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ELECTRODIALYSIS OF SALTS, ACID AND BASES
BY ELECTRO-OSMOTIC PUMPING

EXECUTIVE SUMMARY

Electro-osmotic pumping (EOP) is a vanant of conventional electrodialysis (ED) that should be sutable
for concentrationydesaination of saline waters. In EOP, brine is not circulated through the brine
compartments, but is evolved in a closed cell. Brine enters the cell as electro-osmotic and osmotc
water and leaves the cell by electro-osmotic pumping. This leads to very high concentration factors
(high brine concentration) and thus high recovery of product water and small volume of brine to be
disposed of. The relatively simple design of an EOP-ED stack and the possibility that an EOP-ED stack
may be cheaper than conventional ED are the major advantages of EOP-ED.

Electro-osmotic pumping of sodium chiorde solutions has been described in the iterature. Water and
sah fluxes were studied through on-exchange membranes as a function of current density and feed
concentration and mathematical models were developed 10 describe the experimental data. |t has been
reported that current efficiency determined in EOP expenments was close to the value expected from
transpon number determinations when sodium chioride solutions were electrodialyzed. It has also been
reported that apparent transport .. nbers gave a lower estimate of current efficiency n ED. However,
only results for sodwum chioride solutions and one commercially available ion-exchange membrane, viz.
Selermion AMV and CMV were reported. It would be very useful f membrane performance for
concentrationydesalinationapplications coukd be accurately predicted from transport numbers obtained
from simple potential measurements. Information in this regard for on-exchange membranes 1o be
used for saline, acidic and basic effluent treatment, is insufficient,

A sealed-cell ED (SCED) laboratory stack (EOP-ED stack) was also developed and evaluated for
desalination/concer:ration of sodium chiorde soktions, However, a membrane type that is not
commercially avadable, viz., polysulphone based membrane, has been used in the SCED studes. Only
desalination/concentrationof sodwum chionde solutions has been reported in the studies. Saline, acidic
and alkaline effluents frequently occur in industry. These effiuents have the potential to be treated with
EOP-ED for water and chemical recovery and effluent volume reduction. No information, however,
could be found in the literature regarding EOP characteristics (brine volume, current efficiency, slectro-
asmotic coefficients, etc.) of membranes sutable for EOP-ED of acidic and alkaine solutions. Latle
nformation is also available in the iterature regarding ECP characterstics of membrane types 1o be
used for EOP-ED of saiine solutions. Consequently, information regarding EOP characteristics of
commercially available lon-exchange membranes sutable for saline, acidic and basic effiuent treatment



s nsufficcent and information in this regard will be necessary 10 select membranes sutable for EOP-ED
of saline, acidic and basic effluents. No information also exists regarding the performance of an EOP-
ED stack for concentration/desanation of industrial effluents.

Much information, on the other hand, is avadable in the iterature regarding electro-osmosis in general
and factors affecting water transport through ion-exchange membranes. Much information is also
available in the Iterature regarding concentration/cesalination of saline solutions and saline industrial
effiuents with conventional ED and electrodialysis reversal (EDR). Conventional ED and EDR, however,
are estabkshed processes for water and wastewater treatment.  These processes are appled with
uccess for water and wastewater treatment.

The objectives of this study were therefore 10:

a) consider and fully document the relevart EOP €D and ED theory;

b) study the EOP-ED characteristics (transport numbers, brine concentration, current efficiency,
current densty, electro-osmotic coefficients, etc.) of commercialy available and other
membranes in a single cell par (cp) with the am of identifying membranes sutable for
EOPED;

c) develop a simple method and to evaluate existing models with which membeane performance
for concentration by EOP €D can be predicted;

d) evaluate EOP €D for industrial effluent treatment in a conventional ED and in a sealed-cell ED
(SCED) membrane stack.

A cornventional ED membrane stack which was converted into an EOPED stack performed
satisfactorily for concentration/desalination of sodium chioride-, hydrochioric acid- and caustic soda
soltions. Dialysate concentrations of less than 500 mg/i could be obtaned in the feed water and cell
pair votage ranges from 1 000 10 10 000 mg/t and 0.5 to 4,0 Vicp. Small brine volumes were
obtained. Brine volume vaned between 1.5 and 4.0%; 24 and 7.8%; and between 2.3 and 7.3% in
the case of sodium chionde-, hydrochionc ackd- and caustic soda solutions (1 000 to 5 000 mg/t feed).
Curren efficiency was high. Current efficiency vaned between 75,2 and 93,6%; 29,2 and 46.3%; and
between 68,9 and 8§1.2% when sodum chiorkie-, hydrochioric acid- and caustic soda solutions were
electrodialyzed, respectively. Low electrical energy consumptions were cbtained. Electrical energy
consumption was less than 2,5 kWh/m® product for sodium chionde solutions in the 1 000 to 3 000
mg/t feed concentration range: approximately 0,2 kWhm? product at 1 000 mg/t hydrochioric acid
feed concentration; and between 0.4 and 2,2 kWh/m® product for caustic soda in the 1 000 to 3 000
mg/t feed concentration range. Water yield increased with increasing cell pair voltage and Increasing
linear flow velocity through the stack and decreased with decreasing feed water concentration. It would



be advantageous 10 operate an EOP €D stack at the highest possible linear flow velocity,

Sealed-cell ED shoukd be very effectively applied for concentrationydesalination of relatively diute (500
to 3 000 mg/t TDS) non-scaling forming salt solutions. Product water with a TDS of less than 300
mg/t could be produced in the feed water concentration range from 500 to 10 000 mg/t TDS.
Electrical energy consumption of 0,27 to 5.9 kWh/m’ product was obtained (500 to 3 000 mg/t feed
water concentration range). Brine volume comprised approximately 2% of the intial feed water volume.
Therefore, brine disposal cost should be reduced significantly with this technology. Sealed-cell ED
became less efficient in the 5 000 1o 10 000 mg/t TDS feed water concentration range due to high
electrical energy consumption (3.3 1o 13,0 kWh/m® product). However, SCED may be appled in this
TDS range depending on the value of the product that can be recovered.

A refatively concentrated ammonium nitrate effiuent (TDS 3 600 mg/f) could be successiully treated
with SCED. Brine volume comprised only 28% of the treated water volume. Electrical energy
consumption was determined at 2,7 kWh/m® product. Both the brine and the treated water should be
reused in the process. Membrane fouling, however, may affect the process acdversely and this matter
neeas further investigation. Treatment of scale forming waters will affect the process adversely because
scale wil precipitate in the membrane bags which cannot be opened for cleaning. Membrane scaling
may be removed by current reversal or with cleaning solutions. However, this matter needs further
investigation. Scale forming waters, however, should be avokied or treated wah lon-exchange or
nanofitration prior to SCED treatment.

Sealed-cell ED has potential for treatment of relatively dilute (< 3 000 mg/i TDS) non-scaling waters
for chemical and water recovery for reuse. However, high TDS waters (up 10 approximately 16 000
mg/f) should aiso be treated depending on the value of the product that can be recovered. The
successful application of SCED technology seems 10 depend on the need to apply this technology in
preference to conventional ED for specific applications where high brine concentrations and small brine
volumes are required. Captal cost of SCED equipment should be less than that of conventional ED
due to the simpler design of the SCED stack. The membrane wutilization factor of 95% is much higher
than in conventional ED (approximately 80%).

Electro-osmotic pumping studies in a single cell par have shown the following:

Brine concentration increased with increasing current denstty and increasing feed water concentration
and levels off at high current density dependent on the electro-osmotic coefficients of the membranes.
Current efficiency was nearly constant over a wide range of current densities and feed water
concentrations in the case of the Selermion- (salt and acid concentration) and Rapore membranes (sah



concentration). However, all the other membranes showed a sight decrease n current efficiency
indicating that the liming current density was exceeded. Water flow through the membranes (sat and
base concentration) increased with increasing current density and increasing feed water concentration.
Increasing water flow ncreased current efficiency signficantly, especially in the case of the more porous
heterogeneous membranes. It will therefore not be necessary for maembranes 10 have very high
permselectivities (> 0.9) for use in EOPED. Consequently, water fliow through ED membranes aiso
has a positive effect in ED and this effect is often neglected. The electro-osmotic coefficients decreased
with increasing feed water concentration until a constant value was obtained at high current density.
Osmotic flow in EOPED decreased with increasing currert denstty while the electro-osmotic flow
increased relative to the osmotic flow. Osmotic flow contributes significantly to the total water flow in
EOPED. Membrane permselectvity decreased with increasing brine and feed concentration and
ncreasing concentration gradient across the membranes.

