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ABSTRACT: This study presents a novel desalination technology that
couples Donnan dialysis (DD) with thermally-recoverable solutes and utilizes
low-grade heat as energy input. In the proposed process, saline feed streams
and receiver solutions of concentrated NH4HCO3(aq) flow stepwise across
cation- and anion-exchange membranes. The large transmembrane
concentration differences of NH4+ and HCO3− set up electrochemical
potential gradients to drive the uphill transport of Na+ and Cl− ions,
respectively, from the saline feed into the receiver stream. Warming the two
outlet streams using low-temperature thermal sources volatilizes NH3 and
CO2, thus removing NH4HCO3 to yield desalinated product water and
concentrated brine. The separated NH3(g) and CO2(g) are then recycled to
reconstitute the receiver solution. The concept was first experimentally validated by desalinating brackish water simulated with 100
mM NaCl solutions to freshwater salinities (<17 mM). DD desalination was then demonstrated for larger ranges of feed and receiver
concentrations of 100−1000 mM, and the experimental salt removals showed good agreement with theoretical Donnan equilibria
(within 5%). The experimental results revealed that the unavoidable permeation of receiver solute co-ions due to imperfect
membrane permselectivities is the main factor that prevents the theoretical thermodynamic potential from being reached.
Nonetheless, current commercial ion-exchange membranes are sufficient to suppress the undesired co-ion leakage, yielding salt
removals adequate for practical desalination. Module-scale analysis quantitatively showed that countercurrent DD operation can
obtain higher desalination performance compared to co-current flows, achieving salt removals and water recovery yields as high as
95.5 and 87.5%, respectively. The utilization of low-grade thermal sources, such as waste heat and low-temperature geothermal
reservoirs, as the primary energy input to drive the innovative approach opens up opportunities to lower the carbon intensity of
desalination.
KEYWORDS: Donnan dialysis, ion-exchange membranes, desalination, low-grade heat

■ INTRODUCTION
Providing sustainable access to freshwater is among the grand
engineering challenges of the 21st century. Global freshwater
scarcity is affecting approximately two-thirds of the world
population.1,2 Meanwhile, population growth, economic
development, and climate change exert mounting strains on
water security.1−3 Desalination offers a viable solution to
address the growing water supply deficits.4,5 Salt-water
separation processes currently produce ≈95 million m3/d
freshwater from saline streams, such as seawater, brackish
water, and wastewater, with continued strong growth projected
for the global desalination market.6 Tapping into the non-
freshwater resources through desalination will be indispensable
in narrowing the gap between water demand and supply.
The prevailing industrial-scale desalination technologies are

thermally driven evaporative processes, for example, multi-
stage flash and multiple effect distillation, and electricity-
powered membrane processes, for example, reverse osmosis
(RO) and electrodialysis (ED).6 Despite their technical
maturity, these conventional desalination methods are still
very carbon-intensive.7−10 Low-temperature heat resources
below 100 °C exist in vast amounts, are widely accessible, and

can be a low-carbon energy source.11−13 For example, 43 PW h
energy was lost globally as low-grade (<100 °C) waste heat in
2012, from sources such as electricity generation, trans-
portation, the petrochemical industry, and steel production.11

Geothermal energy is another abundant heat source; in the
U.S. alone, ≈14 × 106 EJ is estimated to be potentially
accessible.14 However, only a tiny proportion of such low-
grade heat is currently being utilized, because the low
temperatures pose nontrivial technical difficulties in conversion
to useful work.12,13 Therefore, developing technologies that
can be driven by low-grade heat will lower the environmental
footprint of desalination and enhance overall sustainabil-
ity.15−17

Donnan dialysis (DD) is an ion-exchange membrane (IEM)
process that employs the membrane as a charge-selective
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barrier and utilizes electrochemical potential gradients
generated by two different electrolyte solutions to drive
spontaneous exchange of ions.18,19 (The acronym DD in this
study refers to Donnan dialysis instead of diffusion dialysis, a
related IEM process.) Unlike electricity-powered RO and ED
(for hydraulic pressures and electric currents, respectively),
DD is driven by the intrinsic chemical potential energy of the
two solutions and, thus, does not require an external driving
force. DD has been investigated for various water and
environmental applications, such as groundwater treat-
ment,20−22 nutrient recovery,23,24 and metal ion removal and
enrichment.25 In a past effort to deploy DD for desalination,
strong acids and bases utilized the high concentrations of
protons and hydroxides to demineralize saline feeds.26,27

However, the technique, termed neutralization dialysis,
requires continuous replenishments of large amounts of acids
and bases and is, hence, not a practical desalination strategy.28

In this study, we present an innovative DD desalination
approach utilizing a thermally recoverable solute of ammonium
bicarbonate, NH4HCO3. Application of the Donnan equili-
brium principles to the process is first introduced. The
technology is validated by proof-of-concept experiments
simulating the desalination of brackish feed streams. DD at
different feed and receiver solution concentrations was then
investigated, and inefficiencies intrinsic to the process were
analyzed. Module-scale operation strategies were assessed
using the experimental findings to elucidate the desalination
performance achievable in practical applications. Lastly,
broader implications of the study are discussed.

