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A B S T R A C T

It has proven effective to recover metal compounds from aqueous mixtures by use of antisolvents; organic
compounds that induce selective precipitation. A challenge with antisolvents is that they are both costly
to produce and recover on an industrial scale. In recycling of lithium-ion batteries and recovering critical
metals, we find that electrodialysis can be a competitive method for purifying and recycling antisolvents.
In this study we investigate the use of electrodialysis to separate salt and water from a ternary solution of
water, KCl and ethanol. A coupled non-equilibrium electrochemical model is developed to understand how
such systems may be operated, designed, and which characteristics that are required for the ion exchange
membranes. We demonstrate how the water transference coefficients of the membranes should be tuned in
the process optimisation and why membrane property design is crucial to the success of this concept. Residual
mixtures from antisolvent precipitation, with ethanol (EtOH) solvent weight fractions around 0.6-0.7, can be
demineralised and the EtOH fraction increased by 0.1-0.2 at an energy requirement of 60-200 kWh m−3

EtOH by
use of electrodialysis. In an example application of the concept, aqueous KCl is precipitated by recycled ethanol
in a cyclic process, requiring 0.161 kWh mol−1KCl. This example case considers complete ethanol rejection by
the membranes and abundant water co-transport, characterised by the transference coefficients: 𝑡𝑤 = 15 and
𝑡𝑎 = 0 for water and EtOH respectively. The findings pave the way for new applications with aqueous mixtures
of critical metals.
. Introduction

Energy storage systems are a prerequisite in mitigating the in-
ermittency of renewable resources [1,2]. Such systems store excess
nergy produced during high generation periods and release it when
enewable sources are unable to meet the demand. Various storage
echnologies, such as pumped hydro storage [3], compressed air energy
torage [4,5], and battery technologies [6–8] are being developed and
mplemented to facilitate efficient energy management and ensure a
onsistent power supply. First and foremost, the rapid market growth
f portable electronic devices, electric vehicles, and renewable energy
ystems has fuelled the need for efficient and reliable energy storage
olutions. Lithium-ion batteries have emerged as a preferred choice due
o their high energy density, long cycle life, and lightweight nature,
aking them well-suited for a wide range of applications. The demand

or lithium-ion batteries and similar battery technologies is therefore
xpected to increase drastically in the near future [9–11].

∗ Corresponding author.
E-mail address: burheim@ntnu.no (O.S. Burheim).

The widespread adoption of modern battery technology has also
raised concerns regarding the necessity for effective recycling practices.
Recycling of lithium-ion batteries is currently considered to be in an
early stage and far from reaching maturity [12]. This challenge is
becoming increasingly important due to the rising supply chain con-
straints for critical materials and a shift in policies towards increased
material circularity, driven by environmental concerns [13]. Therefore,
recycling has become an essential and urgently needed part of the value
chain to achieve sustainable development [14,15].

Antisolvent precipitation, also known as solvent displacement crys-
tallisation, is a target specific hydrometallurgical alternative that offers
interesting possibilities for controlling the crystallisation process. This
technique is based on altering the solubility of the solute and creat-
ing a supersaturated solution by introducing a water-miscible organic
solvent to induce precipitation of the solute [16]. While it is used
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Fig. 1. Illustration of two options for antisolvent recovery and associated utilities.
Recovery by distillation requires a heat duty, 𝑄, while the electrodialysis process
requires electrical work, 𝑊 .

extensively in the pharmaceutical industry, it could also be a promising
option for battery recycling [16,17]. Aktas et al. proposed a route for
the hydrometallurgical recycling of lithium-ion batteries using ethanol
(EtOH) [18]. In this case, it is essential to recover the antisolvent
after solute precipitation to reduce chemical waste. After reclaiming
the precipitated solute, an available approach for further processing of
the ternary mixture (consisting of water, antisolvent and small amounts
of remaining salt) is distillation of the antisolvent. However, the energy
requirements for the evaporative separation of H2O-EtOH mixtures are
relatively high. Distillation processes using feed mixtures containing
5–10%v/v EtOH, with and without added extractive salt, have energy
requirements in the range 1000–4200 kWh m−3 of produced anhydrous
ethanol [19]. However, the enthalpy of evaporation of pure EtOH is
approximately 190 kWh m−3 [20]. Membrane processes such as reverse
osmosis are largely preferred compared to evaporative processes for
desalination and the production of potable water, due to low capital
costs and energy consumption [21]. Similarly, a promising alternative
to distillation of EtOH is the separation of salt and water from EtOH by
the electro-membrane process of electrodialysis.

Electrodialysis finds wide application in separation processes con-
taining ionic species, such as industrial waste-water treatment and
desalination/demineralisation [22–27]. Demineralisation with electro-
dialysis has been applied in a wide range of food systems containing
dissolved salts and other organic solutes [28–36]. Electrodialysis is apt
for the separation of ions of differing valencies and can therefore be
useful for metal recovery, but ions featuring the same charge valency
are difficult to separate [37]. The energy efficiency of the electrodial-
ysis process also heavily depends on the abundance of ionic species in
the feed mixture [27]. In these applications, it is typically necessary to
selectively remove charged species while retaining organic solutes or
solvents.

The concept investigated in this work requires a substantial co-
transport of water, in order to refine the EtOH in the demineralised
feed mixture. Electrochemical cells for electrodialysis use an alternating
configuration of cation- and anion-exchange membranes, with applied
electric current in the direction perpendicular to the membranes. Elec-
trolyte solutions flow parallel to the membranes, such that every other
solution compartment is depleted of salt as the mixture flows from
inlet to outlet. General process flow charts for the antisolvent recy-
cling by distillation and by electrodialysis are shown in Fig. 1. The
hydrometallurgical recycling process for lithium-ion batteries proposed
by Aktas et al. is one intended application of such a demineralisation
process using electrodialysis. Aqueous mixtures of critical metals and
antisolvents such as Li2SO4, CoSO4 and EtOH are then of primary
interest. However, thermodynamic data for aqueous mixtures of critical
metals, antisolvents and sulphuric acid in the literature are scarce. We
will therefore investigate a model mixture of potassium chloride (KCl),
water and ethanol, due to the availability of thermodynamic data for
2

Fig. 2. A sketch of a concept that uses electrodialysis for antisolvent recovery. The
sketch illustrates a section of an electrodialysis cell, where a mixture of antisolvent,
water and salt enters in the feed channel and salt and water enters in the draw channel.
The two feed channels are separated by cation-exchange membrane and anion-exchange
membranes.

Table 1
The absolute water transference coefficients, |𝑡𝑤|, for various commercial cation-
exchange membranes (CEMs) and anion-exchange membranes (AEMs) in cells with
binary mixtures of water and salt.