Sedermon AMV and CMV and lonac membranes; Selermion AAV and CHV and the newly developed
israeh ABM membranes; and Seiemion AMV and CMV, Selemion AMP and CMV and lonac membranes
62 and 91% (Sedermion AMV and CMV); 34 and 60% (ABM-3 and Selemion CHV); and between 47
and 76% (Selermion AMV and CMV) for sak-, acid- and base concentration, respectively, in the feed
water concentration range from 0,05 to 1,0 mol/t.

A simple membrane potential measurement has been shown to function satisfactory to predict
membrane performance for salt-, acid- and base concentration. Membrane performance could be
predicted with an accuracy of 10; 20 and 20% and better for salt-, acid- and base concentration,
respectively, Brine concentration could be predicted satsfactorily from apparent transpon numbers
and water flows, Maximum brine concentration , ¢,™, could be predicted satisfactorily from two simple
models,

The correct Onsager relationships to be used for potential measurements and for the transporn number
are at zero current and zero volume fiow, and at zero concentration gradiert and zero volume flow,
respectively. In practical ED, measurements are conducted at zero pressure and in the presence of
concentration gradients and volume flows. These factors will influence the results considerably in all
systems in which volume flow is imponant and where the concentration factor is high as encourtered
in EOPED. In measurement of membrane potential, the volume flow is against the concentration
potential and in general wil decrease potential In ED water flow helps to ncrease current efficiency,
but the concentration gradient decreases current efficiency.

Models describe the system satisfactorily for concentration of sak, acid and base soktions. Brine



concentration approached a limting value (plateau) at high current density independernt of current
densty and dependent on the alectro-osmotic coefficients of the membranes. A constant slope
(electro-osmotic coefficient) was obtained when water flow was plotted against current density. Straght
ines were obtained when cell par resistance was plotted against the spectic resistance of the dialysate.
Current efficiency increased with increasing flow of water through the membranes and decreased when
the concentration gradient was high and the apparent transport numbers were low.

The contract objectives have been achieved in this study. It was shown that:

a) EOP-£D should be effectively applied for concentration/desalination of retatively diute (< 3 000
mg/t TDS) non-scaling waters for chemical and water recovery and effluent volume reduction;

b) a simple membrane potential measurement should be effectively used to predict membrane
performance for potential salt-, acd- and base concentration/desalination applications;

c) commercially avalable and other membranes could be identfied which would be suitable for
salt-, acid- and base concentration/desalnation with EOP €D and conventional ED;

d) water transport in ED not only has a negative effect on process performance, but also has a
signfficant positive effect on process performance by increasing current efficiency - an aspect
which is neglected in ED;

) t wil not be necessary for membranes to have very high permselectivities in EOP £D because
efficiency will be increased with an Increasing feed concentration or iIncreasing water flow
through the membranes;

f in measurement of membrane potential the volume is against the concentration potential and
n general will decrease potential;

Q) in ED water flow helps 10 increase current efficiency, but the concentration gradient decreases
current efficiency,

h) existing models for satt concentration describe the system satssfactorily for acid- and base
concentration

The relevant EOP €D and ED theory were also fully documented.

This report offers the following to potential users of ED technology:

a) it identfies membranes and membrane characteristics sutable for sal-, acid- and base
concentration with EOP €D and corwentional ED;

b) it describes a simple method that can be used to evaluate membrane performance for sal-,
acid- and base EOP €D and conventional ED applications;

c) it demonstrates how existing models can be used to predict membrane performance for salt-,
acid- and base concentrationydesalination;



d)
@)

N

tt descnbes and explains relevant EOP£D and ED theory;
t shows how membranes can be characterized,

it highlights potertial ED appécations.

The following actions will be taken as a result of this study:

a)

b)

<)

)
e)

the simple membrane potential method that was developed in this study to predict membrane
be used 10 predict membrane performance of other commercially avalable and newly
developed membranes;

EOPED n a conventional ED stack will be evaluated for metal and water recovery from
electroplating effluents;

EOPED and conventional ED will be evaluated for potential salt, ackd- and base
concentration/desalination apphcations in industry,;

several publications will be written and submitted 10 refereed journals;

a PhD thesis will be submitted 10 the University of Pretoria.

The following recommendations can be made as a result of this study:

a)

b)

@)

9

EOPED and ED technology should be more explotted for industrial effluent treatmert for
chemical and water recovery and effluent volume reduction;

An EOPED membrane stack shouki be constructed from materials (gaskets, spacers,
electrodes) available in South Africa for subsequent testing as an effluent concentrator;
EOP€D should be evaluated for metal and water recovery from electropiating effluents;
EOPED and conventional ED should be evaluated for acid and caustic soda recovery from
industrial effluents;

heterogeneous membranes should be made and the EOPED characteristics should be
determined;

EOP €D of other commercially avadable membranes shoukd also be evaluated,

existing models should be tested on other commercially and newly developed membranes.
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INTRODUCTION

Electro-osmotic pumping (EOP) is a variant of conventional electrodialysis (ED) that should be
suitable for concentration/desalinationof saline waters *, In EOP, brine is not circulated through
the brine companments, but s evolved In a closed cell. Brine enters the cell as electro-osmotic
and osmotic water and leaves the cell by electro-osmotic pumping. This leads to very high
concentration factors (hegh brine concentration) and thus high recovery of product water and
small volume of brine 1o be dsposed of. The relatively simple design of an EOP-ED stack. the
possibity that an EOP-ED stack may be cheaper than conventional ED and the small brine
volume produced, are the major advantages of EOP-ED"".

Electro-osmotic pumping of sodium chioride solutions has been descrnbed by Garza'"; Garza
and Kedem™; Kedem et al *; Kedem and Cohen' and Kedem and Bar-On™. Water and salt
fiuxes were studed through ion-exchange membranes as a function of current denstty and feed
concentration and mathematical models were developed to describe the experimental data'™.
Kedem has reponted that current efficiency determined in EOP experiments was close to the
electrodialyzed™. Kedem has also reported that apparent transport numbers gave a lower
estimate of current efficiency in ED®. However, only results for sodium chioride solutions and
one commercially available on-exchange membrane, viz. Selermion AMV and CMV were
reponed. It would be very useful f membrane performance for concentration/desalination
appkcatons could be accurately predicted from transport numbers obtained from simple
potential measurements. Information in this regard for ion-exchange membranes 1o be used
for saling, acidic and basic effiuent treatment, is imited.

A sealed-cell ED (SCED - membranes are sealed together at the edges) laboratory stack
(EOP-ED stack) was also developed for evaluation of desalinaton/concenration of sodium
chionide solutions™ “ ¥ However, only one membrane type that is presently not commercially
avadable, viz., polysulphone based membranes, have been used in the SCED studies. Only
desalination/concentration of sodium chioride soltions has been reponed In the studies.
Saline, acidic and akaline effiuents frequently occur in industry, These effiuents have the
potential to be treated with EOP-ED for water and chemical recovery and effluent volume
reduction. No information, however, could be found in the Ilterature regarding EOP
characteristics (brine volume, current efficiency, electro-osmotic coefficients, etc.) of membranes
sutabie for EOP-ED of ackic and alkaline solutions. In addtion, littie information s available
in the Iterature regarding EOP characteristics of membrane types 10 be used for EOP-ED of
saine solutions. Consequently, information regarding EOP charactenstics of commercialy



avalable ion-exchange membranes suitabile for saline, aciic and basic solution treatment is
insufficiert and information in this regard will be necessary to select membranes sutable for
EOP-ED of saline, acidic and basic effluents. In addition, no information exists regarding the
performance of an EOP-ED stack for industrial effluent treatment. Information on the theory of
EOP-ED and ED is scattered throughout the iterature” * * '™ and is not well documented in
any single publication.