■ WORKING PRINCIPLES
Principles of DD. A detailed description of DD can be

found in the literature and is briefly presented here.18,19 The
schematic of Figure 1A illustrates the working principles of DD
across a cation exchange membrane (CEM) with fixed negative
charges. The feed and receiver electrolytes are AXa and BXb,
respectively, where Aa+ and Bb+ are counterions and X−

represents a single species of co-ion or a mixture of anions.
An IEM of ideal permselectivity allows transport of counter-
ions, Aa+ and Bb+, in both directions but excludes co-ion X−

permeation. The concentration gradients of Aa+ and Bb+
between the feed and receiver chambers drive the redis-
tribution of counterions across the membrane while maintain-
ing electroneutrality, that is, 1 mol of Aa+ is exchanged with a/b
moles of Bb+, but co-ions are retained. At the equilibrium state
of the dialysis process, that is, Donnan equilibrium, the
electrochemical potential of each counterion is equal between
the two chambers, and an electrostatic potential difference,
termed the Donnan potential, is set up across the IEM.
Because the same Donnan potential applies to different
counterion species, distribution of Aa+ and Bb+ between the
feed and receiver chambers is governed by the Donnan
equilibrium

(1)

where c denotes concentration, a and b represent the ion
valency, subscripts A and B indicate the counterions, and
superscripts F and R signify the feed and receiver chambers,
respectively. Derivation of the Donnan equilibrium, eq 1, is
detailed in the Supporting Information.

For nA moles of Aa+ ions transported across the IEM, charge
balance requires the reverse permeation of nB moles of Bb+,
such that

(2)

Substituting eq 2 into eq 1

(3)

where ci,0 is initial concentration and V is chamber volume.
Solving eqs 2 and 3 simultaneously with initial conditions of
the feed and receiver streams yields the moles of ion
permeated, nA and nB, and, hence, the concentrations of Aa+
and Bb+ at Donnan equilibrium. By using sufficiently high
concentrations of Bb+ in the initial receiver stream, cB,0R , a
majority of Aa+ ions in the initial feed stream can be driven
across the CEM, to achieve cAR ≫ cAF. DD across anion exchange
membranes (AEMs) follows the same principles, except that
the charges are opposite. Note that no external electric voltage
or current is applied in DD, unlike in ED; that is, the process is
solely driven by chemical potential energy embedded in the
concentration gradients between the two streams and does not
require an external work input.
Desalination Using DD with Thermally Recoverable

Solutes. Here, we introduce a novel desalination approach
that is based on the principles of DD and utilizes thermally
recoverable solutes. Working principles of the technique are
illustrated by the schematic in Figure 1B. The saline feed
stream and the receiver stream flow, stepwise, across a CEM

Figure 1. (A) Schematic illustrating the working principles of DD
across a CEM, with feed and receiver electrolytes of AXa and BXb,
respectively. n moles of counterions of Aa+ and Bb+ cations are
exchanged, whereas co-ions of X− are rejected by the charge-selective
membrane. Ion concentrations are denoted by c; feed and receiver are
designated by superscripts F and R, respectively; and Aa+ and Bb+ ions
are indicated by subscripts A and B, respectively. (B) Schematic
diagram of the proposed DD desalination using a thermally
recoverable solute of NH4HCO3. The saline feed stream, with NaCl
as the main solute, and the receiver stream of concentrated
NH4HCO3 are sequentially flowed across a CEM and then an
anion exchange membrane (AEM) in two DD cells. Na+ and NH4+
are exchanged in the CEM cell, whereas Cl− and HCO3− are swapped
in the AEM cell. The large concentration gradients of NH4+ and
HCO3− across the IEMs set up electrostatic potentials that are in
excess of the chemical potentials of Na+ and Cl−, enabling the uphill
transport of NaCl into the receiver stream. This leads to a large
portion of NaCl in the feed being removed and replaced by
NH4HCO3. Both streams are then heated to volatilize NH3 and CO2
for receiver solute recovery. Consequently, the feed stream is
desalinated, while the residual receiver stream is discharged as the
concentrate effluent.
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and then an AEM in two DD cells. In this illustration, the
saline feed stream is a NaCl solution, whereas the receiver
stream is a concentrated ammonium bicarbonate (NH4HCO3)
solution. In the CEM cell, the concentration gradients set up a
Donnan potential across the membrane to drive the transport
of NH4+ in the receiver chamber to the feed chamber, while an
equal amount of Na+ from the feed stream permeates to the
receiver chamber. The co-ions, Cl− and HCO3−, are retained
by the anion-excluding CEM. Correspondingly, in the AEM
cell, HCO3− and Cl− are exchanged, whereas Na+ and NH4+
cations are rejected by the membrane, and hence, their
concentrations in the feed and receiver streams remain
unchanged. Overall, Na+ and Cl− in the feed stream are
replaced with an equal amount of NH4+ and HCO3− in CEM
and AEM cells, respectively (eq 2); that is, the total molar
concentration of solutes in the feed stream stays the same.
Based on eq 1 with a = b = 1, the DD equilibria are

