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ABSTRACT: A microbial desalination cell (MDC) uses exoelectrogenic bacteria to oxidize organic matter
while desalinating water. Protons produced from the oxidation of organics at the anode result in anolyte
acidification and reduce performance. A new method was used here to mitigate anolyte acidification based on
adding non-buffered saline catholyte effluent from a previous cycle to the anolyte at the beginning of the next
cycle. This method was tested using a larger-scale MDC (267 mL) containing four anode brushes and a three
cell pair membrane stack. With an anolyte salt concentration increased by an equivalent of 75 mM NaCl
using the catholyte effluent, salinity was reduced by 26.0 + 0.5% (35 g/L NaCl initial solution) in a 10 h
cycle, compared to 18.1 + 2.0% without catholyte addition. This improvement was primarily due to the
increase in buffering capacity of the anolyte, although increased conductivity slightly improved performance
as well. There was some substrate loss from the anolyte by diffusion into the membrane stack, but this was
decreased from 11% to 2.6% by increasing the anolyte conductivity (7.6 to 14 mS/cm). These results
demonstrated that catholyte effluent can be utilized as a useful product for mitigating anolyte acidification

and improving MDC performance.
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B INTRODUCTION

It is estimated that more than 4 billion people currently live in
high water stressed regions in the world, and that 2.5 billion
lack safe sanitary practices.”” Conservation and infrastructure
improvement can help alleviate some of the water stress, but
with the global water shortage projected to grow through 2050
due to the effects of climate change, industrialization, and
population growth, new sources of water will be needed.® The
number of seawater desalination facilities is predicted to
increase exponentially in the next 10 years, but current
commercial desalination techniques such as electrodialysis,
thermal desalination, and reverse osmosis have many environ-
mental concerns and high energy costs.”” Even with state of the
art advances in reverse osmosis technology bringing its energy
consumption close to the practical theoretical minimum, the
energy cost for seawater desalination is still too high for
widespread implementation, especially in poorer regions, which
are the majority of the water stressed demographic.

A new desalination technology has recently been developed,
called a microbial desalination cell (MDC), that uses
exoelectrogenic microorganisms to degrade organic matter in
wastewater and generate electricity.” This process is coupled
with a stack of ion exchange membranes to desalinate water and
produce energy. One of the main factors limiting MDC
performance has been anolyte acidification. As organic matter
in wastewater is oxidized by exoelectrogenic bacteria on the
anode and electrons are transferred to the electrode, protons
are released into solution, lowering the anolyte pH. The rate of
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proton production at the anode is greater than the rate of buffer
diffusion into the anode biofilm, which results in a pH gradient
between the solution and biofilm. This creates an acidic
environment for the anodic microbial community that can
occur even before it is detected in bulk solution.® A decrease in
the pH below neutral inhibits the respiration of anodic
bacteria.”'® This pH change is heightened in MDCs as
transport of protons from the anode chamber is limited due to
the anion exchange membrane in the membrane stack located
adjacent to the anode chamber. Similarly, at the cathode, the
pH increases when a cation exchange membrane is placed next
to the cathode chamber.

Several different approaches have been used to avoid
decreases in anode pH such as using larger volumes of
electrolyte solutions,””!* applying electrolyte recirculation
between the cathode and anode chambers,'** or inserting a
bipolar membrane next to the anode chamber.'* Larger
electrolyte solution volumes increase cycle time by providing
more solution to balance pH, but they require higher
operational and capital costs associated with pumping and
storing larger volumes of water and do not solve the inherent
pH problem. Electrolyte recirculation extends cycle time by
balancing protons accumulated in the anode chamber with
hydroxide ions that are formed in the cathode chamber, but the
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introduction of organic matter into the cathode chamber can
result in extensive biofouling of the cathode and low
Coulombic efficiencies (<25%). A bipolar membrane can be
used instead of the anion exchange membrane next to the
anode chamber to dissociate water and balance pH. However, a
large voltage (1.0 V) must be used due to the high resistance of
the bipolar membrane, which makes the process energy
intensive.

