the current
density and desalination performance, as consumption of COD
provides the electric current to drive the desalination process.
The coulombic efficiency decayed at longer desalination times
(tq), as it is the case of the air diffusion cathode MDC experiment.
This fact may be due to a competition between electrogenic and

TABLE 3 | Initial and final salinity, salt removal, desalination time, current efficiency,
nominal desalination rate, COD removal rate, anode coulombic efficiency, specific
energy production, total circulated charge and volume variation for air diffusion

cathode and ferro-ferricyanide redox MDC experiments for sea water desalination.

Air-diffusion Ferro-ferricyanide

cathode MDC** redox MDC
Initial salinity (g-L~") 33.5 35.0
Final salinity (g-L~") 17.4 0.5
Salt removal (%) 48.2 98.6
Desalination time (h) . 43
NDR (L-m~2.h~1)* 0.14 0.7
Current efficiency (%) 145 108
COD removal rate (kg 1.07 19.7
COD-m=3.day~")
Coulombic efficiency (%) 10.3 61.0
Specific Energy Production 0.055 5.4
(kWh-m~2)
Total circulated charge (Q) 8,994 19,354
Volume variation (%) -2 -19

*Calculated considering the final volume of saline tank.
**Calculated for partial desalination.

anaerobic microorganism since the latter do not contribute to
electric current generation.

Specific energy production (SEP) was 0.02 and 0.8 kWh-m—3
for air diffusion cathode and ferro-ferricyanide redox MDC,
respectively. This fact indicates that in both cases it is possible to
generate a significant amount of electric energy simultaneously
with desalinated water production and waste water treatment,
as reported in the literature (Sophia et al., 2016; Sevda and
Abu-Reesh, 2018).

Finally, the water transport was measured by determining the
change in the final volume of the saline tank. Water transport
across membranes was remarkable for air diffusion cathode MDC
experiment, accounting for 36% decrease (v/v). In the case of the
ferro-ferricyanide redox MDC, the volume decrease remained
below 10% (v/v). Water transport may be attributable to osmosis
and/or electrosomosis phenomena (i.e., water transport due to
electric charge). As the desalination conditions were similar
for both cases (i.e., electric charge to perform desalination, see
Table 2), the water transport could be attributed to osmosis.
In this sense, for a similar water flux due to osmosis, a higher
desalination time allows for a higher osmosis water transport, as
indicated in Table 2 for the air diffusion cathode experiment.

Seawater Desalination

Figure 4B shows the electric current for sea water desalination
experiments. In this case, air diffusion cathode MDC and
ferro-ferricyanide redox MDC experiments achieved maximum
current densities of 0.20 and 1.70 mA-cm~2, respectively.
Similarly to the previously discussed results, the current density
for ferro-ferricyanide redox MDC decreased from 1.7 to 0.1
mA-cm~2 in 48h due to the drop in the conductivity of the
salinity compartment (from 50 to 0.6 mS-cm™!) as depicted in
Figure 4B. For the air cathode MDC experiment, the current
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FIGURE 5 | Nominal desalination rate (NDR) (bar plot), COD removal rate (black line), and specific energy production (SEP) (green line) for both MDC strategies.

density dropped from 0.2 to 0.12 mA-cm~2 in 160h, while
decreasing the salinity from 51 to 28 mS-cm™!.

Figure 4D shows the electric conductivity for sea water
desalination. In this case, the air diffusion cathode MDC was
not able to accomplish complete desalination (i.e., electric
conductivity below threshold value of 1 mS-cm™1). Table 3 shows
the main experimental performance parameters for the sea water
desalination experiment.

It is important to note that for the air diffusion cathode MDC,
the salt removal was around 20%, indicating that only partial
desalination was achieved. The partial desalination has been
also reported in the literature with similar MDC configuration
using oxygen reduction as cathode reaction (decrease of 58 to 22
mS-cm ™!, salt removal 50%) (Zhang and He, 2015; Moruno et al.,
2018). This effect could be attributed to the low available potential
to drive the migration of the ions. When the electric conductivity
increased in the anodic/cathode chamber due to the migration
of the ions from the saline compartment during the desalination
cycle, back-diffusion transport of salt started to be significant, and
eventually this ionic transport was equal to the ionic transport
due to migration. This resulted in a zero net balance of salinity
in the saline compartment (Ping et al., 2016). This effect could be
observed in Figure 4D from the asymptotic trend of the electric
conductivity for the air diffusion cathode MDC (28 mS-em™1). In
the case of ferro-ferricyanide redox MDC, complete desalination
was achieved, being the desalination time 43 h (t4).