d e s c r i b e d b y a n d

for cations and anions, respectively,
and equilibrium concentrations of the four ions can be
determined using eq 3. By using sufficiently high NH4HCO3
concentrations in the receiver stream, the resultant Donnan
potential can drive the exchange of ions such that a majority of
NaCl is removed from the saline feed stream and replaced by
NH4HCO3. For example, with equal volume chambers in the
two DD cells, ≈90% of the initial NaCl can be separated from
the saline feed if the receiver stream is 10 times more
concentrated in NH4HCO3.
After DD across the CEM and AEM, both the feed and

receiver streams are then heated to moderate temperatures of
≈60 °C to volatilize NH3 and CO2 from the aqueous
solutions,29 yielding desalinated product water and concentrate
streams (from the feed and receiver streams, respectively). Part
of the desalinated product water, after cooling down, is
diverted for the influent receiver stream of the next cycle. The
volatilized ammonia and carbon dioxide are captured by the
ambient temperature receiver stream, reacting to form
ammonium and bicarbonate ions, that is, NH3 + H2O +
CO2 → NH4+ + HCO3−.30,31 The receiver solute of
NH4HCO3 is, in principle, not consumed during the process.
By substituting feed salts with the thermally recoverable
NH4HCO3 in the DD cells and stripping the volatile solutes at
moderate temperatures, the overall process utilizes low-grade
heat to achieve desalination of saline feeds.

■ MATERIALS AND METHODS
Materials and Chemicals. The receiver solute, ammo-

nium bicarbonate, NH4HCO3, was purchased from Acros
Organics (Fair Lawn, NJ). Sodium chloride, NaCl, was
procured from Alfa Aesar (Ward Hill, MA). All chemicals
were reagent grade and were used as received. Commercial
CEM Selemion CMV and AEM Selemion AMV were acquired
from Asahi Glass (Tokyo, Japan).
DD Experiments. Customized single-membrane DD cells

were 3D-printed and assembled. A CEM or AEM with an area
of 3.0 cm × 3.0 cm separated two 3D-printed dialysis chambers
of the feed and receiver solutions. 20 mL of NaCl feed solution
and an equal volume of NH4HCO3 were introduced into the
two chambers and vigorously stirred. The DD experiments
were conducted as batch processes, but the conditions were
also representative of continuous operation with the solutions
circulated cocurrently at equal volumetric flowrates. A
schematic of the experimental apparatus is shown in Figure
S5 of the Supporting Information. Proof-of-concept DD
experiments were carried out with 1000 mM NH4HCO3 as
the receiver solution and 100 mM NaCl simulating brackish
feed water of 5800 ppm TDS. Different feed and receiver
concentrations were then used to investigate DD performance.
Specifically, the feed NaCl concentration was varied between
100 and 1000 mM, with the receiver NH4HCO3 concentration
fixed at 1000 mM. Receiver NH4HCO3 concentrations
between 100 and 1000 mM were then examined while the
feed NaCl concentration was maintained at 100 mM.
Concentration Measurements. Four ions of the electro-

lyte solutions, that is, Na+, Cl−, NH4+, and HCO3−, were
characterized in the study. Na+, NH4+, and Cl− concentrations
were quantified by ion chromatography, IC (Dionex Aquion,
Thermo Fisher Scientific, Waltham, MA). The cations, Na+
and NH4+, were characterized by cation column Dionex
IonPac CS16, whereas the anion concentration of Cl− was
analyzed by IonPac AS22 from Thermo Fisher Scientific.
HCO3− concentrations of the samples were determined by
total inorganic carbon analysis using a total organic carbon
analyzer (QbD1200, Hach, Loveland, CO).

■ RESULTS AND DISCUSSION
DD of Brackish Feed. The desalination of brackish

groundwater (defined as having TDS concentration of
1000−10,000 ppm)32 is an important alternative to address

Figure 2. Ion concentrations as functions of time during CEM DD with 100 mM NaCl as feed solution and 1,000 mM NH4HCO3 as receiver
solution: (A) Na+ and Cl− denoted by red circle and blue square symbols, respectively; (B) NH4+ and HCO3− denoted by yellow circle and green
square symbols, respectively. Feed and receiver solution concentrations are represented by solid and open symbols, respectively. Effective area of
CEM is 9.0 cm2. Violet dashed lines indicate the theoretical equilibrium concentrations of Na+ (9.1 mM for the feed and 90.9 mM for the receiver).
Data points and error bars are mean and standard deviation, respectively, of at least duplicate experiments.
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freshwater shortages, especially in inland areas.5,33,34 To
demonstrate proof-of-concept, DD of a simulated brackish
water feed of 100 mM NaCl (5800 ppm TDS) was
investigated. The batch experiments utilized either CEM or
AEM in the dialysis cell and 1000 mM NH4HCO3 in the
receiver chamber. Equal volumes were used for the feed and
receiver solutions. The feed and receiver solutions were
periodically sampled and analyzed for Na+, Cl−, NH4+, and
HCO3− concentrations to study mass transfer of the dialysis
processes.
Figure 2 presents results of the CEM DD experiments,