Much information, on the other hand, is available in the lterature regarding @ectro-0smosis in
general and factors affecting water transport through lon-exchange membranes™ * ™. Much
information is also available in the Rerature regarding concentration/desalination of saline
solutions and saline industrial effluents with conventional ED* ™ ¥ 97 and electrodialysis reversal
(EDR)™. Conventional ED and EDR, however, are established processes for brackish
water desalination and to a lesser extent for wastewater treatment, These processes are
appled wtth success, especially for brackish water treatment for potable use® * *
Conventional ED and EDR, however, have the potential to be apphed more for ndustrial effluent
treatment.

The objectives of this study were therefore 1o

Consider and document the relevant EOP-ED theory properly;

Study the EOP-ED characteristics (transport numbers, brine concentration, currert
densgy, current efficiency, electro-osmotic coefficients, etc.) of commercially avadable
ion-exchange and other membranes in a single cell pair with the aim to identify
membranes suttable for saline, acidic and alkaline effluent treatment;

Determine whether membrane performance can be predicted effectively from simpie
transport number determinations and existing models;

Study EOP-ED of saline solutions in a conventional ED stack;

Study EOP-ED of saline solutions and industnal effluents in a SCED stack.
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LITERATURE SURVEY

21

Electro-osmotic Pumping of Salt Solutions with Homogeneous lon-Exchange
Membranes

Garza" and Garza and Kedem™ have descnbed electro-osmotic pumping of sak
solutions with homogeneous membranes in a single cell par. Brine concentrations,
volume flows and current efficiencies were determined at dfferent current densities (0 -
60 mA/cm) for three different sodium chioride feed water concentrations (0,01; 0.1
and 0.5 moly). Selemion AMV and CMV and polyethylene-based membranes,
however, were the only membranes used.

It was found that model caiculations described the system in an appropriate way, The
results predicted impornant results such as:

a) approaching of a imiting (plateau) value of the maximum brine concentration
{c,™) as the current density is increased,
b) dependence of c,"™™ on the electro-osmotic coefficient (EOC) of the

membranes;
c) approaching of a imting value (plateau) of current efficiency (e,) at high
current density (below its imtting value),

d) approaching of a constant slope for curves of volume flow (J) through the
membranes versus effective current denstty (1.).

It was experimentally found ' ® that graphs of briné concentration (c,) versus current
density levelled off at high values of current and that c, approached a maximum
plateau, c,"™, which depended only on the electro-osmotic coefficients () of the
membrane pair (c,"" = 4 FB). The smaller the ratio between the osmotic and electro-
osmotic water flows, the smaller the current necessary 10 reach this piateau.

Graphs of volume flow versus effective current denstty became straight lines at high
values of the current. The electro-osmotic and osmotic coefficients could be
determined from the slope and the intercept of the lines, respectively. The results have
agreed quite well with values obtained from a standard method " which s very time
consuming.

The average value of the apparent transport number for the dfferent membrane pairs



(At's) was determined from the membrane potential for a concentration difference
simdar 10 that obtaned in the EOP experiments at high current densties™. It was
found to give a good (lower) estimate of the actual Coulomb efficiency of the process
at a sat concentration of 0.1 molt. However, no results at higher or lower
concentrations were reported. Selemion AMV and CMV ion-exchange membranes
were the only commercially avalable membranes used.

The maximum brine concentration, c,”™, was predicted from the following two
relatonships ™.

B 5

b) &™ = G (1 + Jyuleoia) 22)
(Note: J = Jn + Jeoen)

Good correlations between the two methods were obtained with the membranes and

the salt solutons used.

The EOP results have shown that with appropriate membranes and control of
polarzation, EOP may be used as a good atemative to conventional ED for
desalination/concentration of saline solutions. Laboratory scale EOP expenments may
also be conducted as an alternative and convensent way of determining osmotic and
electro-osmotic coefficients.

Experimental results were obtained for non-porous membranes. Current efficiencies
were in the range of 60 - 85%. It was suggested by Garza" that a current efficiency
of 90% could be obtained with a porous ion-exchange membrane. However, no other
results were reported.

Most of the energy consumption n the EOP system will take place in the dialysate
companments'’. Therefore, to reduce t and 10 suppress concentration polarization,
t would be advisable to combine the membranes with open dialysate companments

conaining ion-conducting spacers.

It was suggested by Garza'" that EOP would have the following advantages in relation
10 conventional ED when used for desalination:

a) the capitai cost of the equipment would be decreased due to the simpler

4
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construction of the unt-cell stack compared to the conventional plate-and-
frame stack;

D) the membrane utilization factor in the membrane bags could be about 95%
compared 1o about 70 to 75% for membranes in conventional ED stacks;

c) higher current densities would be possible in unt-cell stacks because of the
higher finear flow veloctties that could be obtained. These higher current
denstties would resutt in higher production rates;

d) there would be a decrease in brine volume, and as a consequence, ess brine
disposal problems.

The only dsadvantages could be the fact that more electrical energy per unt of
product water wouki be experienced in the unt-cell stack because higher current
densities were used, However, the increased cost for electrical energy would be more
than off-set by the decrease in the cost of membrane replacement and amortization of
the captal investment, according to Garza'".

No information could be found in the Iterature regarding EOP characteristics (brine
concertration, current efficiency, electro-osmotic coefficient, etc.) of membranes tor
acd and akaline solution treatment in a single cell pair similar to that described for
saline solutions.

Electro-Osmotic Pumping of Saline Solutions in a Unit-Cell Stack

The so-called unt-cell stack was described by Nishiwaki™ for the production of
concentrated brine from seawater by ED. It consisted of envelope bags formed of
cation- and anion-exchange membranes sealed at the edges and provided with an
outlet, alternated with feed channeis. The direction of volume flow through the stack
was such 10 cause ionc flow into the membrane bags. The only water entering the
bags was the electro-osmotic water drawn along with the ions plus the osmotic flow
caused by the higher pressure of the brine compared 10 the feed. Ths variant of ED
is called electro-osmotic pumping (EOP) and is used for production of concentrated
brine from seawater for sak production.

A simple sealed-cell ED stack (SCED) was described by Kedem ef al™ in 1978. This
cell consisted of thermally sealed polyethylene based membranes (21 bags, 5x 9cm).
The membranes were not very selective at high salt concentration. It was found that
smooth continuous operation was obtained with stable vottage and pH n the



concentration range from 0,01 to 0.04 moly and current denstties from 5 to 20
mA/cm?,

Kedem and Cohen™® have described the performance of a laboratory SCED unt for
desalination/concentrationof sodium chioride solutions. Heterogeneous ion-exchange
membranes were used. The selectivity of these membranes, however, were lower than
that of commercially available membranes. Nevertheless, t was demonstrated that
vanous sodium chionde feed concentrations could be desainated effectively. The
results are shown in Table 2.1.

Table 2.1: Desalination of sodium chioride solutions at various cell pair

2670 810 325 1.55 B2 780 98 1 1.13
1910 20 1,86 1.3 60 610 7.3 1 1.13
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c, product concentralion

[N brine concentraton

Vo coll pair volage

d. efective thickness of cialysate companment (polarization factor)

Product water yield (output), electrical energy consumption, brine concentration, c,,
water recovery, cell pair votage, V.. and the polarzation factor (d,.) are also shown
in Table 2.1.

Kedem and Bar-on™ have reponed results on the desalination of sodium chloride

solutions with a SCED stack using heterogeneous ion-exchange membranes, The
results are shown n Table 2.2.