NDR values were 0.14 L-m~2-h~! for partial desalination
(air diffusion cathode MDC), and 0.7 L-m~2-h~! for the ferro-
ferricyanide redox MDC. This latter value is slightly higher
compared to analogs MDC systems operating with ferro-
ferricyanide catholyte (Cao et al., 2009; Luo et al., 2012; Kalleary
etal., 2014; Chen et al., 2015) likely due to recirculation, thickness
of the saline compartment and low external load value. Current

efficiencies were above 100%, indicating higher ion migration
which could be attributed to the electric current achieved. Thus,
diffusion from saline compartment to adjacent compartments
was more significant for sea water desalination compared to
brackish water desalination (see Tables 2, 3). Regarding volume
variation, it could be attributed to osmotic processes due to
the longer duration in the air cathode MDC configuration as
well as different initial conductivity in catholyte solutions in
both configurations.

Figure 5 summarizes the main experimental results for both
MDC strategies for brackish and sea water desalination. As
stated, NDR was higher for brackish and sea water when the
ferro-ferricyanide redox MDC was used, and only complete
desalination could be achieved using air diffusion cathode MDC
for brackish water desalination (i.e., partial desalination for sea
water). From the point of view of COD removal rate, desalination
of sea water increased the waste water capacity of the MDC, and
this effect was related to the increase in the generation of electric
current. Similarly, specific energy production (SEP) was higher
for seawater desalination compared to brackish water’s.

From the point of view of real application, brackish water
desalination can be accomplished by both strategies. As oxygen is
asimple and available reagent, air diffusion cathode MDC is more
suitable for brackish water desalination, but water production
(i.e., NDR) should be maximized by complete optimization of
the system. In the case of sea water desalination, only ferro-
ferricyanide redox MDC could achieve complete desalination,
so air diffusion MDC strategy could be adopted as a suitable
approach for pre-desalination step applications (for example,
coupled to a RO conventional plant Elmekawy et al, 2014.
Obviously, even if ferro-ferricyanide redox catholyte allows the
increase of the desalination efficiency, waste water treatment,
fresh water, and energy production in the MDC device, it should
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be regenerated when depleted due to the high costs of reagents,
as previously discussed in the literature Cao et al.,, 2009. For
this reason, low-cost and effective strategies for regeneration
of the redox mediator catholyte need to be explored in next
studies, for instance, using renewable energy (i.e., photovoltaic,
wind energy) or other microbial electrochemical processes
(i.e., biocathodes).

Finally, the experimental results of this study have been
obtained in two different laboratories, with systematic
experimental approach and in close collaboration. The
consistent and reproducible experimental results shall help
the further development of MDC technology and to speed up
their scaling-up for operation in real environments.

CONCLUSIONS

Microbial Desalination Cell constitutes an innovative technology
where microbial fuel cells and electrodialysis merge in the same
device for obtaining fresh water with no energy-associated costs,
while treating wastewater and producing energy. One of the main
limitations for MDC technology is the low available potential for
desalination when oxygen reduction is used as cathodic reaction,
as partial desalination is obtained when sea water is used as
feed stream. The ferro-ferricyanide redox MDC strategy has been
proposed in the literature in order to enhance the performance
of MDC technology and provide total desalination of sea water.
Two analogous MDC experimental setups with different cathode
strategy (air diffusion and ferro-ferricyanide redox) allow to
compare the desalination performance of both systems, and to
understand the main limitations for the technology development.
Air cathode approach may be suitable for brackish water
desalination, even though nominal desalination rates are near
one order of magnitude lower than those obtained using a
ferro-ferricyanide redox mediator. Seawater desalination could
be better addressed by a ferro-ferricyanide redox MDC; however,
catholyte regeneration routes should be explored to reduce costs
and allow for low-cost and efficient desalination. A compromise
between MDC performance and costs should be made for further
upscaling and application in real environments. Finally, the
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