Membrane Type Ion (Salt) |𝑡𝑤|

Nafion 117 CEM H+ (HCl) 9 [38]
Nafion 117 CEM Li+ (LiCl) 16 [38]
Nafion 117 CEM Na+ (NaCl) 3 [38]
Nafion 117 CEM K+ (KCl) 5 [38]
Selemion CMVN CEM K+ (KCl) 4 [39]
Nafion 117 CEM Mg2+ (MgCl2) 14 [40]
Fumasep FAD AEM Cl− (NaCl) 6 [41]
Selemion AMVN AEM Cl− (KCl) 4 [39]

the ternary mixture. Using a stream of KCl, H2O and EtOH, we aim
to force KCl and H2O through the ion-exchange membranes, leaving a
purified EtOH stream behind. The concept is illustrated in Fig. 2.

Studies have shown that ionic species carry significant shells of
water molecules while migrating through commercial ion-exchange
membranes (IEMs), as quantified by the water transference coeffi-
cient [38,39,41–43]. This phenomenon is often referred to as electroos-
mosis. Values for various binary mixtures of salt and water in cells with
commercial membranes are shown in Table 1. It is evident that the
magnitude of the electroosmotic transport of water is both membrane
and ion specific. The proposed electrodialysis process is similar in
nature to osmotically assisted reverse osmosis, which has been applied
to the separation of, for example, water and EtOH [44]. Selective
membranes have been produced by several researchers for the removal
of water from a feed mixture containing organic compounds [44–49]. In
particular, they find a water and antisolvent flux dependent on mem-
brane characteristics, antisolvent choice and concentration. However,
the reverse osmosis process is unable to demineralise the feed mixture
to the same extent as is possible with electrodialysis. For that reason,
we will treat the transference coefficients as variables, in order to
identify the properties of the ion-exchange membrane that can realise
the electrodialysis concept. If ions preferentially bind and co-migrate
with water over antisolvent, an aqueous membrane process such as
electrodialysis may prove useful for the purification of antisolvent.

This work aims to describe and investigate the use of electrodialysis
for antisolvent recovery through a theoretical framework based on non-
equilibrium thermodynamics, accounting for the coupling of fluxes.
This framework is used to simulate the simplified mixture flow through
an electrodialysis unit cell consisting of two electrolyte compartments,
one cation- and one anion-exchange membrane. Particularly, we treat
the transference coefficients of water and EtOH as variables, i.e. the
coupling between current density and solvent fluxes, and in this way in-
vestigate the process efficacy with different membrane properties. Fick
diffusion coefficients and electric resistances are estimated from exper-
iments to supplement the numerical model. The model will be used to
evaluate the feasibility of the concept, and in particular estimate the
energy consumption for EtOH purification.
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Fig. 3. Illustration of a unit cell consisting of one cation-exchange membrane, one
anion-exchange membrane, one feed channel containing KCl, EtOH and H2O, and one
draw channel containing KCl and H2O.

2. Thermodynamic framework

2.1. Transport relations in a three component electrodialysis system

We consider the transport phenomena in the smallest repeating
section of an electrodialysis cell, known as a unit cell. Such a section is
illustrated in Fig. 3. We consider area averaged component profiles in
the 𝑦-direction, parallel to the membranes, using a laboratory frame of
reference. Frictional losses are not taken into account, and temperature
variations are neglected.

The steady state fluxes of components and charge in the three com-
ponent electrolyte mixture are described by non-equilibrium thermo-
dynamics [50,51]. Isothermal, isobaric and electroneutral conditions
are assumed for the whole electrochemical system, and all irreversible
phenomena in the 𝑦-direction, i.e. the direction of convection, are ne-
glected. In the 𝑥-direction (perpendicular to the membranes), the four
coupled fluxes are described by the following flux-force relationship:
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where 𝐽𝑘 and d𝜇𝑘∕d𝑥 are the molar flux of component 𝑘 and the spatial
derivative of the chemical potential across the membrane interface, 𝑗 is
the current density, 𝑇 is the absolute temperature, 𝜙 is the measurable
electric potential, and the subscripts 𝑠, 𝑤 and 𝑎 denote salt, water and
antisolvent (in this case EtOH) respectively. The 𝐿𝑖𝑗 matrix contains
phenomenological coefficients, in which the off-diagonal elements give
the magnitude of the coupling between fluxes, and the diagonal ele-
ments are related to the main transport effects such as diffusion and
conductivity [50,51]. In this treatment, phenomenological coefficients
are assumed to be constant for the entire membrane interior.

We neglect concentration polarisation in the 𝑥-direction of the chan-
nels in order to simplify the system. This effect is known to significantly
influence the current density that can be applied at a certain flow
velocity [23], however we focus here on the separation capability of
the membranes themselves. The current density from Eq. (1) may be
re-arranged with respect to the electric potential difference, yielding:

d𝜙
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The ratios of phenomenological coefficients can be identified as the
transference coefficients, 𝑡𝑘, and resistivity, 𝑟𝛺, through:

𝑡𝑘 = 𝐹
(

𝐽𝑘
𝑗

)

d𝜇∕d𝑥=0
= 𝐹
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𝑟𝛺 = −
(

d𝜙∕d𝑥
)

= 𝑇 (4)
3

𝑗 d𝜇∕d𝑥=0 𝐿𝜙𝜙
where the Onsager reciprocal relation was used in Eq. (3), and the
subscript d𝜇∕d𝑥 = 0 means uniform composition for all components.
The membrane and ternary mixture resistance are calculated using
empirical relations shown in Appendix B. The transference coefficients
describe the number of moles of a component transported per mole of
electrons passing through the external circuit [50,51]. In the proposed
antisolvent recovery process using electrodialysis, it is necessary to use
membranes with high water and low antisolvent transference coeffi-
cients, so that salt and water is transferred from the feed to the draw
solution leading to an increasing fraction of antisolvent in the feed.
The relation between the salt transference coefficient and the fractions
of the current carried by each ionic species depends on the choice of
electrodes that measure the electric potential [50]. In this treatment, we
do not make this relation explicit and instead use the salt transference
coefficient. Nevertheless, for a unit cell consisting of one CEM and AEM,
the sum of the membranes’ salt transference coefficients in a single salt
electrolyte mixture cannot exceed unity. Physically, this means that the
passage of one mole of electrons in the external circuit can lead to a
maximum of one mole of salt (perfectly selective membranes) migrating
from the feed to the draw solution.