Table 2.2 Desalination of sodium chloride solutions at a linear flow velocity

of 144 cm/s.
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The current efficiency (n) IS shown for varying cell pair votages and feed water
concentrations. It was mentioned by Kedem and Bar-on™ that the permselectivity of
the on-exchange membranes that were used decreased substantally at high salt
concentration. This, however, is not reflected in the data on the current efficiency that
was obtained in the SCED stack (Table 2.2). It appears therefore, according to Kedem
and Bar-on, that electro-0smosis contributes 1o sak transfer and helps 10 maintan
current efficiency.

At constant cell pair vokage (V,.), polarization s nearly constant and plots of cell pair
resistance (R_,) versus specffic resstance of the dialysate (p) give straight lines in a
rather wide concentration range™. As shown in Figure 2.1, this s not true for the
whole range covered. Polarization decreases sightly with increasing current. For the
estimated effective thickness of the dialysate compartment, d_. this is approximated
by straight lines for parts of this range.
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Figure 2.1: Apparent resistance per cell pair as a function of the specific resistance

of the dialysate solution. V_ -07V,

Membrane potentials and ohmic resistance for a pair of membranes are shown in
Table 23. Membrane potentials were measured with calomel electrodes between
stired cefis. Column 4 shows the potentials for ideal permselectivity (absokute values).
Membrane resistance (AC) was measured in 0,5 and 0,1 mol¢ sodium chioride

solutions.
Table 2.3: Membrane potential and ohmic resistance of a heterogeneous cation-
exchange membrane (c) and a similar anion-exchange membrane (a)
—_——
Solutions Membrane Potential Solution Membrane
Concentration Hesitance
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Electro-Osmotic and Osmotic Flows

Electro-osmosss of dfferert sak, acd and akaline solutions have been studed
extensively through a wide vanety of membranes™ ™ ¥ @3 €«

Brydges and Lorimer™ showed that when current density is varied, water transport
number can:

a) increase at low current density because osmotic water flow has been
superimposed on water transpor by the electric field,

b) decrease at higher current density because of accumulation of sal in the
membrane;

c) decrease more at current densities near or above the imiting value because
of an increased contribution of hydrogen and hydroxide ions 1o transport.
These phenomena arise from a combination of diffusion (film) at both the
membrane-solution interface and from the dependence of counter-ions and
water transport numbers on external salt concentration.

Kruissink®" has showed that with Nafion 170 membranes under practical condtions
(concentrated akak (=10 mol¥) and 5 molt sodium chioride), that electro-osmotic
water transport caused the maximum current efficiency to increase from 0,45 (electro-
osmotic water transport number zero) 1o abowt 0,75 1o 0,80 (at electro-osmotic water

transpon number of 1).

Hidaigo-Alvarez ef al'™ have found that at low electric current, the electro-osmatic
coefficient undergoes a sharp elevation. This effect was very simdar 1o that found by
Lakshminarayanaiah'™. At high electric current the electro-osmotic coefficient tends
toward a constant value., This value depends on the concentration of the sokition.
When the concentration increases, the electro-osmotic permeabilty decreases.

Ceynowa™ has indicated that the water transport number depends on many factors,
such as experimental condtions (curremt density, stirmng, difference in the
concentration which occurs in the course of electrolysis on both sides of a membrane)
as well as membrane parameters such as cross-linking, water content, ion-exchange
capacty. Consequently, the resulting water transport number may sometimes be
questionable and its properties complex.



The decrease of the water transport number with an increase in concentration of the
external solution is usually given as the main non-controversial property “*. However,
Tombalakian et al™* found constant values of ‘2 water transport number for the
homogeneous sulphonc acid membranes of high cross-inking and low water content
in hydrochloric ackd soltion. Demarty ef al " stated the same for the heterogeneous
lonac MC 3470 XL membrane in hydrochiorc acid solstions. Similarly Oga and
Yawataya”" reported that n some membranes in the presence of hydrochlonc acid
solution the water transport number remained constant at about 1,0 and the hydrogen
ion transfer number only drops from 1,0to 0,99. They also suggested that membranes
deswell with increasing electrolyte concentration.

Ceynowa™ found that the water and ion transport numbers at low sulphuric acid
concentrations were in a wide range (5 - 70 mA/cny) independent of current density
in the case of the heterogeneous MRF-26 ion-exchange membrane, However, at high
concentration (2.26 mol’kg water) the ncrease in water transport number with current
density was remarkable. It was aiso found that the water transporn number in the MRF
membrane decreased with increasing concentration (0.5 to 2,0 molkg water). Wrh
Nafion-120 membrane the water transport number remained almost constant with

Rueda et 4™ stated that the decrease of water transpon number with increase in
axternal sak concentration could be attributed to the decrease of the selectivity of the
membrane. At very dilte solutions, the current is carned by the cations because the
anions are amost completely excluded from the cationic cellulose acetate membrane.
As the external solution concentration increases, the permselectivty of the membrane
decreases. Anions are now present in the membrane and cations and anions
participate in the transport of current across the membrane in opposite directions.
Obviously, water transport will be reduced. An increase of external sak concentration
leads to an increase of charge concentration in the neighbourhood of the matrix and
consequently a decreasing of the electro-osmotic permeability.

Electro-osmotic permeabiity of several cellulose acetate membranes have been
determined using solutions of alkali-chiorides™ . The electro-osmotic permeability has
been studied as a function of the external electrolyte concentration (0,001 to 0,1 mol')
and of current density applied. The results showed that the electro-osmotic
permeability depended on the thickness of the membranes and the nature of the
cations. The electro-osmatic permeability has been found to be strongly dependent
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on the @temal sak concentration. Howm.tfncbctro-mpumabﬂymm
signficantly affected by current density.

Tasaka ef al™ have aiso studied electro-osmosis in charged membranes. At low
electrolytic concentrations the direction of electro-osmosis is the same as that of
counter-on flow, because most of the movable ons N the membrane are courter-ions.
With increasing external sak concentration the concentration of co-ons in the
membrane increases, and then electro-0smosis decreases. In many instances electro-
0SMOSIS tends towards zero at the limet of high electrolyte concentrations.

Oda and Yawataya”" have found that the electro-osmotic coefficient of hydrochlonc
acid through a cation-exchange membrane remains almost constant over the
concentration range from 0,5 to 4,0 moli. In hydrochloric acid solutions the electro-
osmotic water transference & merely about one mole water per Faraday through a
membrane.

Narebska ef ai ™ have investigated the isothermal transport of ions and water across
the perfluorinated Nafion 120 membrane in contact with sodum chioride solutions at
a concentraton of 0,05 up to 4 moll based on irreversdle thermodynamecs of
transport. It was found that the specfiic conductivity of the membrane increased at low
external electrolyte concentration. The apparent transpont number of the cation
decreasedsignficantly at higher external electrolyte concentration. The electro-osrmtic
coefficient also decreased signficantly at higher external electrolytic concentration. The
concentration whie the hydrodynamic volume flow decreased wth increasing
electrolytic concentration. The membrane also deswelled signfficantly with increasing
electrolyte concentration.

Narebska and Koter™ have studied the conductivity of ion-exchange membranes on
the grounds of irreversible thermodynamics of transport. They have found that
convection conductivey covers 50 10 55% of the total membrane conductivity and even
more at increased temperature. This means that the flowing water doubles the abiity
of the membrane to transport the ionic current, This confirms the substantial role that
water plays in the transport behaviour of a membrane.

Narebska ef @, have performed a detalled analysis of membrane phenomena in the
system Nafion 120/NaCH_.. They have determined the phenomenological resstance -

n



(rk) and friction coefficient (fk). They have found that the resistance imposed by the
membrane on the permeating OH' ions s much lower that that for CI ions. The three
factors contributing to this effect - Le. the frictions iImposed by the cation (f,,), water
{f,.) and the polymer matrix (1,.) - influence the flow of OH and C! to a different
degree. Chioride ions are hindered mainly by water, especially at incraasing sorption.
The flow of OH ions in diluted soktion is hindered by the matrix and, at a higher
concentration, by the cation and then by water.