A different approach was used here to mitigate anolyte pH
imbalance based on using the cathode solution. Instead of
recycling electrolyte solutions between the electrode chambers,
the non-buffered and saline catholyte effluent was mixed once
with fresh anolyte to increase the anolyte alkalinity and ionic
conductivity. Oxygen reduction reaction at the cathode
consumes protons and increases the pH to approximately
12.8. The catholyte has a high conductivity due to the salinity
of the water being desalinated (~70 mS/cm with 35 g/L
NaCl). Therefore, adding the catholyte to the anolyte increases
the conductivity of the anolyte solution and reduces internal
resistance. The effectiveness of amending the anolyte with
catholyte was examined here using a larger-scale multi-anode
electrode MDC in terms of current production, desalination,
power generation, and COD removal. The transport of anions
out of the anode chamber during a cycle by back-diffusion was
also measured to determine substrate losses from the anode
chamber. Additional experiments were conducted by adding
NaCl directly to the anolyte, allowing observation of the effect
of conductivity separately from that produced by catholyte pH.

B MATERIALS AND METHODS

MDC Construction. The anode and cathode chambers were
constructed using high density polyethylene (HDPE) material with a
cross-sectional area of 52.5 cm’® (17.5 cm X 3 cm) (Figure 1). The
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Figure 1. Schematic of bench scale MDC with parallel continuously
recycled flow through the three cell pair electrodialysis stack. AEM:
anion exchange membrane. CEM: cation exchange membrane.

anode chamber had a volume of 160 mL, and the cathode chamber
had a volume of 53 mL to minimize the distance between electrodes.
Four bars of HDPE (0.5 cm height) were evenly spaced and placed on
the inner face of both chambers in order to prevent membrane
deformation. Four heat-treated graphite fiber brushes 2.7 cm in
diameter and 2.3 cm long were used as the anodes (Mill-Rose Lab Inc.,
U.S.A.)."® The air cathodes consisted of wet-proofed carbon cloth
(30%), with four layers of polytetrafluoroethylene diffusion layers, a
Nafion binder, and 0.5 mg Pt/ cm2.'® The anodes were each connected
to individual 10 Q external resistors and connected in parallel to the

1201

cathode through a single titanium wire current collector along the
length of the cathode.

The electrodialysis stack consisted of three cell pairs made of
interchanging anion and cation exchange membranes (Selemion CMV
and AMV, Asahi glass, Japan) pretreated in a 0.6 M NaCl solution for
24 h and then rinsed with deionized water. The silicone gaskets used
to make a water tight seal in the stack had a thickness of 1.3 mm, and
polyethylene mesh spacers (2.5 cm X 16 cm) were used to maintain
cell thickness. Each cell held approximately 9 mL. The gaskets and
membranes were cut to allow parallel flow through the stack, entering
and leaving through the anode side of the reactor. Ag/AgCl reference
electrodes (RE-SB; BASi, West Lafayette, IN) were placed between
the anodes in the anode chamber and directly across from the anodes
in the cathode chamber. The reactor was bolted together using
anodized aluminum plates on each side of the reactor.

Medium. The anodes were inoculated (50% v/v) with a
preacclimated mixed culture community of microorganisms from a
functioning acetate-fed MFC and acclimated individually in 4 cm cube
reactors with a 10 € external resistor for over one month. NaCl
concentrations were gradually increased from 0 to 200 mM NacCl in
order to preacclimate bacteria to higher CI™ conditions typically
produced in the MDC."” The anode chamber of the MDC was fed a
solution of sodium acetate (1 g/L) in a SO mM phosphate buffer
solution containing (per liter of deionized water): 0.31g NH,Cl, 2.45g
NaH,PO,-H,0, 4.58g Na,HPO,, 0.13g KCI, 5 mL vitamins, and 6.25
mL trace minerals.'® The catholyte, diluate, and concentrate solutions
were all synthetic seawater consisting of 35 g/L NaCl prepared in
deionized water.