where the concentration difference of NH4+ drives the
exchange with Na+. Na+ concentration in the feed chamber
drops from 100 mM initially to 12.8 ± 0.3 mM at 8.0 h (Figure
2A). Correspondingly, [Na+] in the receiver chamber rises to
84.9 ± 2.9 mM. Importantly, even after [Na+] of the receiver
stream exceeds that of the feed stream (at ≈1.0 h), Na+ ions
continue to be transported against the concentration gradient;
that is, uphill transport is achieved. Na+ concentrations in the
feed and receiver solutions are close to the Donnan
equilibrium values of 9.1 and 90.9 mM, respectively (indicated
by dashed violet lines), as determined by eq 3. A decreasing
mass transfer rate of Na+ is observed as DD progresses: 59% of
the change in Na+ concentration occurred in the first hour and
only 3% from 4.0 to 8.0 h. This trend is consistent with the
expected gradual diminishing of the driving force for Na+
transport in batch experiments as the solution concentrations
approach Donnan equilibrium.35−38 Meanwhile, the negatively
charged CEM effectively blocks Cl− permeation from the feed
chamber to the receiver chamber. At the end of the
experimental run (8.0 h), only 0.867 ± 0.178 mM of Cl−
accumulated in the receiver chamber, with >99% of Cl−
retained in the feed chamber. It is important to note that,
although Cl− permeation in the CEM DD and Na+ permeation
in the AEM DD are unintended co-ion transports, the co-ion
leakage is not actually detrimental to the desalination
performance of the overall process, as the ultimate aim is to
remove Na+ and Cl− from the feed and into the receiver.
The transport of Na+ is driven by NH4+ permeation in the

opposite direction. After 8.0 h, NH4+ in the feed chamber
reaches 110 ± 2 mM (Figure 2B). The change in feed stream
[NH4+] does not match up with the increase in receiver stream
[Na+] of 84.9 ± 2.9 mM. This is because the CEM is not
perfectly selective for cation transport and some anions of
HCO3− undesirably leak into the feed chamber due to the

concentration gradient across the membrane. Final [HCO3−]
in the feed stream is 21.3 ± 3.4 mM, and HCO3− permeation
is within 20% of NH4+ transport. Co-ion leakage is further
analyzed and discussed later. Additionally, NH4HCO3
concentrations in the receiver chamber dropped by ≈4% at
the end of the experiments. This decrease is attributed to two
effects: osmotic water transport and volatility of NH3(aq) and
CO2(aq)/H2CO3(aq). As the receiver solutions are more
concentrated than the feed solutions, the osmotic pressure
difference drives water flux from the feed to the receiver,
diluting the receiver solution. Osmotic water transport is
further discussed in the Supporting Information. Additionally,
some NH3(g) and CO2(g) volatilized from the solutions, likely
due to vigorous stirring and during sampling. Although the
apparatus and experimental protocol were designed to
minimize exposure of the solutions to the atmosphere (e.g.,
the reactor was capped), the system was not hermetically
sealed.
The trends of ion concentrations in AEM DD (Figure 3)

resemble the CEM experiments, except that the counterions
exchanged are Cl− and HCO3− anions. Cl− concentration in
the feed chamber decreases from 100 to 16.4 ± 1.8 mM, while
the receiver concentration rises to 78.5 ± 5.4 mM. The
equilibrium feed concentration of Cl− (16.4 mM) is 7.3 mM
higher than the theoretical calculation (9.1 mM) denoted by
the violet dashed line. The deviation of 7.3 mM is larger than
the 3.7 mM difference in the CEM test and can be attributed
to the lower permselectivity of the commercial AEM, Selemion
AMV, compared to the CEM, Selemion CMV. This issue will
be further discussed in the next section. Similar to the uphill
mass transfer of Na+ in CEM DD, [Cl−] in the feed surpasses
the receiver after ≈2.0 h in the AEM experiments and
continues to transport against the concentration gradient. As
the electrochemical potential driving ion transport is depleted,
a decreasing mass transfer rate is observed: 66% of the change
in Cl− concentration is achieved in the initial 2 h and only 8%
from 4.0 to 8.0 h. The kinetics of anion exchange is overall
slower than that of CEM DD because the Selemion AMV has
lower ion conductance compared to the CEM.39,40 Meanwhile,
co-ion Na+ leaks across the AEM to the receiver chamber and
accumulates to 0.731 ± 0.112 mM, which is negligible
compared to [Cl−]. The HCO3− exchanged to the feed
chamber is 93.8 ± 1.3 mM, and 22.4 ± 1.3 mM NH4+
permeates across the AEM to the feed chamber (Figure 3B).
Similarly, water osmosis and volatilization lower NH4HCO3