Assuming that the chemical potential gradients in all membranes
are linear, Gibbs-Duhem’s equation takes the form:

𝑐𝑠
d𝜇𝑠
d𝑥 + 𝑐𝑤

d𝜇𝑤
d𝑥 + 𝑐𝑎

d𝜇𝑎
d𝑥 = 0 (5)

where 𝑐𝑘 is the molar concentration of component 𝑘. This relation
is used to eliminate the chemical potential difference of EtOH. The
measurable electric potential difference across one membrane becomes:

−𝐹
d𝜙
d𝑥 =

(

𝑡𝑠 −
𝑐𝑠
𝑐𝑎

𝑡𝑎

) d𝜇𝑠
d𝑥 +

(

𝑡𝑤 −
𝑐𝑤
𝑐𝑎

𝑡𝑎

) d𝜇𝑤
d𝑥 + 𝐹𝑟𝛺𝑗 (6)

Eq. (6) reduces to the ohmic contribution for the bulk electrolyte
mixture in each channel, where concentration polarisation is neglected.
When integrated across the membranes, the electric potential difference
for one unit cell at any 𝑦-position becomes:

−𝐹𝛥𝜙unit =𝐹𝑗(𝑅CEM + 𝑅AEM + 𝑅feed + 𝑅draw)

+ (𝑡CEM
1 − 𝑡AEM

1 )𝛥𝜇𝑠 + (𝑡CEM
2 − 𝑡AEM

2 )𝛥𝜇𝑤
(7)

where 𝛥 refers to the difference across the membranes, the area resis-
tance is 𝑅 = 𝛿𝑚𝑟𝛺 where 𝛿𝑚 is the membrane thickness and subscripts
CEM, AEM, feed, draw refer to the cation exchange membrane, anion
exchange membrane, bulk feed and bulk draw solutions respectively.
Moreover,

𝑡1 ≈
(

𝑡𝑠 −
𝑐𝑠
𝑐𝑎

𝑡𝑎

)

and 𝑡2 ≈
(

𝑡𝑤 −
𝑐𝑤
𝑐𝑎

𝑡𝑎

)

(8)

where () refers to the average taken across the membrane. We are
now left with an equation that allows determining the electric work of
separating the salt and water from the antisolvent as a function of the
chemical potential differences across the membranes. These chemical
potential differences can be calculated if the thermodynamic activities
are known. Ternary mixture activities of KCl, H2O and EtOH were
measured by Yang et al., Dill et al., Mussini et al. and Lopes et al. [52–
55] by the use of concentration cells, formation cells and vapour
pressure measurements. The activity at any relevant composition is
here found by interpolation.

We now turn to the component fluxes of Eq. (1). Eq. (2) is substi-
tuted into the component flux equations, yielding:

𝐽𝑘 = − 1
𝑇

[

𝑙𝑘𝑠
d𝜇𝑠
d𝑥 + 𝑙𝑘𝑤

d𝜇𝑤
d𝑥 + 𝑙𝑘𝑎

d𝜇𝑎
d𝑥 − 𝑇

𝑡𝑘
𝐹
𝑗
]

(9)

where the new phenomenological coefficients are related to the initial
coefficients through: 𝑙𝑖𝑗 = 𝐿𝑖𝑗−𝐿𝑖𝜙𝐿𝜙𝑗∕𝐿𝜙𝜙. Diffusive transport carrying
no net charge is suspected to play a minor role compared to component
transport by migration in the case of a once-through demineralisation.
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After introducing the Gibbs-Duhem equation in Eq. (9), the Fick dif-
fusion coefficients are identified in relation to the phenomenological
coefficients by using:

𝐷𝑘𝑠 = −
(

𝐽𝑘
d𝑐𝑠∕d𝑥

)

𝑗=0,d𝑐𝑤∕d𝑥=0

𝑘𝑤 = −
(

𝐽𝑘
d𝑐𝑤∕d𝑥

)

𝑗=0,d𝑐𝑠∕d𝑥=0

(10)

where 𝐷𝑘𝑠 is the Fick diffusion coefficient of component 𝑘 for diffusion
driven by a concentration difference of salt, and 𝐷𝑘𝑤 is the coefficient
for diffusion driven by a water concentration difference. The Fick
diffusion coefficients are not symmetric, 𝐷𝑤𝑠 ≠ 𝐷𝑠𝑤 [56]. For one
membrane, the component fluxes finally become:

𝐽𝑘 = −𝐷𝑘𝑠
d𝑐𝑠
d𝑥 −𝐷𝑘𝑤

d𝑐𝑤
d𝑥 + 𝑡𝑘

𝑗
𝐹

(11)

ssuming steady-state and integrating across the membrane, we o
tain:

𝑘 ≈ −𝐷𝑘𝑠
𝛥𝑐𝑠
𝛿𝑚

−𝐷𝑘𝑤
𝛥𝑐𝑤
𝛿𝑚

+ 𝑡𝑘
𝑗
𝐹

(12)

o ease notation, we shall omit the bar from 𝑡𝑘 in the following
reatment.

.2. Mole balances and energy expenditure of antisolvent recovery

The area averaged molar flow of each component along the 𝑦-
direction of the feed channel (parallel to the membranes) is here
described by steady state mole balances on the form:
d𝑁𝑘
d𝑦

=
𝐴𝑚
𝐿

(

𝐽CEM
𝑘 − 𝐽AEM

𝑘
)

(13)

where 𝑁𝑘 is the molar flow of component 𝑘 and 𝐿 is the length of
he channel. Steady state is assumed for all subsystems of the cell.
ntroducing the flux relations yields:

d𝑁𝑘
d𝑦

=
2𝐴𝑚
𝐿

(

𝐷𝑘𝑠
𝛥𝑐𝑠
𝛿𝑚

+𝐷𝑘𝑤
𝛥𝑐𝑤
𝛿𝑚

− 𝑡𝑘
𝑗
𝐹

)

≈ −2𝑡𝑘
𝐴𝑚
𝐿

𝑗
𝐹

(14)

where the ion-exchange membranes are taken to have equal transfer-
ence and Fick diffusion coefficients, and the last equality is a useful
simplification if the diffusive transport is negligible. In such a case, an
analytical solution of the differential equation is:

𝑁𝑘(𝑦) = 𝑁0
𝑘 − 2𝑡𝑘

𝐴𝑚
𝐿

𝑗
𝐹
𝑦 (15)

where 𝑁0
𝑘 is the molar flow rate of component 𝑘 at the inlet of the

feed channel. In the case of electrodialysis with a single-pass flow
configuration, the transport of components by migration is expected
to be significantly higher than diffusive transport.

For an electrochemical cell in which the current density is controlled
to ensure complete demineralisation of the feed solution, the introduc-
tion of a dimensionless coefficient is useful to describe the depletion of
a component in the feed channel:

𝜁𝑘 = 2𝑡𝑘
𝐴𝑚

𝑁0
𝑘

𝑗
𝐹

(16)

This coefficient varies from zero to unity, corresponding to zero and
complete depletion of the component in the feed channel, respectively.
The applied current density is for all investigated cases determined
based on next to complete depletion of the salt by the outlet of the
cell, i.e. 𝜁𝑠 = 0.99. We refrain from using complete demineralisation in
order for the resistance and salt chemical potential to remain finite.