Considering these results, & s apparent that the easy flow of NaOH results not only
from the high mobility of OH ions, but also from the low osmotic flux (2 to 3 times less
than in NaCl solutions) opposing the stream of electrolyte and the very low friction of
the OH ions with water.

The water transport number decreased from 10 molFaraday to 2 molFaraday over the
concentration range of 0,05 1o 4 molt. The apparent transport number (At also
decreased significantly with increasing caustic soda concentration

The transport of aqueous NaCl solutions across the perfluorinated Nafion 120
membrane have been studied on the basis of wreversible thermodynamics by
Narebska er al”". The straight resistance coefficients r,, partial frictions f, and diffusion

Since the Donnan equilibrium and TMS theory were pubkshed, & is a well known and
documented fact that co-ions are rejected from a charged polymer by the high
potential of the polymer network. It was found by Naretska ef al, that friction of this
co-on with the charged polymer was not the main force which resisted the flow of
negative ions in the negatively charged polymer network. Except at 289 K and

m,, = 0.5, the anion-polymer frictional force (2m) was below the friction with water (2w)
and t decreases with increasing electrolyte concentration and temperature. As a
result, at high temperature and m,,, the resistance aganst flowing anions s imposed
by water; the lower the amount of water n the membrane, the higher this resstance.

Koter and Narebska™ have investigated the mobilities of Na*, Ci and OH lons and
water in Nafion 120 membranes. They have found that the interactions of Na* and Ci
ions running N opposite directions are negligible in the whole concentration range
(0,05 10 4 mol) stucied. However, hydroxide ons impede cations, particularly at
msgher external concentrations (high sorption). This fact can be attributed to the higher
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partial frction between Na* and OH ions caused by the phenomenon called *local
hydrolysis®.

The mobility of hydroxide ions exceeds that of chioride ons even more in the
membrane than in the free soltion. The mobilty of hydroxide ons is much more
sensitive 10 concentration than that of chioride ions. The mobiity of the hydroxide lons
decines much more rap«dly than the mobility of the chioride ions. This reflects the
dehydration of the membrane with increasing sorption of an electrolyte.

Kedem and Bar-on™ have mentioned that the current efficiency (n) for a single
membrane pas was sometimes equal to and even higher than the apparent transport
number of the membrane pair (31) measured with calomel electrodes. According 1o
them, this i due to the substantial influence of electro-osmotic and osmotic flow into
the brine cells during ED which increase the current efficiency. Both osmotic and
electro-osmotic water flow enters the brine cell through both membranes. It increases
the flows of counter-ions leaving the brine. The total effect of volume flow into a bring
cell is increased salt flow. There will also be a siight influence of osmotic flow on the
potertial measurements. This will decrease the potential measurement and therefore
the apparent transport number™.

Structural Properties of Membrane lonomers

Maurtz and Hopfinger™ have described structural properties of on-exchange
membranes. Common functionaities of jon-exchange membranes are: -SO,; -CO0O;
NH,*. =NH,*. These hydrophilic groups are responsible for the swelling of the
hydrophobic network of ion-exchange membranes on exposure 1o water, Sweling of
on-exchange membranes may be inhibited by the presence of crystaline domains
within the membrane matrix,

The approach 1o equilibrium for an inftially dry ion-exchange membrane (in a gven
counter-ion salt form and containing no co-ions) that is subsequently immersed in pure
water, can be visualzed in the following way: ARhough the nteraction between the
organic polymer backbone is endothermic and may influence the rate of swelling, the
strongly exothermic tendency of the counter-ions and lonogenic side chans to hydrate
results n having the intially arrived water molecules strongly bound in lonic soivation
shells resulting in Iittle or no volume axpansion of the network. In the truly Ory state,
the counter-ions are strongly bound by electrostatic forces in contact ion pairs. Further

13



uptake of water beyond that which 1s barely required for maximum occupancy of all the
hydration shells results i moving the association - dissociation equilibrium between
bound and unbound counter-onNs toward increased counter-on mobilty, The driving
force for swelling is the tendency for the water to diute the polymer network. Stated
in precise thermodynamic formalism, the difference between the water activity in the
imerior (&, < 1) and exterior (a, = 1) of the membrane gives rise 1o a membrane
imemal osmotic pressure, I, that results in a deformation of the polymer chain
network

flv, = RT In 4, (24.1)

This equation is a statement of the free energy balance across the membrane - water
interface at equilbrium and that v, the partial molar volume of the internal water
component may, in reality, not be the same as for the bulk water, nor be of a unform
value throughout the polymer because of local structuring effects.

As the water uptake proceeds, the increased side-chain counter-ion dissociation allows
for more complete lonic hydration. The deformation of the polymer chain network
upon further incorporation of water molecules also proceeds by a shift in the
distribution of rotational isomers to higher energy conformations and changes in other
intra-molecutar, as well as nter-molecular interactions. Consequently, the increased
overall energy state, for a given membrane water cortert of n moles, per equivalent
of resin, is manffiested by polymer chamn retractive forces that resist expansion of the
network. Accordingly, the configurational entropy decreases as less conformations
become avadable within the matrix,. Eventually, an equilibrum water content, n,. s
reached at which the osmatic swelling pressure is balanced by the cohesive energy
density,

A qualnative set of rules that describe the equilibrium water sweling of polymenc on-
exchangers are as follows according 10 Mauritz and Hopfinger:

a) Increasing the cross-ink denstty reduces the sweling by decreasing the
average nter-chain separaton,

b) Swelling will greatly depend on the pK of the lonogenic groups as well as thew
number per unit volume, For example, the equilibrium water uptake for strong
acyd resins exceeds that of resns containing the less hydrophillic weak acid
groups:

14



c) The nature of the counter-on can influence sweling In a number of ways,
Fiestly, water uptake naturally inc: -ases with increasing hydrative capacty of
the counterson. In general, for akak counter-ion forms, the following
progression s noted: Li° > Na* > K* >Rb* > Cs*. Increased vaence
recuces sweling by: () reducing the number of counter-ons in the resin
through the electroneutraiity requirement. (i) forming nic cross-links; and
() reducing the hydrative capactties by the formation of triplet associations
such as: -SO, - Ca** -~ S0,;

d) The imemal resin osmolic presswe S enhanced as the association -
dissociation equilibrium between bound and unbound courter-ions shifts to
greater dissociation by allowing for more compiete hydration shell formation.

Narebska and Wodzki" have investigated water and @lectrolyte sorption (sulphuric
acid) in perfluorosulphonic and polyethylene-poly (styrene sulphonic acid) membranes
of different cross-linking in the temperature range of 20310 333 K and a concentration
of external electrolyte up to 5.7 molkg H,0. As the hydration of the membranes is an
exothermic process, a decrease of sweling with increasing temperature coukd be
predicted. Also due to the nature of sulphuric acid one could expect dehydration of
the membranes with an increasing concentration of acid. It was found that an increase
of both variables, |e. temperature and concentration, caused desweling of the
membranes In a higher degree when the cross-inking is lower. Only for the
membranes with a low degree of cross-finking (2 and 5% DVB) equilibrated with diluted
solutions of sulphuric acid, a small increase of sweling is visible at a temperature range
of 29310 303 K.

Narebska ef al, ““ have studied swelling and sorption equiliria for Nafion membranes
In concentrated solutions of sodium chioride (0 to 6 molkg H,0), and sodum
hydroxide (0 to 18 molkg H,0), at 293 10 363 K. It was found that significant
desweling of the membranes took place with increasing electrolyte concentration
Increasing temperature (above 333 K), also caused a loss of water. Narebska ef al,
have stated that desweling of a maembrane depends on the kind of membrane,
temperature and the nature of the external electrolyte.
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Measurement of Transport Number

The efficiency with which a membrane transport selectively any paricular ione speces
may be mferred by measunng the transport number of the species in the membrane.
Two methods are normally used 10 determing membrane transport number. They are:

a) the emt method** and;

b) the Hittorf's method™™ . In these methods different concentrations of electrolyte
exist on ether side of the membrane, even though in the Hittorf's method one
might stant inttially with the same concentration. Therefore, the transport
number values derved by these meathods cannot be drectly related to a
defintte concentration of the external solution.