Figure 3. Ion concentrations as functions of time during AEM DD with 100 mM NaCl as feed solution and 1,000 mM NH4HCO3 as receiver
solution: (A) Na+ and Cl− denoted by red circle and blue square symbols, respectively; (B) NH4+ and HCO3− denoted by yellow circle and green
square symbols, respectively. Feed and receiver solution concentrations are represented by solid and open symbols, respectively. Effective area of
AEM is 9.0 cm2. Violet dashed lines indicate the theoretical equilibrium concentrations of Cl− (9.1 mM for the feed and 90.9 mM for the receiver).
Data points and error bars are mean and standard deviation, respectively, of at least duplicate experiments.
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concentration in the receiver solution by ≈50−80 mM
NH4HCO3 during the 12 h experiments, partially contributing
to the discrepancy between the experimental equilibrium of
Cl− and the theoretical values (blue square symbols and
dashed violet lines in Figure 3A, respectively).
The CEM and AEM dialysis experiments on brackish salinity

validate the concepts of DD desalination. The uphill transport
of counterions in DD was effective in lowering the feed NaCl
content beyond the equal concentration point (both feed and
receiver streams at 50 mM). Feed [Na+] and [Cl−] at the end
of the batch operations was in the freshwater range (<1000
ppm TDS or equivalently 17 mM NaCl),41,42 which is also the
level of acceptable palatability by the World Health
Organization.43 In the following sections, we (i) investigate
the influence of key operating parameters, specifically, feed
salinity and receiver concentration, on DD desalination
performance; (ii) examine the inefficiencies arising from
imperfect co-ion rejection; and (iii) explore alternative flow
configurations, in particular, countercurrent operation, to
improve performance.44,45 Additionally, although the desalina-
tion strategy presented in Figure 1 shows two DD exchange
cells connected in series, it is not necessary to flow the streams
stepwise through two cells separately for cation and anion
exchange. The simultaneous operation of CEM and AEM DD
in a combined cell would yield comparable NaCl removal, as
demonstrated in Figure S13 of the Supporting Information.
Principles of DD Govern Salt Removal. The perform-

ance of DD desalination at different feed and receiver
concentrations was further investigated. CEM DD was
employed for the investigation (Figure 4A), with the volume
ratio of feed to receiver solution maintained at 1:1. Figure 4B
presents the theoretical Na+ cation removals, based on Donnan
equilibrium (eq 3), across a range of feed and receiver

concentrations. The heat map shows the percentage of Na+
concentration drop relative to the initial feed concentration
(red and blue regions denote low and high Na+ removal,
respectively), with the contour lines demarcating 20, 40, 60,
and 80% removal. As expected, the theoretical analysis
indicates that a higher receiver NH4HCO3 concentration will
extract more target Na+ (and, equivalently, Cl−) from the feed
stream. For instance, for a feed concentration of 100 mM
NaCl, the removal rises from 50.0 to 90.9% when the receiver
concentration is elevated from 100 to 1000 mM NH4HCO3.
Notably, a 600 mM NH4HCO3 receiver solution can already
exchange and extract 85.7% of the Na+ ions from the feed; that
is, removal is only ≈5% lower, while the receiver concentration
is 40% less compared to utilizing 1,000 mM NH4HCO3. This
is reflected in the relatively gentle slopes of the high removal
(e.g., 80%) contour lines in Figure 4B. Therefore, it is an
option to utilize a much less concentrated receiver solution for
a slightly reduced but still acceptable desalination performance.
The analysis also indicates that using the same receiver
solution to treat feed streams with higher salinities leads to
lower salt removal. For example, the removal drops from 90.9
to 50.0% when the feed NaCl concentration increases from
100 to 1000 mM, with a receiver concentration of 1,000 mM
NaCl.
CEM DD experiments of different feed and receiver

concentrations were performed to verify the theoretical
assessments. Experimental ion concentrations as functions of
time can be found in the Supporting Information. Figure 4C
shows the Na+ removed from an initial 100 mM NaCl feed
stream using different receiver concentrations. The exper-
imental removals are 49.3 ± 0.3, 70.4 ± 1.2, 81.0 ± 2.0, and
87.2 ± 0.3% for 100, 300, 600, and 1000 mM NH4HCO3
receiver solutions, respectively (columns). Compared to the

Figure 4. (A) Schematic of CEM DD, with ion exchange indicated. (B) Heat map of theoretical Na+ removal with different combinations of feed
and receiver concentrations, with blue and red regions denoting high and low removals, respectively. White square symbols with connecting dashed
lines correspond to theoretical removals for the experimental conditions in (C,D). Experimental Na+ removal (blue columns) of DD across CEM is
shown as a function of (C) receiver solution concentration, with feed salinity of 100 mM NaCl, and (D) feed salinity, with receiver solution of 1000
mM NH4HCO3. Experimental Na+ removals are reported at either 8.0 h (all four conditions of C and 100 mM of D) or 12.0 h (300, 600, and 1000
mM of D) of the DD test runs. Orange square symbols represent the predicted Na+ removal based on Donnan equilibrium (eqs 2 and 3), i.e., white
square symbols in (B). Data points and error bars are mean and standard deviation, respectively, of at least duplicate experiments.
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theoretical calculations of 50.0, 75.0, 85.7, and 90.9% (square
symbols), the experimental results are only marginally lower
(≈1−5%). Similarly, small deviations between theoretical and
experimental Na+ removals are obtained when the feed salinity
is varied (Figure 4D). The percentage of Na+ removal drops
from 87.2 ± 0.3 to 72.5 ± 0.9%, 59.1 ± 0.6, and 46.2 ± 1.1%
when the feed salinity of NaCl increases from 100 mM to 300,
600, and 1000 mM, respectively, with the same initial receiver
concentration of 1000 mM NH4HCO3. The discrepancies
between the experimental measurements and theoretical
predictions (90.9, 76.9, 62.5, and 50.0%) are, again, within
5%. The good agreement between experiments and theory
across a wide range of feed and receiver concentrations (0−
1000 mM) establishes that the principles of Donnan
equilibrium hold up in quantitatively determining the ion
exchange in DD, thus providing the basis for analysis of
operating strategy design for DD desalination (presented
later). Additionally, it is worthwhile to note that feed
concentrations of 600−1000 mM NaCl exceed the typical
salinity of seawater (≈600 mM or 35 g/L NaCl),46,47

