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ABSTRACT

This review investigates the effects of hydro-organic solvents on ion exchange
membranes used in conventional electrodialysis. The thermodynamics of electrodialysis
is first presented in relation to operation in purely aqueous solutions, where the
Donnan potential describes the equilibrium partitioning at the membrane/solvent
interface. The mass transfer kinetics through the membrane are described using the
Nernst-Planck equation; while concentration polarization describes the mass transfer
resistance in the solution boundary layer. Each of these relationships is found to change
significantly as the organic concentration in the solvent is increased and the system
consequently deviates from ideality. The extent of membrane swelling in these mixed
solvents is also critical, as it determines the diffusion coefficient of both ionic and non-

ionic species within the membrane structure.



Introduction

Electrodialysis (ED) was first made possible with the development of semipermeable
membranes at the end of the 19" century, but was not used industrially on a large scale until
the late 1950’s, when it was used for the desalination of brackish water. The technique was
quickly recognised to be both efficient and cost effective and has remained a popular
technology for desalination, currently representing 3.6% of total worldwide installed
capacity, treating 2.5 million m’/day of water in total(1). Advances in electrodialysis,
particularly with regards to ion exchange membrane technology and modes of operation,
have greatly improved over the years and consequently the industrial applications of
electrodialysis have significantly expanded (2). Today electrodialysis is a well-proven
technology that is used worldwide and is expected to continue developing across numerous

industries for varying applications into the future (3).

Electrodialysis is a diverse term which includes many different modes of operation. All
modes, however, involve alternating ion-exchange membranes within an ionic solvent,
bounded by an anode and a cathode to supply a direct current through the system (4). This
current provides an electric potential driving force in opposing directions for the anions and
cations within the solvent. The alternating arrangements of the permselective membranes
consequently create channels which are either ion rich (concentrate streams) or ion poor
(diluate streams) (2). An example of a conventional electrodialysis configuration is shown in
Figure 1. In commercial applications several hundreds of cell pairs are assembled in a stack

between the two electrodes.



Over the years new operational modes have been found to advance the areas in which
electrodialysis could be used; often through lowering the cost of operation or by increasing
process efficiency to achieve higher purity levels. Electrodialysis reversal (EDR) is one
example. During EDR operation, the direction of current is reversed periodically to dissolve
calcium carbonate or calcium sulfate scale which otherwise would form deposits on the
surface of the membrane(5). Further examples of advancement through altered modes of
operation include continuous electrodeionisation (EDI) which allows for complete
deionisation of water by altering the conventional configuration to include mixed-bed ion-
exchange resin throughout the entire diluate channel; and electrodialysis with bipolar
membranes (EDBM) which permits the conversion of organic salts into commercial scale
acids or bases(4, 6-8). The development of the configurations mentioned here are just some
examples of how electrodialysis has been able to evolve to enter new fields and areas for

application.

To date, the major application for ED is the desalination and treatment of brackish and sea
water(9, 10). It is less sensitive to fouling compared to RO and so is also used at a small scale
for the treatment of industrial wastewater(11, 12), to reclaim water from the petroleum
or metal production (13-15) and as a purification technique for cooling tower make-up
effluents (16, 17). However, given the ability of electrodialysis to purify a solvent mixture
without changing the organic concentration, electrodialysis is becoming increasingly popular
within the food, beverage and pharmaceutical industries(18-21). Operations within these
industries rarely involve purely aqueous solutions but frequently rely on organic solvents.
The effect of organic solvents on electrodialysis is not well documented to date but

increasingly represents a larger portion of the available applications (22, 23).



Applications for electrodialysis can be simplified into two categories: electrolyte
reduction, which aims to purify the solvent and in which the diluate channel is the product
stream; and electrolyte recovery, in which the concentrate channel is the product stream(7).
Industrial uses which recover the electrolytes still mainly use aqueous solvents. However, a
significant example where organics are present is the recovery of organic acids from
fermentation broths (4, 22, 24-28) which can use both standard electrodialysis for acid
recovery and bipolar membranes to convert salts such as lactate into the corresponding
acid. A similar approach can be used to both concentrate monoethanoalamine salts(29) or
convert them into the corresponding organic base (30) and to recover organic acids from
cyclohexanone-based waste solutions (28). Similarly, bipolar membranes can be used to
generate sodium methoxide from a solution of sodium acetate in methanol (31).
Electrodialysis has also been considered for the recovery of bioactive peptides from milk

(32), alfalfa (33) or soy protein hydrolysates(34).