The mixture composition may also be described in terms of molality,
4

𝑚𝑠 (salt per kilogram of mixed solvent), and solvent weight fractions, o
Table 2
The electrochemical cell length (inlet to outlet), 𝐿, electrode/membrane area, 𝐴𝑚,
channel width, 𝑤channel, mass flow rate of solvent, 𝐹solv, and the diffusion, 𝐷𝑘, and
transference coefficients, 𝑡𝑘, of component 𝑘.

Parameter Value

𝐷𝑠𝑠 1 × 10−8 cm2 s−1 [59]
𝐷𝑠𝑤 1 × 10−9 cm2 s−1 [56,59]
𝐷𝑤𝑤 2 × 10−7 cm2 s−1

𝐷𝑤𝑠 2 × 10−8 cm2 s−1 [56]
𝐷𝑎𝑠 0 cm2 s−1

𝐷𝑎𝑤 0 cm2 s−1

𝑡𝑠 0.5
𝛿𝑚 100 μm [60]
𝐿 10 cm [61]
𝐴𝑚 100 cm2 [61]
𝑤channel 270 μm [61]
𝐹solv 0.27 g s−1 [61]

𝜔𝑤 + 𝜔𝑎 = 1. These are related to the molar flow rates by:

1 − 𝜔𝑎 = 𝜔𝑤 =
𝑁𝑤𝑀𝑤

𝑁𝑤𝑀𝑤 +𝑁𝑎𝑀𝑎

𝑚𝑠 =
𝑁𝑠

𝑁𝑤𝑀𝑤 +𝑁𝑎𝑀𝑎

(17)

he electric power, 𝑃 , applied to each unit cell is calculated by:

= −∫

𝐿

0
𝛥𝜙𝑢𝑛𝑖𝑡𝑗 d𝑦 (18)

n order to compare the energy expenditure for electrodialysis with
ommercial distillation technology, we need also account for the elec-
rode reactions. The ferricyanide-ferrocyanide electrode system is an
xample of a fairly reversible red-ox system, given its smooth reac-
ion kinetics [57,58]. Therefore, the contribution from the electrode
ompartments to the power density is negligible.

. Computational procedure

Essential parameters for the electrochemical system such as the
ell geometry and mass flow rate of solvent are presented in Table 2.
ere, the Fick diffusion coefficients are taken as constants. The main
ick diffusion coefficient of the salt represents a typical value based
n measurements by Veerman et al. [59]. Two Fick diffusion coeffi-
ients of water and EtOH, 𝐷𝑤𝑤 and 𝐷𝑎𝑤, in the Selemion CMVN and
MVN membranes are based on experimental investigation shown in
ppendix A. Based on the poor diffusive coupling between water and
tOH we also assume poor EtOH coupling with the salt, 𝐷𝑎𝑠 = 0. The
emaining diffusion coefficients, 𝐷𝑤𝑠 and 𝐷𝑠𝑤, are taken to be ten times
maller than the main coefficients, 𝐷𝑤𝑤 and 𝐷𝑠𝑠 respectively, based
n the magnitude of Fick diffusion coefficients reported by Liu et al.
or a chloroform-acetone-methanol mixture. Using these values, the
agnitude of the diffusion transport is for any point along the length

f the channel around 10−4, whereas the transport by migration is
n the order of magnitude of 10−3 to 10−1. Therefore, diffusion is
eglected and we investigate a unit cell described by the analytical
olution presented in Eq. (15).

The molar flow rate of a component in the feed channel of one
nit cell is therefore calculated by Eq. (15), and the flow rates in the
raw channel may be calculated by taking the total flow rate of one
omponent in the whole unit cell to be constant. The chosen solvent
ass flow rate corresponds to a solvent velocity of approximately
cm s−1. A co-current flow configuration is used, and the resulting
olar flow rates parallel to the membranes are presented in terms of

he new variables given in Eq. (17). The current density is chosen using
q. (16), such that the amount of salt in the feed channel is reduced by
9% by the outlet of the cell, i.e. 𝜁𝑠 = 0.99. The membrane resistance
sed for energy calculations is derived from empirical relations based
n experimental data shown in Appendix B.
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Fig. 4. The salt molality profile of the feed channel divided by the composition-
dependent solubility limit, 𝑚𝑠,𝑓𝑒𝑒𝑑∕𝑚𝑠𝑜𝑙 . All curves are generated with 𝑡𝑎 = 1, thick
black lines show molality profiles generated with 𝑡𝑤 increments of 5, and thin grey
lines show intermediate cases. A red shaded area above 𝑚𝑠,𝑓𝑒𝑒𝑑∕𝑚𝑠𝑜𝑙 = 1 indicates cases
in which scaling occurs.

All investigated cases are based on a feed mixture consisting of the
remaining ternary mixture after precipitation of salt by EtOH addition.
This mixture is then saturated with KCl at the electrodialysis cell inlet.
The draw mixture always consists of 0.1 mol kg−1 KCl in pure water,
with the same solvent mass flow rate as the feed. The water and
EtOH transference coefficients of each individual membrane, 𝑡𝑤 and
𝑡𝑎, and the initial solvent weight fraction of EtOH, 𝜔𝑎,𝑖𝑛, serve as the
main variables that are varied in this investigation. Varying the feed
inlet solvent weight fraction of EtOH also varies the flow rate of salt
through the empirical solubility relations shown in Appendix C, since
the mixture is saturated. The initial feed composition in terms of molar
flow rates in these various cases is:
𝑁0

𝑠 = 𝑚𝑠𝑜𝑙𝐹solv

𝑁0
𝑤 =

𝜔𝑤,𝑖𝑛

𝑀𝑤
𝐹solv

𝑁0
𝑎 =

𝜔𝑎,𝑖𝑛

𝑀𝑎
𝐹solv

(19)

where 𝑚𝑠𝑜𝑙 is the salt solubility in terms of molality, which is a function
of EtOH solvent weight fraction, 𝜔𝑎.