MDC Operation and Experimental Procedures. The cathode
chamber was operated in fed-batch mode. The solution in the anode
chamber was continuously recycled at 1.0 mL/min (from the bottom
to the top of the chamber) to avoid localized differences in substrate
concentrations that could affect reactor performance.' The reactor
was left in open circuit for an hour previous to operation, with 35 g/L
NaCl solution flushed through the stack at S mL/min to remove
solution from the previous cycle. During operation, the diluate
solution was continuously recycled using a 100 mL reservoir. The
concentrate stream was continuously recycled to a larger reservoir
(~450 mL) to minimize the salinity increase in this chamber. Both
streams had a flow rate of 1 mL/min. The cycle time was set to 10 h to
minimize osmotic losses at the end of a cycle when current decreased
to lower levels.

Catholyte effluent (~70 mS/cm, pH ~12.8) collected from a
previous cycle was added to the anolyte influent, rather than using the
catholyte from the same cycle, to simplify MDC operation. The
volume of catholyte used was evaluated in terms of the equivalent
change in salt concentration, producing increments of 25, 50, and 75
mM higher anolyte salt concentrations. The substrate concentration
was maintained at 1 g/L acetate to avoid the effects of the different
initial substrate concentrations on performance. The amount of PBS
added to the anolyte was also constant for each experimental condition
(Figure S1, Supporting Information). At 100 mM PBS, current was
produced with a maximum salt concentration addition from catholyte
of 150 mM. Therefore, with 50 mM PBS as the anolyte, the highest
salt concentration from catholyte addition used was 75 mM. As a
control, a fed-batch cycle was run without addition of catholyte
effluent to the anolyte solution. Addition of catholyte effluent
increased both conductivity and pH of the anolyte. In order to
observe the effect of conductivity separately from pH, in separate
experiments, sodium chloride was added to the anolyte at 25, 50, and
75 mM NaCl increments, avoiding a pH change.

Analyses and Calculations. The voltage (U) for each anode
across a 10 Q external resistor'’ was measured at 10 min intervals
using a multimeter (Keithley Instruments, U.S.A.) connected to a
personal computer. Current was calculated as i = U/R, and current
density was normalized by the cathode surface area (52.5 cm?).
Influent and effluent solutions for diluate, concentrate, anolyte and
catholyte solutions were analyzed using conductivity and pH probes
(SevenMulti, Mettler-Toledo International, Inc., U.S.A.). The total
desalination rate (g/L—d) was calculated as the change in salinity
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Figure 2. (A) Extent of desalination and total desalination rate with increasing anolyte salt concentration increase from catholyte effluent addition.
(B) Current density profile during one 10 h cycle for different amounts of catholyte effluent addition.

based on total dissolved solids. The salinity was estimated from
conductivity measurements using an in situ conductivity conversion as
previously outlined by Bennett’® and assuming the conductivity
measured was due only to NaCl. Current efficiency (17) was
determined as ratio of ionic separation of NaCl to the total number
of electrons passed through the circuit, as

D D D, 6D
— F(Cinl}in ~ SutYout
l\rcpzfidt (1)

where F is Faraday’s constant, ¢ the molar concentration of NaCl in
the diluate, v the volume of the diluate, N, the number of cell pairs in
the electrodialysis stack, and i the current generated in the reactor. The
subscript “in” indicates conditions at the beginning of the cycle, “out”
the end of the cycle, and the superscript “D” indicates diluate.'”

The chemical oxygen demand (COD) was measured for influent
and effluent anolyte solutions using standard methods (Hach Co.,
US.A.). The COD sample was diluted at a 1:10 ratio in order to
minimize the effect of chloride ions on measurements. The Coulombic
efficiency (CE) was calculated based on the total COD removed and
the number of coulombs collected during the cycle as previously
described.”! The Coulombic efficiency calculated here was modified to
account for acetate losses due to diffusion out of the anode chamber,
as

t
Mo, [ 1dt
(COD,, — COD, + CODyr)

CEyg = Th v

esan

)

where M, is the molecular weight of O, (32 g/mol), b, the number
of electrons exchanged per mole of oxygen (4 mol e”/mol O,), COD,,
the measured substrate concentration at the beginning of the cycle,
COD,y the measured concentration at the end of the cycle, and
CODy the substrate concentration measured in the adjacent diluate
solution due to diffusion through the membrane.