indicating the potential to desalinate streams beyond brackish
salinities.
The small deviations (<5%) of the experimental results from

the ideal Donnan equilibria are caused by three effects. The
imperfect permselectivity of IEMs is the primary cause of the
marginally incomplete ion exchange. As the membranes are not
completely selective for counterions, receiver solution co-ions
(HCO3− for Figure 4) leak into the feed stream. To maintain
net electroneutrality, receiver co-ion leakage is counter-
balanced by permeation of an equivalent charge of receiver
counterions in the same direction (NH4+ to feed) and feed co-
ions in the opposite direction (Cl− to receiver). While the
latter would not negatively affect the overall goal of removing
NaCl from the saline feed stream, the former phenomenon of
receiver counterion co-transport would reduce the Donnan
potential to drive exchange with feed counterions (Na+ for the
results presented in Figure 4). Therefore, receiver co-ion
leakage due to imperfect membrane permselectivity eventually
causes less Na+ removal. The detrimental effects of co-ion
leakage are further analyzed in the next section. The second
reason is the lowered receiver NH4HCO3 concentrations due
to water osmosis and volatilization loss. Magnitude of the
osmotic water fluxes becomes significant with large feed-
receiver concentration differences. Also, volatilization of
NH3(g) and CO2(g) is more pronounced in highly concentrated
receiver solutions. The slightly diminished NH4+ receiver

concentrations due to water osmosis and volatilization lower
the DD driving forces and, consequently, Na+ removal. Actual
DD desalination processes should, in principle, be able to
operationally mitigate the two losses by careful design, such as
confining the stream volumes and hermetically sealing the
setup. Lastly, eq 3 used to calculate the concentrations at
Donnan equilibrium did not factor in activity coefficients of the
species and weak acid/base speciations of ammonium and
bicarbonate. These simplifications expectedly contribute to
some of the deviations between experimental results and
theoretical values. A more accurate assessment can be obtained
by employing eq S5 in the Supporting Information, where the
activity coefficients of individual ions in a complex mixture are
included and the protonation−deprotonation of ammonium
and bicarbonate is incorporated. Nonetheless, the good
agreement of the experimental results with theoretical
projections shows that eq 3 is sufficient for quantitative
estimation of DD end points.
Detrimental Effects of Co-Ion Leakage Are Marginal.

The main inefficiency of DD desalination is the co-ion leakage
across the charged membranes. However, as discussed earlier,
leakage of salt co-ions from the feed to the receiver stream, that
is, Cl− in CEM DD and Na+ in AEM DD, is not actually
deleterious to the overall goal of removing NaCl from the
saline feed stream. Crucially, the leakage of salt co-ions does
not negatively impact the counterion concentrations at
Donnan equilibrium. Rather, it is the co-ion leakage of receiver
solutes, that is, HCO3− in CEM DD and NH4+ in AEM DD,
that diminishes the Donnan potential driving force for removal
of salt counterions from the feed solution and constrains the
process from reaching the full theoretical thermodynamic limit
for desalination. Using CEM DD to illustrate this point, some
NH4+ permeating from the receiver to feed would be to offset
the flux of charges carried by the leakage of co-ion HCO3− in
the same direction (Cl− transport in the opposite direction also
contributes to balancing the charge), thus reducing the total
Na+ that exchanges from the feed into the receiver solution.
This detrimental effect is quantitatively expressed in eq S4: the
leakage of receiver co-ions raises the feed concentration and
consequently reduces the Donnan potential; therefore, Na+
extracted from feed to receiver is lessened. Subsequently, when
the CEM-treated stream flows on next to the anion DD cell,
the presence of HCO3− in the feed would lower the Donnan
potential for Cl− removal and result in a higher equilibrium
feed concentration for Cl−. Both Donnan potential reductions

Figure 5. Concentration changes of Na+ target counterion and HCO3− co-ion, blue and red columns, respectively, for DD across CEM as a
function of: (A) receiver solution concentration, with feed salinity of 100 mM NaCl, and (B) feed salinity, with receiver solution of 1000 mM
NH4HCO3. The labels indicate the percentage of undesirable HCO3− leakage relative to experimentally measured Na+ removal. Concentration
changes are measured after 8.0 h (A and 100 mM of B) or 12.0 h (300, 600, and 1000 mM of B) of dialysis across effective CEM area of 9.0 cm2.
Data points and error bars are mean and standard deviation, respectively, of at least duplicate experiments.
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in CEM and AEM DD undermine the desalination efficiency of
the overall process.
Figure 5 compares the unintended co-ion leakage of HCO3−