4. Results and discussion

4.1. Electrodialysis with a saturated feed solution

The investigated electrodialysis concept mainly builds on and fur-
ther conceptualises a hydrometallurgical route for recycling spent Li-
ion batteries. Studies by, for example, Aktas et al. investigate the
recovery of critical metals from aqueous mixtures of acid leached
battery components by precipitation using EtOH as an antisolvent [18].
Around 92% of the cobalt and 90% of the lithium were recovered as
CoSO4 and Li2SO4 by the addition of EtOH to a solvent weight fraction
of approximately 𝜔𝑎 = 0.7. The remaining mixture then contains
water corresponding to 𝜔𝑤 = 0.3, and is saturated with salt(s) of
critical metal(s) at some non-neutral pH. We investigate the possibility
of using electrodialysis to further process a similar, but simplified,
mixture of saturated KCl in a mixed solvent of water and EtOH. The
KCl electrolyte serves as an example salt in these calculations, due
to the availability of thermodynamic data for this ternary mixture.
The purpose of this is to demonstrate the feasibility of energy-efficient
purification of EtOH with electrodialysis, so that the antisolvent may
be reused for subsequent hydrometallurgical recycling.

Using a feed solution that is saturated with salt at the inlet of
the electrodialysis cell, the water transference coefficient is limited in
the sense that too much co-transport of water will increase the salt
molality in the feed channel and induce precipitation on the mem-
branes, i.e. scaling. Resulting profiles of the salt molality are shown
for various membrane 𝑡 values in Fig. 4. In this particular example,
5

𝑤

Fig. 5. The EtOH solvent weight fraction profiles, 𝜔𝑎, from the inlet (y L−1 = 0) to
the outlet (y L−1 = 1) of the feed channel, with variable 𝑡𝑤 (top figure) and variable 𝑡𝑎
(bottom figure). Thick black lines show profiles generated with transference coefficient
increments of 5, while thin grey lines show intermediate cases. A red shaded area
above 𝑡𝑤 = 11 in the top figure indicates cases in which scaling occurs.

using an initial solvent weight fraction of EtOH of 0.6, an individual
membrane water transference coefficient of above 11 will result in
scaling inside the cell. At this EtOH weight fraction, the KCl solubility
is 𝑚𝑠𝑜𝑙 = 0.53 mol kg−1, cf. Appendix C.

The effect of varying the solvent transference coefficients is illus-
trated for the EtOH fraction in Fig. 5. In the case where each membrane
in the cell has 𝑡𝑤 = 11 and 𝑡𝑎 = 1, the EtOH solvent weight fraction
can be increased from 𝜔𝑎 = 0.6 to 0.78 by demineralising the feed. In
a hypothetical case where the ion-exchange membranes have higher
water transference coefficients but also low EtOH transference, it may
be necessary to add water to the feed solution in order to prevent
scaling issues. Nevertheless, the EtOH transference coefficient has a
large impact on the resulting feed composition. Due to the differing
molar weights of water and EtOH, a EtOH transference coefficient of
two leads to a mass flux comparable to that of H2O with a water
transference coefficient of four. This is further illustrated by two dif-
ferent cases. For a case of membranes with transference coefficients
𝑡𝑤 = 11 and 𝑡𝑎 = 1, the EtOH solvent weight fraction is increased
by roughly: 𝜔𝑎,𝑜𝑢𝑡 − 𝜔𝑎,𝑖𝑛 = 0.18. In a case where the transference
coefficients are 𝑡𝑤 = 4 and 𝑡𝑎 = 13, the EtOH fraction change is instead
𝜔𝑎,𝑜𝑢𝑡−𝜔𝑎,𝑖𝑛 = −0.56. Excellent rejection of the antisolvent is a necessary
property of ion-exchange membranes for this electrodialysis concept to
work.

The transference coefficient of EtOH is assumed low due to EtOH’s
poor ability to solvate KCl. Moreover, a small co-migration of phenol
(10x smaller than the water flux) was found during the demineralisa-
tion by electrodialysis of aqueous mixtures of phenol and NaCl [26].
The co-transport of glycerol during electrodialysis of a NaNO3 mixture
was measured by Zelman et al., who found a glycerol transference
coefficient of around 0.1. Still, there is reason to assume that the
solvent transference coefficients vary with EtOH content, with 𝑡𝑎 = 0
when 𝑤𝑎 = 0 and 𝑡𝑤 = 0 when 𝑤𝑎 = 1. In the reverse osmo-
sis system for dehydration and purification of EtOH investigated by
Chiao et al., the membrane’s ability to reject EtOH decreased with
increasing EtOH content in the feed. The antisolvent rejection also
varied with membrane characteristics and antisolvent type [44]. Exact
transport relations must be determined for any salt and composition for
which the demineralisation process is of interest.
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Fig. 6. The change in EtOH solvent weight fraction over the course of the process,
(𝜔𝑎,𝑜𝑢𝑡 − 𝜔𝑎,𝑖𝑛), as a function of the inlet weight fraction, 𝜔𝑎,𝑖𝑛. Thick black lines show
profiles generated with transference coefficient increments of 5, while thin grey lines
show intermediate cases. A red shaded area indicates when the salt molality exceeds
the solubility, and a thick red line shows the maximum change in weight fraction for
𝜔𝑎,𝑖𝑛 = 0.6.

Fig. 7. The energy requirement of the demineralisation process, 𝑒, as a function of
the inlet EtOH solvent weight fraction, 𝜔𝑎,𝑖𝑛. The salt molality of the saturated feed
is shown as the upper horizontal axis for all EtOH weight fractions. The solid black
line shows the mean energy requirement with 𝑡𝑤 in the range 0–20, whereas the grey
shaded area shows the variance due to the water transference coefficient. A thick red
line shows the energy requirement for 𝜔𝑎,𝑖𝑛 = 0.6.

The case of an individual membrane water transference coefficient
of 11 is improbable for Selemion CMVN cation- and AMVN anion-
exchange membranes in KCl electrolyte mixtures. A total of 22 moles
of water are then transported from the feed to the draw channel of each
unit cell per mole of electrons in the outer circuit. Water transference
coefficients of around 4 have been found for these membranes in
solutions of KCl and H2O [39]. It is likely possible to engineer a
membrane with a higher water transference coefficient for the target
salt while keeping the EtOH transference coefficient low, considering
the variance in water transference coefficients shown in Table 1.

The obtainable EtOH solvent weight fraction difference for the
electrodialysis process is shown in Fig. 6 for various inlet weight frac-
tions. Each line represents a unique combination of solvent transference
coefficients. With an inlet EtOH weight fraction of 𝜔𝑎 = 0.6, membrane
transference coefficients of 𝑡 = 11 and 𝑡 = 0 lead to a weight fraction
6

𝑤 𝑎
Fig. 8. The cumulative area resistance, 𝑅, of a unit cell at all positions from inlet
to outlet, showing contributions from the anion-exchange membrane (AEM), cation
exchange membrane (CEM), draw and feed channels. Generated for 𝜔𝑎,𝑖𝑛 = 0.6, 𝑡𝑤 = 11
and 𝑡𝑎 = 0.

difference of roughly 0.18 when the feed is almost completely dem-
ineralised, as shown by the red line. In general, the higher the initial
EtOH weight fraction, the higher the membrane water transference
coefficient must be in order to obtain an appreciable weight fraction
difference.

