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EnergyCapture fromThermolyticSolutions
in Microbial Reverse-Electrodialysis Cells
Roland D. Cusick, Younggy Kim, Bruce E. Logan*

Reverse electrodialysis allows for the capture of energy from salinity gradients between salt and fresh
waters, but potential applications are currently limited to coastal areas and the need for a large
number of membrane pairs. Using salt solutions that could be continuously regenerated with waste
heat (≥40°C) and conventional technologies would allow much wider applications of salinity-gradient
power production. We used reverse electrodialysis ion-exchange membrane stacks in microbial
reverse-electrodialysis cells to efficiently capture salinity-gradient energy from ammonium bicarbonate
salt solutions. The maximum power density using acetate reached 5.6 watts per square meter of cathode
surface area, which was five times that produced without the dialysis stack, and 3.0 T 0.05 watts per
square meter with domestic wastewater. Maximum energy recovery with acetate reached 30 T 0.5%.

Microbial fuel cell (MFC)–based technol-
ogies are promisingmethods for direct
electrical power production from waste

organic matter, wastewater treatment, and the
capture of salinity gradients in salt- and freshwater

sources (1–3). Exoelectrogenic microorganisms
can oxidize soluble organic matter, such as that
present in wastewater (4, 5), and release electrons
to an electrode. Power densities with air-cathode
MFCs have reached 2.7W/m2 by using optimized
solutions with equally sized electrodes (6) but are
lower when using complex organics or solutions
(0.26 to 0.45 W/m2) with ionic conductivities
typical of domestic wastewater (~1 mS/cm) (7–9).

Reverse electrodialysis (RED) is a process for
direct electricity production from salinity-gradient
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energy, obtained from seawater and freshwater
sources, based on the use of many pairs of anion
and cation exchangemembranes situated between
two electrodes. Many membrane pairs are needed
for effective harnessing of salinity gradients as
electricity, resulting in high costs for standalone
RED systems (10, 11). The use of natural waters in
RED can result in membrane fouling without ex-
tensive pretreatment of fresh and salt water. In
principle, salinity-gradient energy can be effectively
capturedwithin amicrobial reverse-electrodialysis
cell (MRC) by using only a small number of mem-
brane pairs (Fig. 1). Bacterial oxidation of organic
matter and oxygen reduction provide favorable
electrode reactions, resulting in efficient capture of
energy in the RED stack (12). However, RED and
MRCapplications are currently limited to estuarine
or coastal areas because of the need for both fresh-
and saltwater solutions (12).

Thermolytic solutions such as ammonium bi-
carbonate (NH4HCO3), which can be concentrated
with low-grade thermal energy (13), theoretically
may be able to provide the salinity-gradient energy
source for a RED stack. When combined with a
favorable reaction at the electrodes in anMFC, or
used in a microbial electrolysis cell (MEC) for
hydrogen gas production (12, 14), anMRC using

NH4HCO3 could result in more efficient capture
of energy from wastewaters and other sources
of biomass than could an MFC. The capture of
waste heat (>40°C) energy with NH4HCO3 is pos-
sible with conventional and well-proven technol-
ogies, such as vacuum distillation (15), that can
producehigh-concentrate (HC) and low-concentrate
(LC) salt solutions. The resulting energy differ-
ence between 1 M and 0.01 M NH4HCO3 HC
and LC solutions is equivalent to 370 m of hy-
draulic head, which is even greater than that
of typical ocean and river water (270 m) (11).
NH4HCO3 is relatively distinct among many dif-
ferent chemicals that have been proposed for
capturing energy through pressure differences, in
a process called pressure-retarded osmosis (PRO),
because of the easily volatilized ionic species (16).
PRO requires the flow of water through specific
types of membranes, distillation of larger vol-
umes of water than would be needed for a RED
stack, and mechanical conversion of pressure into
electrical power. This is different than the MRC
process, in which electricity is directly generated
by bacteria, voltages are increased by the salinity
gradient, conventional ion exchange membranes
are used, and there is no direct contact of the fresh
water and salt solutions.