Applications involving electrolyte reduction from an organic solution are more common
and include fruit juice de-acidification and demineralisation (35), tartrate stabilisation of
wine(36, 37), dairy whey demineralisation (38) or immunoglobulin removal from blood
plasma (39, 40). A recent application is the removal of heat stable salts from the amine
solvents used in acid gas treatment and carbon capture (41-43). In this case, the solvent is a
mixture of 20 to 30 wt% of an alkanolamine such as monoethanolamine, piperazine or
methyldiethanolamine and the salts requiring removal can be alkanolamine sulphates, nitrates
or low molecular weight organic anions such as formate or acetate. These salts can also be
removed through the use of bipolar membranes, which convert salts such as alkanolamine

sulfates (RH),SO, into the corresponding alkanolamine (R) and acid (H,SOy4) (43, 44). A



further case is the removal of sulphate and chloride from 70 wt% ethylene glycol in water

during the production of sodium carbonate (45).

These examples demonstrate the importance of understanding the effects of mixed solvents
on the operational process of electrodialysis. By understanding the changes to the process,
optimisation in each industry can be performed to minimise operational costs and to

maximise commercial value.

Comprehensive reviews of the theory and application of ED in aqueous solutions(4, 10, 21,
46, 47) and of the structure of ion exchange membranes(48) have been published and this
paper does not intend to cover these areas in detail. However, to place this review in context,
it is first necessary to present an overview of the ion exchange membranes used and the

thermodynamic theory that underpins the ED approach.

lon-Exchange Membranes

Ion exchange membranes (IEMs) are the key components to effective electrodialysis
operation. IEMs are dense, non-porous membranes and the drivers and physical equations
which determine their performance differ greatly from the porous type membranes used in
ultrafiltration or microfiltration processes. The material chemistry, rather than pore size or
distribution, determines the membrane performance; with mass transport and separation
being achieved through differences in solubility, conductivity and diffusivity(49).

All ion-exchange membranes consist of a polymer matrix containing either positive or
negative fixed charge groups which allow the passage of mobile counterions (ions with the
opposite charge as the fixed ions) through the membrane, while preventing the passage of

mobile coions (ions with the same charge as the fixed ions)(2). This structure creates a



selectively permeable material which conducts electricity and is the basis of electrodialysis
operation.

Ion-exchange membranes are traditionally categorised into anion exchange membranes
(AEMs) or cation exchange membranes (CEMs) based on the charge of the fixed ionic
groups which are attached to the membrane matrix. These two membrane types, however, can
be further categorised based upon the polymeric backbone materials used and the structure of
formation. In many cases, the polymer backbone consists of aromatic hydrocarbon rings,
such as chloromethlystyrene—divinylbenzene (50). For example, the Neosepta™ construction
consists of sulfonic groups grafted to a structure of divinylbenzene reticulated polystyrene
(PS) and polyvinylchloride (PVC). Some zones in the polymer are densely packed crystalline
PVC regions which are not permeable to ions or water and act as effective crosslinks. The
sulfonic functional groups and their corresponding counterions are found in areas of
amorphous PVC and PS (51). Transport in such membranes relies on swelling in the ionised
zones due to uptake of water, making the zones more voluminous and less numerous until a
threshold of percolation is met, which allows a continuous ionic junction between the two

membrane surfaces and hence makes electrical conduction and ion separation possible (52).

A linear fluorocarbon polymer backbone can also be used for CEM manufacture. The most
commonly used commercial membrane of this type is Nafion 117° which consists of a
tetrafluoroethylene (Teflon) and perfluorinated vinylether copolymer with terminal sulfonate
groups on a side chain. The Teflon forms crystalline areas and the vinylether forms
amorphous areas which contained the fixed functional groups. Although Nafion is
mechanically strong, it is not cross-linked and the size of the ionic cluster can vary strongly
with different solvents and counterions (52).

The majority of practically-used and commercial ion exchange membranes are
homogenous (47), where charged groups are chemically bonded to the polymer matrix.
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Common functional groups are sulfonic acid groups (—SO;’) for CEMs and quaternary
ammonium groups (-NH4") for AEMs. Despite their name, these ion exchange groups do not
exist homogenously throughout the membrane but rather form microdomains; the frequency
and density of which has an effect on the physiochemical and resilience properties of each
membrane (53).