The energy requirement, for one unit cell and the electrode system,
to demineralise the feed channel mixture is shown in Fig. 7. It is
shown in terms of energy per volume EtOH exiting the feed channel, so
that adding additional unit cells will decrease the energy requirement
slightly by reducing the relative contribution from the electrode system.
It is indeed possible to add additional unit cells to the electrodialysis
stack in order to up-scale the production capacity. Generally, the
energy requirement to demineralise the feed mixture is high, above
1000 kWh m−3

EtOH, when the initial salt content is above 1 mol kg−1.
A more probable starting weight fraction of EtOH is around 0.6–0.7
for the saturated mixtures that have been subject to hydrometallur-
gical salt recycling. For these mixtures, increasing the EtOH weight
fraction by 0.1–0.2 may therefore be possible at an energy require-
ment of 60–200 kWh m−3

EtOH. Comparatively, the energy consumption
for production of anhydrous ethanol by distilling feed mixtures of
𝜔𝑎 = 0.05–0.1 EtOH falls in the range 1000–4200 kWh m−3

EtOH [19].
Distillation allows for the separation of EtOH at a high purity from
low starting weight fractions, such that these numbers are not di-
rectly comparable. The evaporation enthalpy of pure EtOH, however,
is around 190 kWh m−3

EtOH [20]. The electrodialysis concept is therefore
unsuitable for low starting fractions of EtOH, requiring a higher energy
input and producing significantly less pure EtOH than conventional
distilliation. For high EtOH solvent weight fractions in the feed, such
as residual mixtures from antisolvent precipitation, the concept is more
interesting. Demineralising a saturated mixture at the EtOH solvent
weight fraction of 𝜔𝑎 = 0.7 can increase the weight fraction to 𝜔𝑎 = 0.81
requiring 73 kWh m−3

EtOH if the membrane transference coefficients are
𝑡𝑤 = 15 and 𝑡𝑎 = 0. The suitability of the process depends heavily on
the salt concentration and the EtOH purity requirements.

The energy requirement is for most cases dominated by the ohmic
contribution, as opposed to the contribution from the reversible electric
potential given by the last two terms of Eq. (7). Only at 𝜔𝑎,𝑖𝑛 = 0.8
and above does the reversible electric potential contribution attain and
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exceed the ohmic contribution. The area resistance of each subsystem
of a unit cell is shown in Fig. 8 for the highlighted case in Fig. 7. For
this example, 258 kWh m−3

EtOH is required for the demineralisation of
the feed. The ohmic resistance of the unit cell is dominated by the
contributions from the membranes, in large part due to the membrane
thickness. Only by the outlet of the cell, when the salt concentration
in the feed is close to depleted, does the resistance contribution of the
feed channel increase drastically. Reducing the membrane thickness for
both the AEM and the CEM, from 100 μm to 50 μm, reduces the energy
requirement to 170 kWh m−3

EtOH. Reducing the channel thickness, from
270 μm to 135 μm, leads to an energy requirement of 220 kWh m−3

EtOH.
Both reductions are due to a reduced ohmic contribution for shorter
electric current pathways. There is much to gain in terms of energy
requirement by optimising the spatial dimensions of the cell.

For the application of the process to a mixture of for example
Li2SO4, H2SO4, H2O and EtOH from the hydrometallurgical recycling of
Li-ion batteries, parameters of primary importance are the component
activity coefficients, salt solubility, as well as the transport properties
of the membrane and bulk electrolyte mixtures. All parameters de-
pend on the local temperature, pressure and composition [50]. The
activity coefficients enter into the component chemical potentials, and
therefore affect the cell reversible electric potential (last two terms of
Eq. (7)) as well as the driving force for diffusion (Eq. (9)). Diffusive
transport is relatively small compared to the transference due to electric
current (10–1000 times smaller) and has been neglected in the present
treatment. It is here mainly the energy requirement for the process that
is affected by the chemical potentials, as seen by the grey shaded area
in Fig. 7. For instance, at 𝜔𝑎,𝑖𝑛 = 0.7 the current density is relatively
low due to the small amount of salt in the saturated mixture. With
𝑡𝑤 = 5 for each membrane in the unit cell, the contribution from
the reversible electric potential is around 0.3% of the electrodialysis
power density. It increases to roughly 28% if 𝑡𝑤 = 15 due to the work
required to transport extra water from the feed to the draw. However,
this contribution can be lowered by increasing the amount of salt in
the draw mixture in order to reduce the water activity. Therefore, at
high EtOH solvent weight fractions the chemical potentials and activity
coefficients of components are relatively important for the overall
energy requirement, but they appear unlikely to affect the process
to the same degree as the system transport properties, regardless of
composition.

Applied to a feed mixture of Li2SO4, H2SO4, H2O and EtOH means
that divalent ions like SO4

2− are present. For Nafion membranes, diva-
lent ions such as Mg2+ have been shown to exhibit water transference
coefficients of around 14 [40,62]. Moreover, the transference coeffi-
cients are defined per Coulomb of charge, such that a membrane water
transference coefficient of 14 for a divalent ion means the ion carries 28
water molecules across the membrane. This may aid the efficacy of the
membrane water transport. Furthermore, since the variance in water
transference numbers depends on both composition and membrane
characteristics, as shown in Table 1, it appears likely that ion-exchange
membranes can be tailored for high water transference with a high
rejection of EtOH or other antisolvents.

Aqueous mixtures of Li2SO4 have shown similar electric conductiv-
ities to mixtures of KCl up to 1 mol kg−1, but up to 4 times lower at
3 mol kg−1 [63]. This will increase the process energy requirement
relative to KCl. However, the conductivity also increases with tem-
perature, providing an opportunity for the reduction of the required
energy to demineralise the feed by operating the process above room
temperature.

The aqueous mixture leftover from hydrometallurgical salt recovery
will be acidic from the leaching process. The acid, e.g. H2SO4, also
needs to be separated from the EtOH, and ions from the dissociated acid
will also carry water molecules across the ion-exchange membranes.
The dependence of the salt solubility on the concentration of acid
is then also of importance. Gómez-García et al. measured the KCl
solubility in mixtures of KCl−HCl−H O-EtOH, and found that addition
7
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Fig. 9. Flowchart detailing the compositions of an example cyclic process involving
antisolvent recycling by electrodialysis.

of HCl reduced the solubility of KCl. EtOH has also been shown to
reduce the solubility of aqueous Li2SO4 [64], which is necessary for
the antisolvent precipitation step in the recycling process. In summary,
the interactions between the various parameters are complex and the
fundamental parameters of relevance must be measured. The model
results and current literature suggests that applying the process to a
mixture e.g. Li2SO4, H2SO4, H2O and EtOH can yield a purification
of the antisolvent, mainly dependent on appropriate membrane trans-
ference coefficients. Future studies on this demineralisation concept
should tackle the complex quaternary mixture consisting of a salt,
water, antisolvent and acid.