To test the utility of NH4HCO3 solutions for
energy production, we examined four different
salinity ratios (SRs) with a single HC solution
(0.95 M NH4HCO3, conductivity of 65.5 mS/cm)
in an MRC (58.4 mL) containing five mem-
brane pairs (Fig. 1) at a fixed-solution flow rate
(1.6 mL/min). The maximum power (normalized
to projected cathode area of 7 cm2) was 5.4W/m2

(SR = 100) with 1 g/L of sodium acetate. For
these conditions, the RED stack contributed 2.1 T
0.01 W/m2 (39%) of the produced power, com-
pared with 3.3 T 0.04 W/m2 (61%) from the
oxidation of the substrate (Fig. 2A). The cell
obtained peak power at a total cell voltage of 0.75V
and current density of 0.72 mA/cm2. Lowering
the flow rate (fig. S2) from 1.6 to 0.85 mL/min
(4.9 T 0.1 W/m2) reduced power by an amount
equivalent to using an SR of 50 (4.7 T 0.1W/m2).
The use of the RED stack and a saline catholyte
alone increased power, as shown by an MRC
power density of 1.7 T 0.05W/m2withmembranes
all containing the same saline solution (SR = 1),
relative to that of a single-chamberMFC (nomem-
branes; 1.08 T 0.03 W/m2). This improved per-
formance of the MRC could be due to a number
of factors, including improved charge transfer at
the cathode (65.5 mS/cm), a salinity gradient be-
tween the stack and the anode, and the flow of
bicarbonate ions through the anion exchange
membrane, which helps to maintain anode pH at
6.9 T 0.1 compared with a decrease in pH to 5.5
by using NaCl salt solutions (12).

We further examined power production using
different concentrations of HC and LC solutions
at a fixed salinity ratio (SR = 100). MRC power
density reached a maximum of 5.6 T 0.04 W/m2

for the 1.1 M HC solution (Fig. 2B). This was
20% higher than that produced with an artificial
seawater (NaCl) and freshwater (12). Internal re-
sistances, obtained from the slope of the polar-
ization curves (fig. S6), ranged from 170 ohms
(HC = 0.5 M) to 138 ohms (HC = 1.8 M).

The most substantial impact of the RED stack
on MRC performance was that it increased max-
imum power production using organic matter.
Electrode reactions in the MRC produced up to
3.2 T 0.2 W/m2, which is three times the power
produced in the absence of the stack in a single-
chamber MFC (1.08 T 0.03 W/m2) (Fig. 2). The
contribution of the electrodes to total power gen-
eration did not appreciably vary for HCs between
0.5 and 1.1 M (SR = 100), although power was
reduced at the highest HC (1.8 M) (Fig. 2B). The
use of the RED stack produced a very stable cell
voltage with increasing current, with electrode
potentials maintained very close to their open cir-
cuit values as current density increased (Fig. 3). In
contrast, MFC electrode potentials substantially
changed with increasing current. High salt con-
centrations (1.1 and 1.8M) adversely affected the
anode biofilm at the highest current densities, as
shown by a rapid increase in the electrode po-
tential (Fig. 3). This rapid change in electrode
potential resulted in substantially reduced power
densities in subsequent cycles, indicating damage

Fig. 1. (A) Main components of the MRC, showing the membrane stack between the electrodes, the
reference electrodes, and the circuit containing a load (resistor). (B) Example of how the anion-exchange
membranes (AEMs) and cation-exchange membranes (CEMs) are used to selectively drive the flow of
positive ions to the right (toward the cathode) and the negatively charged ions to the left (toward the
anode). The flow of these charged ions adds potential to the current produced by the microbes on the
anode and maintains electroneutrality at the electrodes. (C) Expanded view of the membrane stack
showing flow path of the HC and LC solutions of NH4HCO3. (D) Construction of the gaskets used to direct
the flow from one LC chamber to the next LC chamber, avoiding the HC chamber through a short flow
path through the membrane and gasket.
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to the anode biofilm. Several additional cycles
were needed at low current densities (high re-
sistances) to restore performance.

Energy recoveries (rE, based on total energy
entering) and energy efficiencies (hE, energy-in
minus energy going out) were higher for the
MRC than a MFC. Energy recoveries for the
MRC, at a fixed salinity ratio (SR = 100), ranged
from 30 T 0.5% (HC= 0.5M) to 20 T 0.0% (HC=
1.8 M), with energy efficiencies of 34 T 0.5%
(HC = 0.5M) to 25 T 0.0% (HC= 1.8M) (Fig. 4).
Maximum energy recovery in the MFC was only

14 T 2%, with a slightly larger energy effici-
ency of 16 T 2%. Coulombic efficiencies, or the
percentage recovery of electrons from the sub-
strate, were higher in the MRC (66 T 4%) than in
the MFC (35 T 4%) because the membrane stack
reduced oxygen crossover from the cathode to
the anode (12, 17).