Diluate samples were analyzed for phosphate using ion chromatog-
raphy (IC, Dionex ICS-1100) and acetate using high performance
liquid chromatography (HPLC, Shimadzu LC-20AT). The power
density was measured for each experimental condition using an
external resistance ranging from 10 to 10,000 Q at 20 min intervals,
after the reactor was initially set at open circuit for ~1 h. During
polarization tests, salt solution (35 g/L NaCl) was continuously flowed
through the electrodialysis stack at a flow rate of S mL/min in order to
minimize losses due to junction potential and to decrease internal
resistance as previously demonstrated.'” Power densities (mW/m?2)
were normalized by the cathode projected surface area.

B RESULTS

Desalination and Current Generation. The MDC was
run under four different operating conditions, each with varying
amounts of catholyte effluent added to the anolyte. The salt
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concentration in the diluate solution (35 g/L NaCl) was
reduced by 26.0 + 0.5% when the anolyte salt concentration
was increased by 75 mM using the catholyte effluent, compared
to 18.1 + 2.0% in the control (no catholyte addition). The total
rate of desalination and extent of desalination increased linearly
with catholyte concentration because the cycle time was fixed
(Figure 2a). The peak current density was 7.21 + 0.08 A/m>
shortly after the circuit was closed for two lowest catholyte
additions (25 and 50 mM) and the control. For tests with 75
mM catholyte, the current density was initially lower at 6.10
A/m?, but it increased to a maximum of 6.95 A/m? after 40—60
min (Figure 2b). The number of coulombs recovered increased
with catholyte addition from 532 C (no catholyte) to 833 C
(75 mM catholyte). Diluate recovery averaged 90%, with a
anolyte:diluate effluent ratio of 1.4:1. Fouling was not observed
on the cathode.

The maximum power density was 685 mW/m? with either
50 or 7S mM catholyte addition (Figure 3). When the anolyte
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Figure 3. Maximum power density with various amounts of catholyte
effluent addition (0—75 mM) after ~30 days of operation at 10 Q
external resistance. The internal resistance is also shown by the slope
of the voltage with respect to current. The closed diamonds “P”
represent power density at a given concentration of catholyte addition,
while the open signs “V” are for voltage.

conductivity was nearly doubled from 7.6 + 0.1 to 14.3 + 0.9
mS/cm through addition of the 75 mM equivalent catholyte,
the total internal resistance decreased by only S to 73 Q (based
on the slopes of the polarization data). This suggests that the
anolyte solution resistance was not a large fraction of the overall
internal resistance. The average power production over the fed-
batch cycle was 318 + 14 mW/m” with the 75 mM catholyte
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addition, and this power density decreased linearly with smaller
volumes of catholyte addition (Figure S2, Supporting
Information). The external resistance of the MDC was set to
maximize current and therefore desalination rate rather than
power production. Increasing the external resistance could yield
higher power densities as discussed by Jacobson et al.**

The catholyte effluent pH was 12.8 + 0.3, so amending fresh
anolyte solution with catholyte effluent resulted in a higher
initial anolyte pH. The initial anolyte pH was 8.12 + 0.40 with
75 mM catholyte addition. The initial pH approached a more
neutral pH with smaller volumes of catholyte addition, with a
pH of 7.17 + 0.03 for the control (no catholyte addition)
(Figure 4). Greater volumes of catholyte effluent addition
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Figure 4. Anolyte pH at the beginning and end of one cycle at various
concentrations of anolyte salt increases due to catholyte effluent
addition. Increasing the amount of catholyte effluent addition results in
an increase of initial anolyte pH.