4.2. Process considerations

Deploying electrodialysis for antisolvent recovery to the point where
one has pure antisolvent appears infeasible in the investigated cases,
primarily due to scaling issues and the need for 𝑡𝑤 > 20. Moreover,
it is unlikely that complete demineralisation of the antisolvent feed
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happens in reality in the electrodialysis process, due to substantial
concentration polarisation in the feed channel and increased ohmic
energy contributions. Therefore a loop of the processed antisolvent fed
back to the precipitation reactor will contain some residual water and
some residual metal salts. Any incomplete separation of components is
negative for the process, but a cyclic process may still be viable with
only partial separation.

An example process, based on the EtOH weight fraction of 𝜔𝑎 = 0.7
used by Aktas et al., is shown in Fig. 9. As long as the unprecipitated
mixture is sufficiently concentrated in salt, the addition of the deminer-
alised feed mixture will lead to the desired precipitation. The resulting
precipitated mixture may then be used as the feed mixture for the next
electrodialysis process. Per mole of KCl precipitated in the example
loop, the electrodialysis unit consumes 0.161 kWh mol−1KCl. The draw
effluent from the electrodialysis cell has its salt concentration increased
from 0.1 to 0.307 mol kg−1. Ideally, this draw mixture is reused until
the salt concentration is suitable for precipitation by addition of the
demineralised feed mixture.

For an eventual realisation of the proposed process, it is also neces-
sary to thoroughly investigate the ion-exchange membrane ageing and
degradation. Polymer plasticisation may be a problem when in contact
with EtOH-containing electrolyte mixtures [65]. The issue of membrane
lifetime goes hand-in-hand with the cost of the process [66], which is
suggested as one of the next steps in the evaluation of the electrodialysis
concept.

5. Conclusions

Antisolvent precipitation is a hydrometallurgical process that may
serve as a potent recycling strategy for Li-ion batteries, especially so
when aided with electrodialysis for efficient reuse of the antisolvent.
In this paper, a theoretical framework and simulation of an electro-
dialysis unit cell for the demineralisation of an EtOH, water and KCl
mixture have been investigated. These components were chosen due
to availability of thermodynamic data. The co-migration of water and
EtOH, quantified by the transference coefficients, and the initial solvent
weight fraction of EtOH (which also defines the molar flow rate of salt
in the saturated solution) served as the main variables of interest.

The study suggests that electrodialysis may be a competitive pro-
cess for the partial purification of EtOH in the intermediate weight
fraction range. The saturated mixture produced by the antisolvent
precipitation process, with 𝜔𝑎,𝑖𝑛 = 0.7, may be demineralised and the
EtOH solvent weight fraction increased to 𝜔𝑎 ≈ 0.81 by the use of
ion-exchange membranes with 𝑡𝑤 = 15 and 𝑡𝑎 = 0. Such a process
required around 73 kWh m−3

EtOH, but the water transference coefficient
cannot be higher before scaling occurs. An example process scheme
was developed, showing that a cyclic process involving electrodialysis
appears possible, producing solid salt at an energy requirement of
around 0.161 kWh mol−1KCl.

This study explores an application of electrodialysis in which the
co-transport of water through ion-exchange membranes and rejection
of EtOH are desirable. Measurements of the coupling between solvents
and charge transport in ion-exchange membranes are needed to further
develop this concept. Additionally, such data needs to be measured for
the relevant mixture compositions, e.g. Li+ and acid-containing solu-
tions, in order to design suitable membranes for the lithium-ion battery
recycling process. The thermodynamic properties of those components
must also be measured to evaluate the electrodialysis concept for that
case. Desired membranes for this process must efficiently reject the
antisolvent, while letting significant amounts of water pass alongside
ions in a low resistance manner as part of the charge conduction
8

process.
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Appendix A. Diffusion coefficient measurements

Aqueous mixtures of KCl (for analysis EMSURE, supplied by Merck)
and EtOH (≥96% (V/V) TechniSolv, supplied by VWR Chemicals) were
prepared using de-ionised water with a conductivity of 5.5 μS m−1.
Cation- and anion-exchange membranes of types CMVN and AMVN
were supplied by AGC Engineering Co. Ltd. in Na+ and Cl− forms,
espectively. By storing in mixtures of 0.1 mol kg−1 KCl for a minimum
f one week, the CEMs were converted to K+ form. Solutions were
efreshed once every week for four weeks.

The diffusion coefficient of EtOH in Selemion CMVN and AMVN
embranes were estimated by measuring the EtOH and water con-

entrations and diffusion fluxes through an ion-exchange membrane
eparating two mixtures of different EtOH fractions with no added salt.
he ion-exchange membrane had an area of 15.9 cm2 exposed to the
olutions, and both compartment volumes were 150 mL which did not
ary appreciably during the measurement. As no salt was added, the
oupling between salt and EtOH/water fluxes was not measured in this
stimate of the diffusion coefficients. The measurement cell is described
y:

2O ∥ H2O(𝜔𝑤), EtOH(𝜔𝑎)

here ∥ denotes the membrane, 𝜔𝑎 and 𝜔𝑤 are the weight fractions of
EtOH and H2O respectively, which are related through: 𝜔𝑤 + 𝜔𝑎 = 1.
The weight fraction of EtOH was estimated by measuring the refractive
index (RI) of the mixture. In the range of 𝜔 = 0 − 0.3 and the absence
𝑎
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Fig. A.10. Concentration of water, 𝑐𝑤, on the mixed solvent side as function of time,
𝑡, when separated from a pure water compartment by a Selemion AMVN (AEM) or a
Selemion CMVN (CEM). The initial EtOH weight fraction was 𝜔𝑎 = 0.3. Regressions are
presented with 95% confidence intervals as red and blue shaded areas for the AEM
and CEM respectively.

of salt, a linear relation is produced to relate the RI to the EtOH weight
fraction, which is well described by the empirical relation:

100𝜔𝑎 = 1560.5 × RI − 2078.6 (A.1)

Furthermore, the density of EtOH-H2O-KCl mixtures has been mea-
sured by Galleguillos et al. [67], which yielded a data set that is well
described by:

𝜌 =0.9927 − 0.2588𝑥𝑎 − 0.2794𝑥2𝑎 + 0.5619𝑥3𝑎
+ 2.407𝑥𝑠 − 4.836𝑥𝑎𝑥𝑠 + 5.072𝑥2𝑎𝑥𝑠

(A.2)

where 𝑥𝑎 and 𝑥𝑠 are the mole fractions of EtOH and KCl respectively.
The concentration of water, 𝑐𝑤, is related to the mole fraction through:
𝑐𝑤 = 𝜌𝑥𝑤∕�̄� = 𝜌𝜔𝑤∕𝑀𝑤, where �̄� is the average molar mass of the
mixture. The derivative of the concentration with respect to time yields
the flux, and the Fick diffusion coefficients, 𝐷𝑘𝑤, of component 𝑘 is
calculated using Eq. (10) in the absence of salt:

𝐷𝑘𝑤 = −𝛿𝑚

(

𝐽𝑘
𝛥𝑐𝑤

)

𝑗=𝛥𝑐𝑠=0
=

𝜕𝑐𝑘
𝜕𝑡

𝑉
𝐴𝑚

𝛿𝑚
𝛥𝑐𝑤

(A.3)

where the concentration and flux of component 𝑘 are 𝑐𝑘 and 𝐽𝑘, 𝑉 is
the volume of the compartment receiving the component flux, 𝛿𝑚 is the
membrane thickness, 𝛥𝑐𝑤 is the water concentration difference across
the membrane, and 𝐴𝑚 is the membrane area.

The estimated water concentration in the mixed solvent compart-
ment is given as a function of time in Fig. A.10 for the AEM and CEM
respectively. The RI of the compartment containing pure water did not
change over the course of the eight hour duration of the experiment.
We interpret this as indicating that diffusion of EtOH is negligible for
both membranes, i.e. 𝐷𝑎𝑤 ≈ 0. An estimate of the water diffusion
coefficient in the relevant membranes is taken as the average of the
calculated values, which are found as: 𝐷AEM

𝑤𝑤 = 1.8 × 10−7 ± 0.7 × 10−7

and 𝐷CEM
𝑤𝑤 = 2.0 × 10−7 ± 0.4 × 10−7 cm2 s−1, where the uncertainty is

reported as the double standard deviation.

Appendix B. Electric conductivity measurements

The electric conductivity of the aqueous mixture was measured
using a Portavo 907 multi-meter in combination with a Knick SE680
9

Table B.3
Measured electric conductivity, 𝜅, of the ternary EtOH/H2O/KCl mixture.
𝜔𝑎 𝑚𝑠 mol kg−1 𝜅mix mS cm−1

0 0.1 12.6
0 0.5 54.1
0 1 102.6
0 1.5 145.6
0 4.5 347.7
0.1 0.5 38.8
0.2 0.5 29.1
0.3 0.5 22.2
0.1 1 73.7
0.2 1 53.7
0.3 1 41.2
0.1 1.5 106.9
0.2 1.5 78.8
0.3 1.5 65.8

toroidal conductivity sensor. Aqueous mixtures of KCl, H2O and EtOH
were prepared with the same chemicals and procedure as the dif-
fusion coefficient measurements presented in Appendix A. Measured
values are reported in Table B.3, and they are well represented by a
polynomial on the form:

𝜅mix =108.7𝑚𝑠 − 6.997𝑚2
𝑠 − 348.1𝑚𝑠𝜔𝑎

+ 23.96𝑚2
𝑠𝜔𝑎 + 428.4𝑚𝑠𝜔

2
𝑎

(B.1)

where the electric conductivity has a positive dependence on salt
concentration, but a negative dependence on the fraction of EtOH.

The electric conductivity of the Selemion CMVN and AMVN ion-
exchange membranes were measured after soaking in various mix-
ture compositions for a minimum of seven days in order to reach
equilibrium between the external and internal electrolyte solutions.
Membrane conductivities were determined by measuring the electro-
chemical impedance of stacks of wetted membranes. A Gamry In-
terface 5000E potentiostat was used for impedance measurements.
Ion-exchange membranes in stacks of three to five pieces were confined
between two Pt-electrodes, between which an alternating current was
imposed. The ohmic resistance of the system is obtained when the
imaginary part of the impedance is zero, and the contribution of the
membrane is isolated by creating a linear regression of resistance
as function of membrane stack thickness. The experimental process
was described in detail by Krakhella et al. [68]. Measured values are
reported in Table B.4

Both the Selemion CMVN and AMVN (cation- and anion-exchange
membranes respectively) do not have a statistically significant depen-
dence on the external concentration of salt in these measurements.
The cation-exchange membrane electric conductivity is described to a
sufficient accuracy by the following expression:

𝜅CEM = 4.752 − 5.16𝜔𝑎 (B.2)

and the anion-exchange membrane is described to a sufficient accuracy
by the following expression:

𝜅AEM = 8.867 − 36.8𝜔𝑎 + 60.58𝜔2
𝑎 (B.3)

where both types of membranes exhibit a reduction of electric conduc-
tivity with increasing fraction of EtOH.

Appendix C. Solubility in the ternary mixture

The solubility of KCl in aqueous mixtures with and without EtOH
is well documented in the literature [69–73]. Measurement data from
standard temperature and pressure experiments are shown in Fig. C.11.
The literature data is well represented by a regression that is linear in
the regression coefficients:

log10(𝑚𝑠𝑜𝑙) =1.66 + 1.02𝜔𝑎 − 1.03𝜔2
𝑎 + 1.84𝜔3

𝑎 − 3.73𝜔4
𝑎

− 293 − 647
𝜔𝑎 + 259

𝜔3
𝑎

(C.1)
𝑇 𝑇 𝑇
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Table B.4
Measured electric conductivity, 𝜅, of the Selemion CMVN (CEM) and AMVN (AEM) in
equilibrium with an external EtOH/H2O/KCl mixture.
𝜔𝑎 𝑚𝑠 mol kg−1 𝜅CEM mS cm−1 𝜅AEM mS cm−1

0 0.5 9.13 5.10
0.1 0.5 4.37 4.13
0.2 0.5 5.26 4.04
0.3 0.5 3.12 3.70
0 1 8.32 4.92
0.1 1 5.90 3.79
0.2 1 3.92 3.48
0.3 1 3.00 2.70
0 1.5 9.45 4.50
0.1 1.5 5.73 4.43
0.2 1.5 3.75 3.57
0.3 1.5 3.18 3.38

Fig. C.11. Solubility of KCl, 𝑚𝑠𝑜𝑙 , in aqueous mixtures with EtOH solvent weight
fractions, 𝑤𝑎. A 95% confidence interval for the regression is illustrated by the red
shaded area.

where 𝑚𝑠𝑜𝑙 is the KCl solubility in mol kg−1, 𝜔𝑎 is the solvent weight
fraction of EtOH subject to 𝜔𝑎 + 𝜔𝑤 = 1, and 𝑇 is the absolute
temperature of the mixture.
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