The use of a salinity-gradient power source in
the MRC also resulted in very high power pro-
duction from domestic wastewater, with up to
2.9 T 0.05 W/m2 (fig. S6) produced at a HC con-
centration of 0.95M (SR = 100, 1.6 mL/min flow
rate). The power derived from the electrode re-
actions was 2.0 T 0.05 W/m2, which is a 740%
increase in power production as compared with
that achievedwithwastewater in a single-chamber
MFC (0.27 T 0.05 W/m2). This power produc-
tion by the electrode reactions is 50% larger than

that achieved with carbon nanotube–coated elec-
trodes in the absence of a RED stack (18). Power
production from wastewater dropped off after
only 2 hours, indicating rapid treatment of easily
degraded organicmatter (fig. S7). The percentage
of organic matter removal based on chemical
oxygen demand (COD) was 35 T 2%, with an
energy production of 0.94 kWh/kg COD. In con-
trast, conventional wastewater treatment using ac-
tivated sludge processes can consume 1.2 kWh/kg
COD (19). The relatively low COD removal with
wastewater, compared with essentially complete
removal with acetate, is typical for biofilm pro-
cesses used inwastewater treatment (20). Soluble
COD (that passing a 0.45-mm-pore-diameter filter)
can easily be removed by the biofilm in a trickling
filter, for example, with particulate COD removed
in a secondary solids contact process (21) that can
be used to generate methane (19).

One limitation in a MRC stack arrangement
with NH4HCO3 is nitrogen crossover from the
stack into the anode chamber. The predominant
nitrogen forms in the ammonium carbonate so-
lution are ammonium (NH4

+), ammonia (NH3),
and carbamate (NH4CO3

–). Negatively charged
carbamate ions crossed the anion exchangemem-
brane and moved into the anode chamber to
balance charge (protons released by the bioanode).
Total ammonia nitrogen concentrations in the
anode chamber after a fed-batch cycle ranged
from 263 T 32 mg/L (HC = 0.5 M) to 590 T 36
mg/L (HC = 1.8 M) (fig. S8). For the observed
values of effluent anode pH (6.8 to 7.1), free
ammonia nitrogen concentrations in the anode
chamber ranged from 1.0 T 0.2 mg/L to 2.6 T
0.03 mg/L. Total ammonia nitrogen concentra-
tions above 500mg/L and free ammonia nitrogen
concentrations above 11 mg/L are known to in-
hibit power production in MFCs (22). However,
the main concerns of nitrogen crossover are con-
tamination of the anode solution with ammonia
and loss of the salt solution. These losses can be
minimized in future designs through the use of
bipolar membranes or a low-salt solution in the
membrane stack nearest the anode.

The use of thermolytic solutions in RED stacks
could substantially change the energy balance for
wastewater treatment, enable sanitation in energy-
poor areas, and allow for energy capture from
renewable energy sources such as solar thermal
and waste heat. Three types of wastewaters (food
processing, animal, and domestic) contain nearly
asmuch energy (17GW) as that used for thewhole
water infrastructure in the United States (23).
There is approximately nine times more energy
in domestic wastewater than that required to treat
it by using conventional methods (24). In energy-
poor areas, production of electrical power from
wastewater creates incentive for a community to
operate a treatment plant, and therefore accom-
plish water sanitation. Other biomass and heat
sources could also be harvested in MRCs. For
example, cellulose and end products from cel-
lulose fermentation can be used in these bio-
electrochemical systems (25–27), and as much as

Fig. 2. Peak power densities obtained from polarization curves, apportioned to power from the RED
(salinity-gradient power) compared with the electrodes (organic matter power). (A) Effect of SR on peak
power density with a fixed HC solution (0.95 M). (B) Effects of HC concentrations on power with a fixed
SR of 100. The dashed line represents peak power density of the same electrodes in a single chamber.

Fig. 3. (A) RED stack voltage and (B) anode (A)
and cathode (C) potentials versus current density
for the MRC by using different HC solutions (0.95,
1.1, and 1.8 M). The stability of the anode poten-
tial at higher current densities was the primary
reason for the increased power density.

Fig. 4. Energy recovery (rE) and energy efficiency
(hE) for the MRC in batch recycle experiments,
using different HC solutions. Energy recovery is de-
fined by the ratio of energy produced by the MRC
reactor and the energy input as substrate and sa-
linity gradient. Energy efficiency was calculated as the
ratio of energy produced to the energy consumed
based on the substrate used and the salinity gra-
dient. The dashed line indicates energy recovery
and efficiency using the same electrodes in a sin-
gle chamber MFC reactor (no membranes).
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1.34 billion tons of biomass could be produced
annually in the United States without affecting
food production (28). Industrial applications offer
a good opportunity to recover the 7 to 17% of
energy used in the United States that is lost as
waste heat (29), but solar or geothermal heat sources
could also be used. All of these renewable energy
sources provide opportunities for producing elec-
tricity, or alternatively hydrogen gas (14), from
salinity gradients and biomass sources.
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Silicon Isotope Evidence Against an
Enstatite Chondrite Earth
Caroline Fitoussi1,2* and Bernard Bourdon1,2