Membrane potentials measured using concentrations ¢’ and ¢ on ether side of the
membrane may be used in the following equation to derve an average transport
number:

EJB__-Z?,-!; {..m_‘).o,s (25.1)
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The derived transport number value has been called the apparent transporn number
because n this type of measurement water transpor has not been taken INMo account,
This apparent value will be close to the true value when very dilute solutions are used.

in the Hetorf's method a known quantity of electnctty is passed through the membrane
cell containing two chambers filled with the same edectrolyte separated by a membrane.
Cations migrate to the cathode and anions migrate to the anode. The concentration
change brought about in the two chambers, which is not more than about 10%, is
estimated by the usual analytical methods, The transpornt number is calculated from
L= FJA

The determination of meaningful transport numbers for any membrane-slectroyte
system calis for careful control of a number of factors. The important factors for the
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control of the concentration of the donating or receiving side are'* .

a) external concentration;
b) current denstty; and
c) dfference in concentration on ether side of the membrane,

The effect of current density on the values of T has been demonstrated by Kressman
and Tye™ using mutticompanment cells and by Lakshminarayanah and
Subrahmanyan*” using simple cells. When external concentrations are small (< 0,1
mol#) an increase of current density decreases 1 values. This s attributed to
polarzation effects at the membrane-solution interface facing the anode.

The amount of polarization decreases as the concentration 18 increased. When the
external concentration s 0,1 moby, T exhibits a maximum at a cenain current density
below which the T values decrease as the current density is decreased and above
which aiso T values decreased as the current density is ncreased. The decrease as
the current density is lowered is aftributed to back difusion of the electrolyte .

When external concentrations > 0.1 mol't are used, polarzation effects are negigibile
but back diffusion becomes dominant. As the qualty of back flux due to difusion is
determined by the concentration differences allowed to build-up during electrodialysis,
t should be made as small as possible to derive meaningful values for 1.

Transport Properties of Anion Exchange membranes in contact with Hydrochloric
Acid Solutions. Membranes for Acid recovery by Electrodialysis

Boudet-Dumy ef al'* have recently investigated chioride ion fluxes through Selemion
AAV and ARA Morgane membranes specially designed for the recovery of acids by
ED. In addtion, measurement of the electrical conductance of the membranes and of
the amourt of sorbed electrolyte (HCI), at equilibnum, have been carned out. The
analyss of the results suggested a low dissociation degree of acid present in the
membrane, The lower dssociation of sorbed acid s a factor which decreases the
proton leakage of the anion-exchange membrane. It was also shown that the fiux of
chionde ions from the anode to the cathode steadily increased as the amount of
sorbed electrolyte increased. This result means that chiornide ions are associated with
the movement of positively charged species. This fact may be due to the formation of
an aggregate form such as (H,OC) * resutting from the solvation of a proton by a water
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mokcule and an HCI molecule - 1on association nside the membrane overcoming the
state of a neutral HCI molecule. This result confirms the role of 1on association n the
membrane,

Electrodialysis Applications

Electrodialysis appkcations and potential appications™ * ¥ % @ % are widely
discussed in the Rerature. Electrodialysis s a membrane based separation technique
that is appealing because of its capabiity 1o deionize one stream while concentrating
the electrolytes in another stream. Thus, ED produces a purified stream that can efther
be discharged or reused, and a concentrated electrolyte stream that can be disposed
of or processed for reclamation of the dissolved salt. Some applications of ED include
desalnation of brackish waters™, desalting of whey and stabilization of wine™",
purfication of protein solutions™, recovery of metals from plating rinse waters™,
recovery of acids™, recovery of heavy metals from mining mill process™, and the
treatment of coolingtower blowdown for water recovery and effluent volume
reduction™",

When concentration polarization s absent in ED, there are two main causes of the
decrease in current efficiency™: Co-ion intrusion and counter-ion backdiffusion. Co-
jon intrusion is the passage of co-ons through an on-exchange membrane from the
concentrate to the diluate, and s due to the electrical potential and concentration
gradients across the membrane. Counter-ion backdffusion is the backward passage
of counter-ions through an ion-exchange membrane from the concentrate to the déuate
due to a high concentration gradient across the membrane, The effects of counter-on
backdiffusion can be decreased by Increasing stack voltage, that is, increasing the
electrical potential driving force. However, such an increase in stack vollage is imaed
by the imiting current density and high energy costs. Co-ion intrusion can be reduced
by using on-exchange membranes that exclude co-ons 10 a greater degree.

Kononov et al™* have described the removal of hydrochioric acid from waste waters
containing organic products. The possibilty was demonstrated of concentrating
hydrochloric acxd by ED. The model effluent contaned 4.4 g/t hydrochloric acid, 58
g/t sofolene-3 and 20 g/t chiorohydrin. At a current densty of 10 mA/cm® a bnne
was obtained containing 51 g/t acid with a current efficiency of 35%. The low current
efficiency is explained by dffusion of acid from the brine into the dialysate and the
decrease in the selectivity of the membranes in contact with concentrated hydrochionc



acid solution (50 g/f).

Korngold** has described the recovery of sulphunc acid from rinsing waters used in
a picking process. Sulphuric acid was concentrated from 9 100 mg// to 34 300 mg/t
while the diluate contained 3 700 mg/t sulphuric acid. Approximately 70% of the
sulphurc acid in the rinsing water could be recovered by ED treatment.

Urano et al”" have described concentration/desalination of model hydrochloric and
sulphunc acid solutions In a laboratory scale corwentional electrodialyzer. Newly
developed Selemion AAV anion-exchange membrane were used. The transport
number for hydrogen 1ons of this membrane s much smaller than that of conventional
anion-exchange membranes with the result that the acid couki be efficiently
concentrated. However, no acid feed and brine concentrations were given,

The concentration of carbonate sohstions by ED was reported by Laskorn er al ™.
The feed solution had the following composition. sodium carbonate (4 to 7 g/f).
sodium bicarbonate (4 - 7 g/f) and sodium sulphate (2 1o 3 g/), The total sat
content of the solution did not exceed 15 g/t. The first senes of expenments was
carned out with liguid circulation in both the diluating and concentrating companments.
A bnear Iiquid velocty and a current density of 5 10 6 crmys and 20 mA/cm’ was used,
respectively. The duration of the desalting cycke was 1,510 2.0 hour. A fresh portion
of feed was introduced after each desaling cycle. The portion of concentrate
remained unchanged for 10 cycles. MKK caton- and MAK anion selective membranes
were used. The brine concentration was ncreased from 22.9 g/t at the end of the first
cycle 10 87, 8 g/t at the end of the 10th cycle at a current efficiency of 81%. The
diluate concentration at the end of the cycles vaned between 0,16 and 047 g/t

A second seres of experiments was conducted without circulation of kquid through the
brineé companments, The solent entered the brine compartments as a result of
electro-osmotic transport through the membranes. The brine salt content reached a
value of 1828 g/t after 3 cycles. The current efficiency varied between 70 and 75%
and the electncal energy consumption was approamately 2.7 kWh'kg salt. A higher
brine concentration was obtained without circulation of brine through the brine
comparnments.

Smagnin and Chukkin®™ have described concentration of caustic soda and sodum
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chionde with ED. Caustic soda and sodium chioride concentrations of 0,07 and 1.07
molt, respectively, were chosen as the feed solutions. No circulation of brine was
used in a corventional ED stack. The change of brine concentration in relation to the
current density was determined. MA-40 and MK-40 on-exchange membranes were
used. Maximum brine concentrations of 346 g/¢ caustic soda and 365 g/t sodium
chionde were obtained at current denstties of 249 and 117 mA/cnY, respectively.
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Theorles of Membrane Transport

Nernst-Planck and Pseudo-Thermodynamic Treatments

Theories of membrane transport and the appication of non-equilbrium
thermodynamics to transporn processes have been described by Meares ef al ™.