A smaller proportion is heterogeneous membranes, in which the charged groups are instead
physically bound as an ion exchange resin mixed in with the membrane during synthesis (54).
The original membranes from Ionics Inc. (now part of GE Water and Process Technologies)
are examples of heterogeneous membranes. Some commonly used and commercially
available IEMs are shown in Tables 1 and 2, with others available from Fujifilm and Asahi

Chemical (Aciplex).



Table 1 A selection of cation exchange membranes available for electrodialysis applications (data from suppliers, (2) and (48)). Membranes are homogeneous
except where noted.

Manufacturer Code Electrical | Thickness | Ion-exchange | Water | Permselectivity Structure Applications References
and Trade Resistance®* | (micron) capacity Uptake | (%)**
Name (ohm/cm®) (meq/g) (wt %)
Fumatech FKS <8 120 1.0 12-15 96
Fumasep FKB <4 90 0.9-1.0 15 98 Bipolar ED 4,44
FKL <4 115 0.6 10 92 Alkali recovery
Astom CMX 3.0 170 1.5-1.8 25-30 97 PS/PVC/DVB Demineralisation of whey, sucrose, (55-58)
Neosepta groundwater
Purification and concentration of
organics
CIMS 1.8 150 2.2-2.5 30-35 98 Deacidification of metal solutions (59, 60)
CMB 4.5 210 2.4-2.7 37-42 Alkali Recovery (61, 62)
AGC Selemion | CMV 3.0 120 2.4 25 96 PS/DVB Heavy metal ion removal (63)
CMD 17 380 94 Heterogeneous (64)
HSF 19 150 Double layer, Proton selective (65, 66)
PFSA
CSO 2.3 100 97 PS/DVB Monovalent ion selective (64)
Surfactant coated
CMF 2.5 440 95 PFSA High durability (66)
Dupont Nafion 117 1.5 180 0.90 16 97 PFSA (52)
Sybron Ionac MC- 10 380 30-35 75 Heterogeneous, (67)
3470 PS/DVB
Membranes CMI- <30 450 1.6 94 Heterogeneous, (68, 69)
International 7000 PS/DVB

*measured in Cl- form in 0.5 M NaCl @ RT 25°C, except for Sybron lonac membranes, which were measured at 1.0 M NaCL** ** either 0.1/ 0.01 M NaCl or 0.1 mol KCl/kg / 0.5 mol KCl/kg at 25°C.
PS= polystyrene, DVB= divinylbenzene, PFSA= perfluourosulfonic acid polymer




Table 2 A selection of anion exchange membranes available for electrodialysis applications (data from suppliers, Strathmann 2004 and Nagarale,2006).

Membranes are homogeneous except where noted.

Manufacturer Code | Electrical | Thickness | Ion-exchange | Water | Permselectivity Structure Applications Refs.
and Trade Name Resistance® | (micron) capacity Uptake | (%)**
(ohm/cm?) (meq/g)
Fumatech FAB <1 115 1.3 20 96 Bipolar ED (4, 44)
Fumasep FAA- 0.66 50-55 2.0 64 96.6 Quaternary Strong Alkali solutions (70,71)
3 ammonium
hydroxide
polymer
FAP <1 60 30.4 92 Strong Acid Solutions, oxidant resistant (72)
FAD <1 90 1.5 25 91 Diffusion Dialysis for Acid Recovery (58, 73)
Astom AMX 2.4 140 1.4-1.7 25-30 95 PS/DVB Whey Demineralisation, (55, 56)
Neosepta Organic purification (57, 58)
AHA 4.1 220 0.5-3.0 13-20 Polyethylene Alkali Removal (74)
(50-70%) and
trimethyl
ammonio
methyl (30-
50%)
ACM 2.6 110 1.0-1.5 15 PS/DVB Acid Recovery (30,75
ACS 3.8 130 Purification and desalination of organics (59)
Nitrate removal
AFN 0.5 160 2.3-35 40-55 Demineralisation of organics (74, 76)
AGC Selemion | AMV 2.8 120 1.9 19 96 PS/PVC/DVB 77
DSV 1.1 100 2.3 18-20 92 (76)
AAV 6.4 120 0.95 20-25 95 Acid recovery (75)
ASV 3.7 120 20-25 97 PS/DVB, dual Monovalent ion selective (78),
layer (79)
AHO 20 300 95 High temperature and oxidant proof
APS4 0.70 150 Oxidant proof
Sybron lonac MA- 25 406 0.9 30-32 80 PS/DVB (28, 67,
3475 80)
MA- 10 460 1.1 Heterogeneous (80)
7500 PS/DVB
Membranes AMI - <40 450 1.3 90 Heterogeneous (68, 69)
International 7001 PS/DVB