increased the extent of desalination (Figure 2a) but too high an
initial pH limited microbial current generation. In separate tests
with greater amounts of catholyte addition than those reported
here, it was observed that an initial anolyte pH above 9.0
irreversibly decreased current generation to zero (Figure S3,
Supporting Information), as also shown by others.”®> The
improvement in desalination performance is attributed to the
increase in anolyte pH from catholyte addition rather than the
increase in anolyte conductivity, as adding 75 mM NaCl to the
anolyte resulted in a 2% drop in desalination. The pH at the
end of the cycle was 5.0 + 0.1 under all experimental

conditions, which is in the low pH range known to inhibit
current generation.9

Anion Transport and Effect on COD Removal. The
current efficiency is the fractional contribution of the total
electrons transferred through the circuit for ionic separation in
the dilute solution. The average current efficiency here was 96
+ 7% (eq 1), demonstrating that the ion exchange membranes
effectively transported sodium or chloride counterions with
current generation and little back-diffusion of these ions. Other
counterions could back-diffuse across the ion exchange
membranes, although this is not accounted for in eq 1. There
was back-diffusion of acetate and phosphate anions across the
anion exchange membrane into the adjacent diluate chamber.
This diffusion resulted in a loss of 0.03 & 0.02 g/L of acetate
from the anode chamber with 75 mM catholyte addition, and
this increased to as much as 0.11 + 0.02 g/L with no catholyte
addition (control). Phosphate ions were also lost from the
anode chamber, increasing from 2.3 mM PO,*” (7S mM
catholyte addition, 14.3 mS/cm) to 3.2 mM PO,*~ (control, 7.6
mS/cm) (Figure Sa). This trend of decreasing diffusive anion
transport was also apparent when NaCl (not catholyte) was
directly added to the anolyte, demonstrating that anion back-
diftusion out of the anode chamber was a function of anolyte
conductivity.

Final acetate concentrations in the anode chamber decreased
with higher concentrations of catholyte added to the anolyte,
with acetate removals ranging from $5.2 + 1.7% (control) to
62.8 + 0.4% (75 mM catholyte addition). The greater COD
removal was due to higher current densities associated with
catholyte addition. When increasing anolyte conductivity using
only NaCl, there was less COD removal (Figure Sb), which
indicated that it was the additional buffering capacity due to the
catholyte rather than the increased conductivity that improved
the extent of substrate oxidation. COD removal from
biochemical processes was less than that measured in the
anode chamber due to acetate diffusion through the adjacent
ion exchange membrane. The effect of diffusion on correcting
microbial COD removal was greatest at lower conductivity
anode solutions, decreasing COD removal by 17% compared to
the control (7.6 mS/cm) (Figure 6).

The CE ranged from 59% to 87%, indicating that very little
oxygen diffused to the anode biofilm. CE increased with greater
amounts of catholyte effluent addition, from 59 + 3% (control),
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Figure 5. (A) Diffusion of acetate and phosphate,PO,>” across the anion exchange membrane from the anolyte chamber into the diluate solution.
The dashed line denotes experiments with NaCl added to the anolyte, while the solid lines are data from experiments with catholyte addition. (B)
COD removal at various increments of NaCl addition with no effect on anolyte pH (open signs) and due to addition of catholyte effluent with an
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or catholyte effluent addition.
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Figure 6. Coulombic efficiencies and COD measurements from the
anolyte at the beginning and end of one cycle for various increments of
anolyte salt concentration increase due to catholyte effluent addition.
The subscript “diff” indicates data points where diffusion of acetate out
of the anode chamber was taken into account.

66 + 1% (25 mM catholyte), 80 + 6% (S0 mM catholyte), to
84 + 1% (75 mM catholyte). The changes in the CEgyy were
less variable when acetate losses due to diffusion were included,
ranging from 75 = 3% (control) to 87 + 4% (75 mM). The
effect of acetate diffusion on CE g was greatest at lower anolyte
conductivities (28% increase at 7.6 mS/cm) and lessened with
higher anolyte conductivity (4% increase at 14.3 mS/cm)
(Figure 6).