with desired Na+ removal in CEM DD (filled red and
patterned blue columns denote the concentration change in
the feed and receiver solutions, respectively) using different
feed and receiver concentrations. The detailed profiles of ion
concentrations as functions of time in each experiment are
presented by Figures S7−S12 in the Supporting Information.
When the feed is 100 mM NaCl and the receiver NH4HCO3
concentrations are 100, 300, 600, and 1,000 mM (Figure 5A),
the HCO3− concentrations in the feed chamber at the end of
the experiments (8.0 h) are 0.94 ± 0.04, 7.7 ± 3.0, 16.7 ± 2.8,
and 21.3 ± 3.4 mM, respectively. The HCO3− co-ions that
leaked across the CEM and accumulated in the feed stream are
equivalently 1.9, 10.9, 20.6, and 24.5% of the Na+ reduction
(indicated by labels above the filled red columns). Raising the
receiver concentration from 100 to 1000 mM increases the
average fluxes of HCO3− permeation from 2.6 to 59.3 × 10−3

mol m−2 h−1, due to the larger driving force for ion exchange.
Figure 5B shows the change in concentrations of Na+ and

HCO3− in the receiver and feed solutions, respectively, for
different feed salinities, while the receiver is 1000 mM
NH4HCO3. Except for the 100 mM NaCl feed solution
experiment, which was sampled at 8.0 h, all concentrations
were characterized after 12.0 h. Final HCO3− in the feeds when
desalinating 100, 300, 600, and 1000 mM NaCl are 21.3 ± 3.4,
27.0 ± 2.8, 28.9 ± 5.5, and 25.6 ± 6.9 mM, respectively,
corresponding to 24.5, 12.4, 8.2, and 5.5% of the Na+ feed
concentration drop. The average fluxes of HCO3− permeation
are similar for the different feed NaCl concentrations (47.4−
59.3 × 10−3 mol m−2 h−1). Comparison of final feed HCO3−
concentrations between Figure 5A and B provides evidence
that the co-ion leakage of HCO3− in CEM DD and NH4+ in
AEM DD is primarily determined by the initial NH4HCO3
concentration in the receiver stream; feed salinity plays a
relatively minor role. Therefore, to suppress unfavorable solute
leakage, it will be beneficial to utilize a low receiver
concentration while still obtaining operationally adequate
NaCl removal from the feed stream, as informed by the trends
of Figure 4.
Crucially, even the highest percentage of HCO3− leakage

compared to Na+ reduction reported here (24.5%) only
marginally affects the demineralization performance. Specifi-
cally, the percentage of 24.5%, corresponding to the
accumulation of 21.3 mM of HCO3− in the feed chamber in
DD with 100 mM NaCl-1000 mM NH4HCO3 theoretically
leads to only ≈2% reduction in Na+ removal. This is
corroborated by the experimental results presented in Figure
4, where the deviation from ideal Na+ removal is <4% for the
same feed and receiver concentrations (other inefficiencies,
discussed earlier, contribute to the actual difference). There-
fore, using IEMs with higher permselectivities, that is, better
rejection of co-ions, can improve performance in DD
desalination, but the enhancements will likely not be dramatic,
that is, current IEMs are sufficiently selective. In addition, the
durations of the experiments presented in Figure 5 were
deliberately protracted to ensure that the end states are close
to equilibrium. However, as the process approaches Donnan
equilibrium, Na+ permeation gradually vanishes (electro-
chemical driving force is depleted) while HCO3− continues
to leak across the membrane due to the sustained
concentration gradient. This difference between counterion

and co-ion fluxes can be observed in the rates of concentration
changes in Figures 2 and 3. In other words, Figure 5
overestimates the co-ion leakage actually necessary to exploit
the Donnan potentials for desalination and presents overly
conservative assessments on the efficiencies. In practical
applications, dialysis times can be shortened without
appreciably compromising Na+ and Cl− removals, thus greatly
lessening the unfavorable accumulations of HCO3− and NH4+
in the feed streams (Figures S7−S12 in the Supporting
Information). Overall, co-ion leakage, although unavoidable,
does not significantly affect DD desalination.
Countercurrent Operation Achieves Greater Salt

Removal and Recovery Yield Performance. The proof-
of-concept demonstration of DD desalination and the analysis
of the influences of feed and receiver solution concentrations
are essentially batch experiments. In actual operations, the
design space of a continuous process will be significantly
broader, including various flow configurations and different
ratios of feed/receiver volumetric flow rates. In particular,
countercurrent operation, where the two streams flow in
opposite directions across the membrane, is able to achieve
higher separation performance.44,45,48 NaCl removals and
water recovery yields were analytically evaluated for cocurrent
and countercurrent flow configurations. In the study thus far,
the initial feed streams were pure NaCl solutions, whereas the
starting receiver streams contained only NH4HCO3. However,
for DD desalination where a portion of the desalinated product
water is recirculated back to redissolve the volatilized NH3(g)
and CO2(g) and serve as the entering receiver stream (Figure
1B), there will be some NaCl in the initial receiver solution.
Also, as discussed earlier, receiver co-ions of HCO3− and NH4+
can leak across the CEM and AEM, respectively, and
accumulate in the feed stream, negatively affecting ion
exchange in the next DD cell. These effects are incorporated
into the analysis to better estimate the performance of practical
DD desalination. Specifically, 30 mM NH4HCO3 is included in
the 100 mM NaCl feed streams to simulate the co-ion leakage,
and the receiver streams of 1000 mM NH4HCO3 have 23 mM
NaCl to simulate residual salt in the partially diverted product
water (note that the salt concentration is higher than typical
salinities of potential product streams). Additionally, different
volumetric ratios of feed to receiver streams were considered.
The methodology is further detailed in the Supporting
Information, and the results are presented in Figure 6.
Cocurrent DD with a feed/receiver volumetric ratio of 2:1