*measured in Cl- form in 0.5 M NaCl @ RT 25°C, except for Sybron lonac membranes, which were measured at 1.0 M NaCl.** ** either 0.1/ 0.01 M NaCl or 0.1 mol KCl/kg / 0.5 mol KCI/kg at 25°C.
PS= polystyrene, DVB= divinylbenzene, PFSA= perfluourosulfonic acid polymer
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lon Exchange Theory

The performance of electrodialysis systems is determined by the transport rates of different
ionic components in the membrane and in the adjacent bulk solution. Mass transfer in
electrolyte solutions is driven by gradients in electrochemical potential but must overcome
the frictional and electrochemical resistances of the ion-exchange membranes (2). As
electrodialysis necessitates the use of IEMs, transport is additionally affected by the presence
of the fixed charge in the membranes. lonic transport through electrodialysis systems is
therefore based on two principles: the Nernst-Planck equation which dictates the kinetics; and
the Donnan partition coefficient which dictates the equilibrium boundary conditions (81).

The Donnan partition coefficient is based on the fact that at the interface between the
solution and membrane phases, the chemical potentials must be equal(81). The
coefficient quantifies the relationship between the concentration of the species (i) in the

solution (C;) with that in the membrane phase (c;) (81):

Ci iFEqon
—- = exp(-— ) (1)

i “Rr

where the Donnan potential (Esn) is a function of the fixed charges within the
membrane, z; is the charge of the ionic species, F is the Faraday constant (96487 C/mol),
R is the universal gas constant (8.314 J/mol.K) and T is the temperature. This equation
shows that if the concentration in the bulk solution is low and the concentration of the
fixed charges in the membrane is high then Donnan exclusion is very effective.
Specifically, it is this equilibria that dictates that cations will not be transmitted through
an AEM and anions do not flow through a CEM. This is referred to as the permselectivity

or the transport number of the membrane.
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The Nernst-Planck equation describes the rate of transport of species across the
membrane, affected by both a concentration difference and an electrical potential

difference:

dCi

F dy
ia_ ZiD C

Ji = IvKicci— D iCipr dx

(2)

where J; is the flux of any species (i) through the membrane, c; is the species
concentration within the membrane, and x is distance. The first term relates to the
convection or coupling of solute transport with the flow of bulk solvent (Jv) across the
membrane with Kjc as the convective hindrance factor and c; as the solute concentration.
This term can usually be ignored in electrodialysis systems. The second term represents
diffusional mass transfer based on Fick’s Law where D; is the Fickian diffusion
coefficient and x is the distance across the membrane. Again, for most ions in aqueous
solution, this term can be ignored.

The third term is usually most dominant for ionic species and represents the
migration of ions due to ionic conductance, with F as the Faraday constant and v as the
electrical potential. This term suggests that by increasing the voltage across the stack, the
ionic flux will increase linearly. However in reality the flux increase tails off as current
increases, due to increasing mass transfer resistance in the boundary layer of the fluid
adjacent to the membrane. This is referred to as concentration polarization. Under these
circumstances, the overall mass transfer coefficient for each ion is determined by the sum of
two resistances: a resistance related to the ion diffusion through the membrane, as given by
Equation 2, and a resistance related to the mass transfer from the solution bulk to the
membrane (82). Eventually, a limiting current density Iy, is reached, where this boundary
layer resistance dominates and at this point, the current density stabilizes (2)(Figure 2).

However, as the voltage is increased further, the current density increases again. This is

referred to as the overlimiting region and can be attributed to either electro-convection or
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water splitting (83). Electro-convection refers to microscale fluid flows that develop within
the depleted boundary layer due to electro-osmotic effects (84, 85). Conversely, water
splitting refers to the dissociation of water to provide ions that can carry the charge at the
membrane surface, as at the limiting current density, this charge falls to zero. Water splitting

generally occurs more readily on the anion exchange membrane than the cation one (86).