Effect of Anolyte Recirculation on Anode Perform-
ance. Anolyte recirculation resulted in a more equal
distribution of current generation along the height of the
reactor and improved overall current density. When the anode
chamber was initially filled (batch mode), each anode
contributed almost equally to performance based on measured
currents. The nearly equal current production by each anode at
the beginning of the cycle indicates that when the anode
chamber was initially filled, it functioned as a completely mixed
reactor. As the cycle progressed, however, the current produced
by the anode at the top of the reactor first declined, followed
successively by the other anodes down along the length of the
reactor (Figure 7b). The difference in current generation from
each anode was most likely caused by a substrate gradient that
developed over time as has been observed by others.**** Over
eight 24 h fed-batch cycles, the contribution of the top anode
toward current generation decreased from 37% to 11%

suggesting that there were differences in substrate concen-
trations developing within the reactor over time.

To test the hypothesis that substrate gradients within the
anode chamber were producing different current production by
the anodes, the anolyte was recycled from the bottom to the
top of the reactor at 1 mL/min. Anolyte recirculation
successfully balanced the contribution of current from each
anode (Figure 7a) and increased total current generation by 7.9
+ 2.2% based on total coulombs recovered in the circuit. The
COD removal increased to 86 + 4% (recycle) from 78 + 3%
(batch). Recirculation minimized the difference in anode
potentials between electrodes and had a minimal effect on
cathode potentials (Figure S4, Supporting Information).

B DISCUSSION

Catholyte effluent addition increased desalination and substrate
removal in the MDC by delaying anode acidification, although
a near neutral anolyte pH was not sustained for the full cycle.
Fed-batch addition of catholyte to the anolyte at the beginning
of the cycle was only partly successful in improving anode
performance, as the initial current density was slightly inhibited
with 75 mM addition (6.10 A/m?*) compared to the control
(721 A/m?*) due to a higher initial pH. Adding too much
catholyte at the beginning of the cycle also detached the
biofilm. In future tests, an incremental addition of catholyte
could be used to better mitigate anolyte acidification
throughout the whole cycle. This addition of catholyte over
the whole cycle would avoid a high initial pH, allowing for a
greater total catholyte volume to be used. For incremental
addition to be effective, the catholyte must have a high pH at an
early stage of the cycle. This could be done by using a large
cathode surface area to volume ratio. Performance would not
improve indefinitely with greater catholyte addition, as CI™ ions
from the adjacent diluate stream, with the addition of high
concentrations of NaCl from the catholyte, could also inhibit
microbial activity.

COD removal and number of recovered coulombs increased
with catholyte effluent addition, but the approach used here did
not take into account substrate dilution resulting from catholyte
addition. The initial substrate concentration (1 g/L sodium
acetate) was kept constant in order to minimize the number of
variables in the system during experiments. The addition of
catholyte would have decreased the substrate concentration by
6% (25 mM), 10% (50 mM), and 15% (75 mM catholyte
addition). Small changes in the initial concentrations of COD
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Figure 7. (A) Current density contribution from each anode with anolyte recycle and (B) in fed-batch mode. The electrodes are ordered from the

bottom (1) to the top anode (4).
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(>850 mg COD/L) would have had little effect on power
generation, but at lower COD concentrations power can
decrease substantially with the COD concentration.*****
Substrate concentration is therefore only a factor at lower
COD concentrations. At high COD concentrations, other
factors are more important for maximizing current production
such as pH and conductivity. Substrate dilution could therefore
have an impact on performance of the MDC with either
incremental or continuous addition of the catholyte to anolyte,
in terms of reduced cycle times, desalination rates, or extent of
desalination.