delivered a 22.6 mM NaCl product stream (77.4% removal,
patterned blue column, left vertical axis of Figure 6) with
50.0% recovery yield (filled green column, right vertical axis)
for the overall desalination. In general, even lower product
water salinities can be attained but at the cost of smaller
recovery yields (Figures S4 of the Supporting Information). In
sharp contrast, markedly improved performance is achieved in
countercurrent mode: 95.5% of NaCl can be removed even
with 87.5% recovery yield (8:1 feed/receiver volumetric ratio).
Importantly, the exiting concentrate contains 787 mM NaCl,
7.9-fold greater than the initial feed salinity. In other words,
both the product water salinity and brine volume can be
significantly reduced in countercurrent operation, with most of
the salt concentrated in the exiting brine (additional results can
be found in the Supporting Information, Figures S4). Crucially,
countercurrent mode allows the use of less concentrated
receiver solutions while still meeting adequate desalination
performance; for example, replacing 1000 mM with 600 mM
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NH4HCO3 can obtain 87.7% Na+ removal at 80.0% recovery
yield. Utilizing lower receiver solution concentrations can
mitigate co-ion leakage and solute loss due to volatilization.
Therefore, the potential of DD desalination can be better
exploited in a scheme described by Figure S3B. The influent
feed passes through the DD cells, while the receiver solution
flows in countercurrent direction and exchanges the salts out
from the feed. Low-grade heat then volatilizes ammonia and
carbon dioxide from both streams to yield concentrated brine
and product water. A small portion of the product water would
be diverted to redissolve the gases and form ammonium
bicarbonate, thus reconstituting the receiver solution.

■ IMPLICATIONS
In this study, we presented a novel process that combines DD
and a thermally recoverable solute, NH4HCO3, to enable the
utilization of low-grade heat for desalination. Saline feeds of
100 mM NaCl were desalinated to <17 mM NaCl (1000 ppm
TDS) as proof-of-concept demonstration. The investigation
further showed that ion transfers across the IEMs are governed
by the classic principles of Donnan equilibrium. The main
inefficiency was identified to be the co-ion leakage of receiver
solutes, that is, HCO3− in CEM dialysis and NH4+ in AEM
dialysis, which limits DD from fully realizing the thermody-
namic potential of the system. However, current commercially
available IEMs are sufficiently permselective to adequately
suppress the co-ion leakage and yield effective desalination
performance. Analysis additionally revealed that counter-
current operation can achieve substantially improved salt
removals and water recovery yields compared to cocurrent flow
configuration.
Improving the membrane permselectivity can further lessen

the deleterious effects of co-ion leakage, whereas enhance-
ments in membrane ionic conductivity increase the process
kinetics and, consequently, lower the membrane area require-
ment. We point out that the commercial membranes used in
this study are not optimized for the DD desalination described
here. Balancing the membrane conductance with permselec-
tivity within the bounds of the tradeoff can potentially attain
better overall cost-effectiveness of desalination.49 Membrane
kinetics is a significant limiting factor for DD applications.18

Development of IEMs with higher ionic conductivities and
advances in module innovation will likely be needed to enable
the actual implementation of DD technologies. Practical

applications of the technology can take advantage of the
ammonium receiver solute being an important nitrogen
fertilizer. Using the desalinated stream for agricultural
purposes, such as fertigation or hydroponic farming,50−52

instead of end uses requiring high product water quality would
relax the requirement to strip out the ammoniacal nitrogen.
Targeting such fit-for-purpose applications, rather than potable
water production, can considerably simplify overall operations
and yield more favorable process economics. Additionally, in
this proof-of-concept study, NaCl solutions were employed as
the feeds. In practice, multivalent cations, for example, Ca2+
and Mg2+, in actual saline streams can potentially form
carbonate precipitates in the solutions. Potential impacts and
mitigation strategies of such mineral formation would need to
be further investigated.
This study focused on NH4HCO3 for the proof-of-concept

demonstration, but other recoverable solutes can be suitable
for the concept, for example, switchable polarity solvents and
upper critical solution temperature salts.53,54 We clarify that
DD desalination with thermally recoverable solutes is not
intended to directly compete with state-of-the-art RO in the
large-scale potable water supply. Rather, it can be an alternative
for niche applications, such as the example of agricultural water
production. In particular, instead of using electricity, the
innovation can utilize low-grade heat, a sizeable energy source
that is currently underutilized,11−13 to drive desalination.
Lastly, further analyses are necessary to quantify the actual
energy demands of the process, project the capital costs and
operating expenses of facility-scale operation, and evaluate the
carbon intensity of the technology.
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