The Effect of Mixed Solvents on Equilibrium Thermodynamics

In mixed aqueous/organic solvents, the Donnan potential, and subsequently the transport
number, can be affected by changes to the solubility of many salts. A decrease in solubility
will result in fewer mobile charges being available per unit volume of mixed solvent present
(45). As an example, the solubility of carbonate ions was shown to decline in 70 wt%
ethylene glycol relative to water (45). In such situations, the conductivity and therefore the
limiting current density are significantly lower than in an aqueous solution. Further, the
reduced number of ions can lead to an increased electrical resistance within the membrane
material. Indeed, it has been shown that the electrical resistance of ED membranes increases
exponentially for ionic concentrations less than 0.1M NaCl (0.6 wt% or 6000 ppm) (58).
Such low concentrations are common in mixed solvents. The reduced solubility can also lead
to increased fouling at the membrane surface as ionic species precipitate more readily.
Further, as the ionic strength increases, ‘salting out’ of proteins or phase separation into
separate organic and aqueous phases can occur (solvent demixing). Conversely, the solubility
of organic acids, such as salicylic and octanoic acids increase in ethanol/water mixtures (22),
which can be used to advantage in an electrodialysis operation.

Many workers have also observed that the changes in the solvent composition can cause
changes in the selectivity of the membrane for specific ions. Both Sata et al(50, 87)and
Girtner et al. (45) found that more strongly hydrated ions permeate more readily through a

membrane in contact with an ethylene glycol or diethylene glycol solution than with water,
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although the cause of this change in selectivity is less clear. Similarly, the flux of H' is
observed to increase relative to the flux of Na’ through a Neosepta CMX cation exchange

membrane as the proportion of ethanol or methanol in alcohol/water mixtures increases (22,

88).

The Effect of Mixed Solvents on Mass Transfer Kinetics
When operating electrodialysis in systems with organics, the system is no longer able
to be considered as an ideal solution. In such situations, the activity coefficient, y; # 1 and
therefore the activity, a; # C;. Further, diffusion of ions can no longer be described using
the usual binary component Fickian approach (the second term in Equation 2). Rather,
the driving forces(Xi) acting on any ion i are equal to the sum of the friction forces

between the component and all other components in the system:
RT
X = Yipg; (Vi — Vi) 3)

where D; is referred to as the Stefan Maxwell diffusion coefficient and v is the linear
velocity of the component. In turn, the driving forces can be related to the sum of the
electrical potential(y)and the chemical potential (1). Assuming convective effects are

minimal, this leads to (2):

diny;
ac;

dc; zZiGiF dy

Ji=-b (1+Ci dx ' RT dx (4)

)

From this equation it can be seen that the activity coefficient will strongly affect the
diffusion term of this flux equation, and the nature of the multicomponent system will
additionally affect the electrical migration term through the change in diffusion coefficient.

Despite this apparent importance, neither Stefan Maxwell diffusion or the activity coefficient

14



are often considered or discussed in ED applications, with the notable exception of some

workers(26, 45, 89, 90).

It is more common to account for the effects of mixed solvents through the use of
experiments to investigate singular properties such as electrical resistance or membrane
selectivity. However, the prediction of activity coefficients is possible with the use of activity
models such as the Pitzer equations(91)and the Non-Random Two-Liquid (NRTL) model
(92) and the increasing availability of simulation packages means that this approach is

increasingly viable.

For organic solvents, transport through the membrane by concentration dependent
diffusion (the first term in Equation (4)) can be significant. For example, Figure 3 shows
the permeation of glycerol in a fermentation broth through IEMs via diffusional
mechanisms (24). This diffusional permeation is also a function of temperature, as

indicated by Figure 4.

While electrical effects are is usually dominant for charged species, there are also some
cases where the concentration dependent diffusion term is significant. For example, Wang
and co-workers (28) relate the low current efficiency values obtained in their experiments
with an Ionac MA-3475 AEM at high applied potential to back diffusion of organic anions
from the concentrate to the diluate solution. That is, under these conditions, the concentration
difference between these two solutions is sufficiently high for such diffusion to play a role.
However, the high permselectivity of other IEMs usually means that diffusion of ions is

negligible relative to the electrical potential migration term.
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The mass transport of ions can also be affected by the viscosity of the solvent, as this
affects the boundary layer resistance and hence the extent of concentration polarization. An
increasing viscosity will lead to greater concentration polarization and hence a lower limiting

current density.

Membrane Swelling

The extent of membrane swelling due to solvent uptake has a direct effect on the mass
transfer resistance of the membrane and consequently on the migration of ions, recorded as
an increase in electrical resistance (7). Similarly membrane swelling directly affects the
mechanical stability of the membrane. The desirable amount of swelling often must be a
balance between achieving both these outcomes. By understanding the effects of organics and
mixed solvents on membrane swelling, a good and balanced compromise on qualities can
more easily be found (48).