Substrate losses by anion diffusion out of the anode chamber
affected both the CE ¢ and COD removal. The CE is a
measure of the ratio of recovered coulombs as current to the
total theoretical amount of coulombs that could be produced
by the oxidized substrate. Losses in CE typically arise from the
use of alternate electron acceptors by the bacteria on the anode,
such as oxygen, or from the incomplete oxidation of a substrate.
The CE typically is calculated based only on current
production, with the assumption that all of the other substrate
losses are due to other biological processes.21 However, as
shown in MDC tests here, there was significant loss (11%) of
substrate through physical diffusion through the membrane.
When an anion exchange membrane is placed adjacent to the
anode chamber, transport of negatively charged species, such as
acetate anions, should be measured and accounted for in the
COD removal and CE calculations (eq 2). In a two chamber
MEFC, substrate losses through the membrane have also been
shown to decrease cathode electrode performance.”® Without
considering substrate diffusion, total COD degradation will be
overestimated and CE underestimated.

In considering scale up of MDCs, two important factors are
the ratio of substrate to diluate volumes and the desalination
rate. Many MDCs have been shown to achieve over 90%
desalination of saline water, but these extents of desalination
have required 13—66 times more anolyte volumes than the
volume of desalinated water produced in the process
(Figure 8). The use of such large volumes of anolyte solutions
is not practical for scale up due to high capital and operational
costs. A high level of desalination has also previously required
over 48 h.”>*° A long fed-batch cycle time results in a small rate

of desalted water production.30’31 The desalination rate
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Figure 8. Comparison of diluate solution to anolyte volume ratio and
total desalination rate of various studies. The (50) and (100) values for
“this study” indicate PBS concentration (mM) of the anolyte. An ideal
MDC would be in the upper right-hand corner: high diluate to anolyte
ratio and high total desalination rate.
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produced here using the bench scale MDC was 22.5 g/L—d,
with an anolyte volume 1.4 times that of the diluate effluent.
The only report of a similar desalination rate required the use
of 66 times more anolyte to desalination effluent.” Design
aspects used here that improved performance compared to
these previous studies were the rectangular shape of the reactor,
which minimized the possibility for dead zones in the stack; use
of a larger concentrate solution to decrease osmotic water
losses from adjacent cells; use of thin electrodialysis cells to
minimize solution resistances; and choosing a more optimal
cycle time based on ending the cycle at a time that maximized
the extent of desalination, avoiding back diffusion of ions from
the concentrate to diluate chambers (Figure SS, Supporting
Information). The concentrate solution increased slightly to
37.2 £ 0.1 g/L and could be reused as either fresh catholyte or
desalination solution. The diluate volume in this operation was
also easily adjustable because diluate was collected in a separate
container and recycled through the stack. If a smaller diluate
volume had been used, greater desalination would be expected.

Recycling the anolyte was shown here to have a positive
effect on MDC performance. The average current output when
the anolyte was recycled was 8% higher than that obtained in
batch mode operation (no recycle). While the exact reason for
this change is not known, current generation without recycle
may have resulted in the development a substrate gradient
along the length of the anode chamber during batch mode
operation. It was observed that electrodes near the top of the
reactor also produced less current than those at the bottom.
Recycling anolyte from the bottom to the top would have
eliminated the development of substrate gradients in the anode
chamber, facilitated better mass transport of substrate to the
biofilm, and increased ion transport into and out of the biofilm.
Transport of protons from the biofilm into solution can hinder
microbial activity on the anode due to the development of
localized low pH.*'® Pumping fluid through the anode chamber
could have reduced concentration boundary layers around the
anode and improved ion transport rates and therefore pH
gradients in the biofilm. The recycle rate used here was low (1
mL/min), resulting in replacement of about 0.4 times the
volume of the anolyte per hour. However, increasing the recycle
rate to 2 mL/min decreased current densities over three cycles
for reasons which are not known (data not shown). Other
studies have reported the use of much higher recycle rates. For
example, an upflow MFC recycled 3.5 and 12.5 times the
volume of anolyte per hour and reported 38% and 46%
improvement in current generation, respectively.>> The results
obtained here suggest that reactor performance can be
improved using only minimal recirculation.

B ASSOCIATED CONTENT

© Supporting Information

Additional figures, as referenced in text, describe the
composition of the anolyte using the catholyte, average
power with different amounts of catholyte, current densities,
pH, and solution conductivities. This material is available free
of charge via the Internet at http://pubs.acs.org.
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