The compositions of Earth materials are strikingly similar to those of enstatite chondrite meteorites in
many isotope systems. Although this suggests that Earth largely accreted from enstatite chondrites,
definitive proof of this model has been lacking. By comparing the silicon (Si) isotope signatures of
several extraterrestrial materials with terrestrial samples, we show that they cannot be explained by
core-formation scenarios involving a bulk Earth of enstatite chondrite composition. Si isotope
similarities between the bulk silicate Earth and the Moon preclude the existence of a hidden reservoir
in the lower mantle, a necessary condition of the enstatite chondrite model, and require an
equilibrium process after the Moon-forming impact. A three–end-member chondritic mixing model
for Earth reconciles the Si isotope similarities between enstatite chondrites and Earth.

Mostmodels of Earth’s bulk composition
consider that its accreting material was
compositionally similar to chondritic

meteorites. For example, the simplest approach
for establishing Earth composition models is to
consider that Earth is similar to CI carbonaceous
chondrites, based on the fact that this class of
meteorites is closest to the solar composition
(1, 2). One important issue with this approach
is that, although it succeeds in matching the
relative abundances of refractory lithophile ele-
ments (such as Al, Ca, and Sc), it fails to explain
isotope variations. Notably, for several isotope
systems such as oxygen (3), chromium (4), and
nickel (5), the isotope composition of Earth is
identical to that of enstatite chondrites. Because
oxygen is amajor constituent of Earth (up to 50%
in mass), models that invoke a bulk Earth (a solid

having the mean composition of the total Earth)
of enstatite chondrite bulk composition have also
been proposed (6, 7). However, enstatite chon-
drites are undifferentiated meteorites indicating
an environment more reducing than that of Earth
(8) such that (i) the iron content is extremely small
in the silicate phase and (ii) sulfides of elements
that are otherwise lithophile (such as MgS or
MnS) are present. Another major obstacle to an
enstatite chondrite model is that the Mg/Si ratio
of the upper mantle found in the most fertile
peridotites (9, 10) differs considerably from
that of enstatite chondrites. Therefore, if the bulk
Earth has a bulk enstatite chondrite composition,
a correspondingly large difference of the Si abun-
dance, which influences Mg/Si ratios, between
the upper mantle and the bulk Earth must be ac-
counted for (11).

Silicon isotopes, which can reveal fractiona-
tion during metal-silicate equilibrium reactions
(the silicate phase gets enriched in heavy Si
isotopes relative to the metal), may help resolve
these discrepancies. For example, in models call-
ing on a “solar” bulk Earth composition, Si iso-

topes explain how the superchondritic Mg/Si
ratio of the bulk silicate Earth [(BSE), a solid
having the mean composition of the terrestrial
crust and mantle] resulted from the incorpora-
tion of Si into the core (12). If one assumes 7
weight percent (wt %) Si in the core (2) and
metal-silicate equilibrium temperatures derived
from core-formation models (13, 14), the cal-
culated d30Si value for the BSE is consistent
with the measured d30SiBSE (12). Studies using
the mean of all chondrites for the bulk Earth
composition also concluded that the Si isotope
difference between the BSE and chondrites was
due to the incorporation of Si into Earth’s core
(15, 16). A bulk Earth with an enstatite chon-
drite composition (EH), however, requires a core
containing 28 wt % Si, which would yield a den-
sity deficit much higher than that deduced from
seismic velocities (17). To circumvent this issue,
it was proposed that a hidden lower mantle had
a higher Si content compared with the upper
mantle (7).

To further examine the enstatite chondrite
model, we analyzed the Si isotope composition
of enstatite chondrites, enstatite mineral separates
of enstatite chondrites and aubrites that would
represent the composition of material accreting
to Earth, and compared them with previously
analyzed terrestrial samples and new data for
lunar samples. Preparation and mass spectro-
metric analysis of the samples have been car-
ried out similarly to (12) with onlyminor changes
(11). A salient feature of this data set is that the
d30Si values of enstatite chondrites are systemat-
ically lower than those of other chondrites (table
S1), which confirms the suggestions from pre-
vious studies (12, 15, 16).

The Si isotope composition of the BSE (mea-
sured in terrestrial basalts and peridotites) was
first reported to be d30SiBSE = –0.38 T 0.04 per
mil (‰) (2 SE) (15). Subsequently, we measured
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