The percentage of water taken up into the membrane generally decreases as the proportion
of water present in a mixed solvent decreases and this gives rise to an increase in electrical
resistance. As an example, Gértner et al. (45) record a membrane resistance of between 2 and
15 ohm.cm” in aqueous solution for a range of six membranes but in 70 wt% ethylene glycol
this resistance increases by an order of magnitude to 30 to 110 ohm.cm®. Similarly, Innocent
et al. (88) observe substantial increases in electrical resistance in a solution of N-
methylformamide (see Figure 5) due to reducing water content. Sarrazin (93) noted that
greater resistance was observed with acetic acid and acetonitrile than with methanol and

ethanol.

Mixed solvents however, result in greater total solvent uptake into the membrane, since the
water will be absorbed into the hydrophilic functional regions, while the non-polar organics

will be absorbed into the hydrophobic polymer lattice. Unlike purely aqueous solvents which
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cannot penetrate the hydrophobic regions of the membrane, mixed solvents will cause the
membrane to swell in all directions, potentially causing a loss in membrane stability. The
extent of this swelling increases with temperature (94) and decreases with the extent of

crystallinity within the polymer (95).

For example, Gértner et al. (45) found that the swelling in a range of membranes observed
in aqueous solutions of sodium carbonate and in 70 wt% ethylene glycol was essentially
additive, so that the swelling in a solution of 0.1M Na,COs in 70 wt% ethylene glycol caused
greater swelling than either of the individual cases (Figure 6). A similar result was found
when the swelling of Neosepta® was investigated using a methanol-water solvent mixture
(Figure 7a, (52)). The membrane thickness increases with increasing methanol concentration
until it reached a maximum at around 50% methanol concentration. In this case, the authors
argue that Neosepta is highly crosslinked and that as the methanol concentration increases
further, the constrained morphology begins to force water out of the ionised functional sites
and back into the bulk solution, causing the membrane to shrink in size. As the water exits
the membrane structure the active ionised zones shrink and the membrane loses thickness in
addition to conductivity (Figure 7b). Eventually the ionised zones become disconnected and
the membrane falls below the threshold of percolation (52). This effectively limits any
conductivity and prevents any further separation of ions. The extent of swelling is also a
function of the ionic concentration (lithium chloride), with greater swelling at the lowest
concentration. This probably reflects osmotic pressure effects at higher concentrations which
will tend to force water from the membrane. A similar dependence upon ionic strength has

been observed by Randova and co-workers (96)with methanol/water solutions in Nafion 112.
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Nafion is known to swell more than other ion exchange membranes in the presence of
organic solvents (23, 97). In methanol-water and isopropanol-water systems, similar
behaviour to that described above is usually observed (Figure 8). The membrane initially
swells, but this swelling peaks at around 50-70 vol% alcohol before falling again (98-101).
Conversely, Chaabane et al. (52) observe a continuous increase in thickness in a methanol-
water system and relates this to the lack of crosslinks within the membrane structure. These
differences may reflect differences in the pre-treatment of the Nafion membranes prior to use.
These authors did not boil the membrane in water or acid prior to use. This boiling pre-
treatment expands the structure (102) and reduces the solvent capacity but is usually
necessary to ensure reproducibility of results (101).

As the membrane swells, the diffusion coefficient for the alcohol generally increaseas.
Significant permeation of methanol and ethanol has been observed in such systems (23, 101,
103). The increase in methanol permeability is weaker when salts are present in the solution
(103). Figure 9 summarises how the average diffusion coefficient can vary in a Nafion

membrane as a function of the feed solution composition for an isopropanol water mixture.

Cabasso et al. (104) argue that water and isopropanol both move through the same
hydrophilic water channels in Nafion, as evidenced by similar activation energies for
permeation (E = 4.7 - 4.9 kcal/mol, see Figure 4). Conversely, the activation energy for
isopropranol permeation in a sulfonated polyethylene membrane was much higher (20
kcal/mol) (105), suggesting that in this latter case, the isopropanol permeated through the
amorphous, non-ionic polyethylene matrix via a conventional solution-diffusion mechanism

(105).

Etheve et al. (106) find that the type of swelling in Nafion also depends upon the nature of
the organic co-solvent. While behaviour similar to that described above was observed for
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Nafion in tetrahydrofuran (THF), quite different behaviour was observed for ethylene glycol
and N-methylformamide solutions (Figure 10). These authors argued that the hydrophobic
part of the THF molecules was located in the perfluorinated chains while the hydrophilic part
interacted with the water molecules contained in the clusters. The THF thus acts to separate
the hydrophobic polymeric chains, consequently allowing a higher water uptake. Gebel et al.
(94) argues that the Donor Number of the organic solvent is the most relevant number for
determining the extent of solvent related swelling, with a swelling maxima occurring at
around DN = 25-30 kcal mol ™' for all mixed solvents.