Many of the earker treatments of membrane transport use the Nemst-Planck eguations
10 describe the relatonships between the flows of the permeating species and the
forces acting on the system’™ ** according 10 Meares ef al According 10 these
aquations the flux J, of species | at any point is equal 1o the product of the local
concentration ¢, of | the absolute mobility u of | and the force acting on i, This force
has been identfied with the negative of the local gradiert of the electrochemical
potential u, of | Thus, at a distance x from a reference plane at right angles to the
direction of unidimensional flow through a membrane

J, = -cu dpjdx (3.1.1.1)

The electrochemical potential of | can be divided into s constituent pans giving in
place of equation eq. (3.1.1.1)

= -cu, (RTd tn c/dx + RTd m y/dx « Vdp/dx + z Fdg/dx) 3112

where y, V. z, p, and ¢ represent the activity coefficient, the partial molar volume, the
valence charge on |, the hydrostatic pressure, and the electrical potential, respectively.
R is the gas constant, T the absolute temperature, and F the Faraday. It s apparent
from eq. (3.1.1.2) that the Nernst-Planck equations make use of the Nernst-Einstein
relation between the absolute mobiity u and the diffusion coefficient D of species i
This is

D, = uRT 3113
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On replacing the electrochemical mobiiity in eq. (3.1.1.2) by the diffusion coefficient, the
more usual form of the Nemnst-Planck flux equation s obtained according to Meares
et al

e, ﬁ i dmy, " c,vlg X c‘z,FdJ B1.1.4)
; ldx ' & RT dx RT dx

On the bass of the Nernst-Planck equations, the flow of species | is regarded as
unaffected by the presence of any other permeating species except in so far as the

other species etther influences the force acting on i by, for example, affecting the
values of y, or , or alters the state of the membrane and hence alers the value of D,

To obtan relationships between the flows of the permeating species and the
observable macroscopic differences in concenration, electrical potential, and
hydrostatic pressure between the solutions on the two sides of the membrane, it is
necessary to integrate the Nernst-Planck equation (eq 3.1.1.4) for each mobie
componernt across the membrane and the membrane/solution boundaries, In order
10 carry out this integration an addmional assumption has to be made. The differences
between the vanous treatments derved from the Nernst-Planck equations ke in the
different assumptions used. For example, in the theory of Goldman **, which is widely
appled 10 biological membranes, it is assumed that the gradient of electrical potential
dy/dx s constant throughout the membrane. It is usually assumed also that
thermodynamic equilibrium hoids across the membrane/solution interfaces and that the
system is in a steady state so that the flows J are constant throughout the membrane.
Generally these integrations do not lead to inear relationships between the flows and
the macroscopic differences of electrochemical potential between the two bathing
solutions.

The main disadvantage of the Nemst-Planck approach according to Meares™ is that
1t fads to allow for interactions between the flows of diferent permeating species. Such
nteractions are most obvious when a substantial flow of solvent, usually water, occurs
at the same time as a flow of solute. For example, during the passage of an electric
current across a caton-exchange membrane, the permeating cations and anions both
imparn momentum to the water molecules with which they colide. Since the number
of cations is greater than the number of anions, the momentum imparted 10 the water
by the cations is normally greater than the momentum imparted by the anions and an
electro-osmotic flow of water is set up in the direction of the cation current. The
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resultant bulk fiow of the water has the effect of reducing the resistance 1o the flow of
cations and increasing the resistance to the flow of anions. This flow of water occurs
under the diference of electrical potential and in the absence of a concentration
gradient of water. The appropriate Nemst-Planck equation would predict no flow of
water under these condtions according to Meares @f al  Furthermore the flows of
cations and anions difer from those which would be predicted from the respective
Nernst-Plank equations on account of the effect of the v ater flow on the resistances
10 lonic flow.

This effect of solvert flow on the flows of solute molecules or ions can be allowed for
by adding a correction term to the Nernst-Planck equations™. Thus, it can be written

J, = —cu dpjdx - cv (3.1.1.5)

where v is the veloctty of the local centre of mass of all the species’’'. Thetermcv is
often called the corvective contriution to the fiow of | and some authors have
preferred to define v as the velocty of the local centre of volume.

The addition of this convection term to the Nemst-Planck equation for the flow of a
solute is probably a sufficient correction in most cases involving only the transport of
solvent and nonelectrolyte solutes across a membrane in which the solvent is driven
by osmaotic or hydrostatic pressure according to Meares ef al  The stuation s much
more complex when electrolte soltes are consxdered according to Meares er al
Even at low concentrations the flows of cations and anions may interact strongly with
each other. Interactions between the diferent ion flows may be of similar size 10 their
interactions with the soivent flow. Under these crcumstances the convection-corrected
Nemst-Planck eguations may still not gve a good description of the experimental
stuation regarding the ion flows.

The theoretical difficulties arising from interacting flows can be formally overcome by

the use of theones of transport based on nonequilibroium thermodynamics. Such
theories are described in the next section.

Treatments based on Nonequilibrium Thermodynamics

Since the original papers of Staverman™ and Kirkwood™, many papers have

appeared on the appkcation of nonequilibrium thermodynamics 10 Iranspor across
synthetic and biological membranes. In paricular, major contributions have been
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made by Katchaisky, Kedem, and co-workers. In view of the appearance of extensive
texts™ ', this account is intended only as a briet summary of the general principles.

The Phenomenological Equations

The theory of nonequikbrium thermodynamics allows that, in a system where a number
of flows are occurnng and a number of forces are operating, @ach flow may depend
upon every force. Also, ff the system is not too far from equilibrium, the relationships
between the flows and forces are inear. Therefore, the flow J may be written as
follows

Jo=aEy Ly X D148

where the X, are the vanous forces acting on the system and the L, are the
phenomenoiogicai coefficients which do not depend on the sizes of the fluxes or
forces. The flow J may be a flow of a chemical species, a volume flow, a flow of
electric current, or a flow of heat. The forces X, may be expressed in the form of local
gradients or macroscopic differences across the membrane of the chemical potentials,
elactnc potential, hydrostatic pressure, or temperature. If a discontinuous formulation
is used so that the macroscopic differences in these quantities across the membrane
are chosen as the forces, then the L, coefficients in eq. (3.1,1.6) are average values
over the membrane nterposed between a particuiar pair of solutions,

Equation (3.1.1,6) imply, for exampie, that the flow of a chemical species i s dependent
not only on its conjugate force X, i.e., the diference or negatve gradient of ts own
chemical or electrochemical potentials but also on the gradients or differences of the
electrochemical potentials of the other permeating species. Hence eq. (3.1.1.6) imply
that a difference of electrical potential may cause a flow of an uncharged species, a
fact which, as previously indicated, the Nernst-Planck equations do not recognize
according to Meares ef al In general, eq. (3.1.1.6) allow that any type of vectoral force
can, under sutable conditions, give rise 1o any type of vectornal flow.

In a system where n flows are occurring and n forces are operating, a total of n’
phenomenoclogical coefficients L, are required 10 describe fully the transpor properties
of the system, This must be compared with the n mobiities used in the Nernst-Planck
description of the system. A corresponding number n' experimertal transpon
measurements would have to be made to permt the evaluaton of all the L,
coefficients.
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Fortunately a simplfication can be made with the help of Onsager's reciprocal
relationship’™™. This states that under ceran condtions

Ly = L, 31.1.7)

The condtions required for eq. (3.1.1.7) 10 be vaid are that the flows be inearly related
10 the forces and that the flows and forces be chosen such that

To = I, JX (3.1.1.8)

where o is the local rate of production of entropy in the system when the X are the
local potential gradients. The quantity Te © often represented by the symbol @ and
called the dissipation function because tt represents the rate at which free anergy is
dissipated by the rreversible processes. In fact there s no compietely general proof
of eq. (3.1.1.7) but its validity has been shown for a large number of stuations''.