In pure organic solvents, Doyle et al. (107) also found a strong relationship between the
degree of swelling and the ionic conductivity for Nafion membranes. Solvents with
functional groups such as alcohols, amides and sulfoxide gave strong swelling and highly
conductive films, with hydrogen bonding solvents faring especially well. Poor conductivities

resulted from functional groups such as nitriles, cyclic or linear ethers and carbonates.

A number of authors (94, 98, 108-110) conclude that cation solvation is the driving
force for swelling of the hydrophilic regions in Nafion 117 and relate this to the solvated
volume of the cationic species. The increase in swelling and total water uptake follows the
sequence H" > Li" > Na' > K™> Cs’, reflecting the strength of hydration of the cations.
Randova et al. (96) observe a similar trend in methanol/water mixtures. Tuan et al. (111, 112)
similarly show that the water content of Neosepta CMS and CMV cation-exchange
membranes is greater in the H™ form (27-29%) than in the Na’ form (20-24%). Iwai and
Yamanishi (113) observe similar trends — the total water content increases in Nafion 117CS
for aqueous solutions of trivalent (AI’") > divalent (Mg2+>Ca2+) > monovalent (Li">Na"™>K")
cations reflecting their greater hydration number. Conversely, other workers (110) find that

the uptake of acetontrile or methanol into Nafion 117 is independent of the cation, confirming
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that it is the uptake of water that is a function of the cation size, rather than the organic

solvent.

Galier et al.(114) observe an opposing relationship between the cation size and the
permeation of neutral saccharides. Specifically, the permeability of saccharides increases as
the electrolyte solutions is changed in the order of NH4Cl > NaCl > CaCl, > MgCl, for a
Neosepta CMX membrane (Figure 11). This trend is opposite to that observed for the
swelling of the membrane in such solutions as discussed above. These authors point out that
the total water content consists of both the ‘bound’ water of hydration and the ‘free’ solvent.
It is the free solvent content that has most influence on the permeation of neutral solutes.
While swelling and water content generally increase with the hydration of the counter-ion,

the free water content decreases (104).

Conclusions

This paper has summarised the alterations in both the physical properties, the
physiochemical characteristics and the mass transfer kinetics of ion exchange membranes
used in electrodialysis when organics are present in the solvent.

The core differences when considering the mass transfer kinetics of the system are that
ideal solutions can no longer be assumed and that a constant diffusion coefficient can no
longer be utilised. Hence simple relationships do not apply for the determination of
parameters such as the limiting current density. Similarly, values for the activity coefficients
are required for concentration related parameters. The activity coefficient was not found to be

widely discussed within currently published research papers.
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The extent of membrane swelling has a direct impact on the mechanical strength of the
membrane and upon the diffusion coefficient of ions, measured as the electrical resistance.
The swelling behaviour is strongly dependent upon membrane structure and the extent of
crosslinking. Ton exchange membranes generally experience a maximum swelling point as
the proportion of organics increases but this then falls due to internal pressures and shrinkage
of ionic zones. However, in some cases, a continuous increase in swelling is observed across

the full range of solvent composition.

As the applicability of electrodialysis in systems with organics is expected to continue to
expand over the coming decades, it is vital that investigatory work on the effects of organics
on various commercial IEMs continues. Future work should aim to utilise activity models to
further understand the kinetics and thermodynamic of electrodialysis operation under non-
ideal conditions. Similarly, investigation into the general effects of organics of a specific

polarity on membrane swelling is necessary.
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Figure Captions

Figure 1 Physical configuration of a conventional electrodialysis stack operating on a
solution of sodium chloride. A= Anion exchange membrane, C = Cation Exchange
membrane.

Figure 2 An example of a current—voltage curve showing the relationship between the
current density and the corresponding voltage drop over that membrane and its boundary
layers (reproduced from Dtugotecki et al. (2010) with permission).

Figure 3 - Effect of glycerol concentration in the diluate stream of a model fermentation
stillage on its rate of diffusion through lonics CR6 1 CZL-386 and AR1 03 QZL-386
membranes (reproduced from Cheryan and Parekh (1995) with permission).

Figure 4 - Semilogarithmic plot of flux versus reciprocal of absolute temperature through a

Na" counterion form of Nafion. [J isopropanol; + water; O total. Activation Energy: 4.70,
491 and 4.68 kcal/mol for the total flux, water, and isopropanol, respectively. (Feed
composition: isopropanol/water 89.2: 10.8 %w/w.) Reproduced from Cabasso et al. (1986)
with permission.

Figure 5 Water content (a) and electrical resistance (b) of a Neosepta CMX membrane versus
the composition of equilibrating solution (N-methylformamide in water) (reproduced from
Innocent et al. (2001)).

Figure 6 - Volume based relative swelling of a range of commercial membranes in aqueous
0.IM Na,COs3, in 70 wt% ethylene glycol mixed solvent and in 70 wt% ethylene glycol +
0.1M Na,COs (reproduced from Girtner et al. (2005) with permission).

Figure 7 - Wet mass (a) and conductivity (b) in a Neosepta CM2 membrane as a function of
the vol% methanol in a methanol/water solution (reproduced with permission from Chaabane
et al., 2000).

Figure 8 - Total solvent uptake vs methanol volume fraction in Nafion 117 (reproduced with
permission from Villaluenga et al., 2003)

Figure 9 - The effect of membrane swelling or solubility (open symbols) on the mean
average diffusion coefficient (filled symbols) of water and isopropanol for a Nafion
membrane in the Na+ ionic form at 29°C with a feed solution as shown. The permeate side of
the membrane is a vacuum (10 — 100 Pa). Data is taken from (Cabasso et al., 1986; Cabasso
and Liu, 1985).

Figure 10 - Expansion area of a Nafion membrane versus the amount of solvent in the
equilibrating solution: &) THF, (¢) NMF, (B) EG. Reproduced with permission from Etheve
et al., (2001)

Figure 11 - Variation of the solute permeability through a Neosepta CMX membrane in
saccharide/water systems versus the hydration number of the cation (reproduced from Galier
et al. 2013 with permission).
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Figure 1 Physical configuration of a conventional electrodialysis stack operating on a
solution of sodium chloride. A= Anion exchange membrane, C = Cation Exchange
membrane.
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Figure 2. An example of a current—voltage curve showing the relationship
between the current density and the corresponding voltage drop over
that membrane and its boundary layers (reproduced from Dtugotecki et al. (2010)).
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Figure 3 - Effect of glycerol concentration in the diluate stream of a model fermentation
stillage on its rate of diffusion through Ionics CR6 1 CZL-386 and AR1 03 QZL-386
membranes (Cheryan and Parekh, 1995).
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Figure 4 - Semilogarithmic plot of flux versus reciprocal of absolute temperature through a

Na" counterion form of Nafion. [ isopropanol; + water; O total. Activation Energy: 4.70,
4.91 and 4.68 kcal/mol for the total flux, water, and isopropanol, respectively. (Feed
composition: isopropanol/water 89.2: 10.8 %w/w.) Reproduced from Cabasso et al. (1986)
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Figure 5 Water content (a) and electrical resistance (b) of a Neosepta CMX membrane versus
the composition of equilibrating solution (N-methylformamide in water) (reproduced from
Innocent et al. (2001)).
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Figure 6 - Volume based relative swelling of a range of commercial membranes in aqueous

0.1M Na2CO3, in 70 wt% ethylene glycol mixed solvent and in 70 wt% ethylene glycol +
0.1M Na2COs3 (reproduced from Girtner et al. (2005) with permission).
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Figure 7 - Wet mass (a) and conductivity (b) in a Neosepta CM2 membrane as a function of
the vol% methanol in a methanol/water solution (reproduced with permission from Chaabane
et al., 20006).
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Figure 8 - Total solvent uptake vs methanol volume fraction in Nafion 117 (reproduced with
permission from Villaluenga et al., 2003)
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Figure 9 - The effect of membrane swelling or solubility (open symbols) on the mean
average diffusion coefficient (filled symbols) of water and isopropanol for a Nafion

membrane in the Na' ionic form at 29°C with a feed solution as shown. The permeate side of
the membrane is a vacuum (10 — 100 Pa). Data is taken from (Cabasso et al., 1986; Cabasso

and Liu, 1985).
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Figure 10 - Expansion area of a Nafion membrane versus the amount of solvent in the
equilibrating solution: &) THF, (¢) NMF, (W) EG. Reproduced with permission from Ethéve
etal., (2001)
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Figure 11 - Variation of the solute permeability through a Neosepta CMX membrane in
saccharide/water systems versus the hydration number of the cation (reproduced from Galier
et al. 2013 with permission).
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