With the help of the reciprocal relationship the number of separate L, coefficients
required to describe a system of n flows and n forces is reduced from n* 10
%n (n+ 1),

This nonequilibrium thermodynamic theory holds only close to thermodynamic
equilibrium. The sze of the departure from equiibrium for which the inear relationship
between flow and force, eq. (3.1.1.6), and the reciprocal relationship, eq. (3.1.1.7), are
valid, depends upon the type of flow considered. Strictly, the range of validty must be
tested experimentally for each type of flow process. In the case of molecular flow
processes, electronic conduction, and heat conduction the linear and reciprocal
relationships have been found to be vald for fiows of the order of magnitude
commony encountered in membranes™. In describing the progress of chemical
reactions the relationships are valid only very close to equilibrium. Systems in which
chemical reactions are taking place will be excluded from ths discussion.

The Cholce of Flows and Forces

In an isothermal membrane system the most obvious choice of flows is the set of flows
of the permeating species--soivent, nonelectrolyte solutes, and ions. The conugate
forces are then the differences or local gradients of the electrochemical potentials of
these species. To accord with eq. (3.1.1.8), in which To mus!t be positive, Increasing
potentials in the direction of positive fluxes constitute negative forces. A set of
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phenomenclogical equations cormespondng 1o eq. (3.1.1.6) can be written relating the
flows to the forces. The values of the L, coefficients appearing in these equations
depend on the interactions occurring in the membrane, Le., on the chemical nature of
the permeating species and of the membrane, on the detailed microstructure of the
membrane, and on the local concentrations of the permeating species.

In prnciple & should be possibie to obtain values for the “anin + 1) L, coefficients by
carrying out a sutable set of Yen(n + 1) independent experiments. For example, 4 all
the forces except one, X, were held at zero and the flows J, J, etc. of all the n species
were measured, then the values of the coefficients L, L, etc. could be obtained
directly. Similar experiments would give the values for the remaining L, coefficients.
Other sets of experiments may be used, and one may combine expenments where
some of the forces are kept at zero, experiments where some of the flows are kept at
zero, and experments where some forces and some flows are kept at zero '

Although the set of flows and conjugate forces outlined above may seem to be
convenient for the molecular interpretation of the interactions occurrng in a membrane
system, the equations written in terms of these flows and forces are not convenient for
the design of experiments for the evaluation of the L, coefficients. For exampile, the
forces which are usually controlied expermantally are not differences of electrochemical
potential, but dferences of concentratio  slectrical potential, and hydrostatic pressure.
Also, t may be more convenient to measure the total volume of the flows across a
membrane rather than the flow of solvent, or 10 measure the electric current and one
ionic flow rather than two ionic flows. For these reasons, sets of practical flows and
forces are often chosen to describe membrane transport'*. These practical sets of
flows and their conjugate forces must satisfy the refationship of eq. (3.1.1.8), which
gives the dissipation function.

A system invohing the transpont of water and a nonelectrolyte solute across a
membrane can be described by giving the flows of water J, and of soluite J,, The

conjugate forces are then the differences, or the local gradients, of the chemical
potentials of water u, and solute u,. The transport propertes of this system are
described by the following equations:



J, = LAp, - L Ap,

(3.1.1.9)
J, =L, Ap, + LAp,
where according to the reciprocal relationship L, = L, and the dissipation function
of the system s given by the expression

® =JAp, +JAp, (3.1.1.10)

When considering weal external solutions the forces A, and Ay, are often expanded
into separate terms giving the contributions of the concentration dfferences and
pressure diference 1o the total driving forces. Thus

Ap, = (RT/eAT)Ac, ~ V Ap

Here V, is an average partial molar volume of water and C, is an average concentration
of water. When Au, and Ay, In eq (3.1.1.10) are expanded in this way and the

resulting concentration and pressure terms are grouped separately the expression for
the dissipation function becomes™

® = J Ap - J, RTAc, (31.1.11)

where J, the total volume flow is equalto (V.J, + V.J,) and J, s equalto (J,/3, - JJE).
J, is sometimes called the exchange fiow and represents the apparent mean veiocty
of the solute relative to the water. According 1o eq. (3.1.1.11) the system can be
described in terms of J, and J,, as flows and Ap and RTAC, (or Ax,) as their conjugate
forces. Thus

J, = LAp « LpArm,
31.1.12)
Ip = Ly Ap » A=,

where L., equals L, and Ax, is the difference in osmotic pressure between the
solutions. Expenmentally i is easier to control the values of the forces appearnng in eq.
(3.1.1.12) than those appearing in eq. (3.1.1.9),
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Simiarly a system involving flows of water and a salt dissociated nto a Cationic species
and an anionic species can be described n terms of the flows J,. J,. and J, of these
molecular species or by the set comprising the total volume fiow, the electric current,
and the defined flow of salt, i.e., J. | and J,"%. In the former case the conjugate forces
are the dfferences of the electrochemical potentials of the species across the
membrane, in the latter case the conjugate forces are the pressure difference minus
the osmotic pressure difference. the electrical potential difference, and the difference
of the pressure-independent par of the chemical potertial of the sait. Care must be
taken in the precise defintion of these forces, particularly of the electrical potertial
difference™”.

Since the choice of flows and forces s 10 some extent open as long as the flows and
forces satisfy eq. (3.1.1.8) a set can be chosen primarily for ease of theoretical
imerpretation of L, coefficients or for ease of experimental evaluaton of the L,
coefficients. Furthermore, given values of the L coefficierts relevant to one set of
flows and forces, it is a straightforward operation to caiculate the values of L,
coefficients relevant to another set of flows and forces ™.

It is of course possible and often convenient to describe the transport propernies of a
system in terms of flows and forces which are not conjugate and which do not cbey
2q. (3.1.1.8). The system where the membrane s permeated by a flow of water and
a flow of a solute can be described in terms of the flow of water J_, the flow of soiute
J,, the pressure difference Ap, and the difference in concentration of the solute RTAC,
or Ax,. These flows and forces are interrelated by the equations

J, = LAp - oL, An,

(3.1.1.13)

J, =T - 0)], + wAR,
Here L, has the same signficance as in eq. (3.1.1.12). o is called the refiection
coefficient of the solute and S equal 10 Ap/A=, at zero J,, w & the sokte permeabity

JJAx, at zero J, and €, s the average concentration of the solute n the two
solutions™”.

In practice eq, (3.1,1.13) may be easier to use than eq. (3.1.1,12) becausa the flows
generally measured are J, and J, rather than J, and J,. However, 8q. (3.1.1.13) are not
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a proper set of phenomenoclogical equations in the sense of eq. (3.1.1.6). Netther are
o and w phenomenciogical coefficients in the sense used so far. They are related to
the L, coefficients of eq. (3.1.1.12) by the relationships™.

0 = Lygll, ad 0 = S L, - Lo,

Uses and Limitations of the Theory

The theory of nonequiltrium thermodynamics has been appled to membranes in a
number of papers where the am has been 1o obtain general relationships between
observable macroscopic flows and forces. Topies investigated in this way have
included: isotopic tracer flows and flux ratios™ ", electrokinetic phenomena’™, the
transpont propertbes of complex membranes''*, and the couplng of transpon
processes with chemical reactions, so-called active transport'. However, the main
concern of these investigations has been the transpont of non-alectrolyte soltes and
lons across charged and uncharged membranes'* ™ =

The L, coefficierts obtained from experimental measurements of transport phenomena
under one set of conditions can etther be used to predict values of flows and forces
under other sets of conditions or they can be analyzed for the purpose of interpreting.
at a molecular level, the vanous interactions which occur between the permeating
molecules and ions and the membrane material This second use of the L, coefficients
is especially interesting but it 5 by no means simple,

An inspection of any of the sets of phenomenciogical equations [(3.1.1.6), (3.1.1.9),
(3.1.1.12), and (3.1.1.13)] shows that nowhere is any drect reference made to the
membrane or s propertes. The L, coefficients relate the flows of the permeating
species to the gross thermodynamic forces acting on these species and, in general,
no particular coetficient represents only the interaction of a permeating species with the
membrane. Instead the properties of the membrane material affect the values of each
of the L, coefficients to a greater or lesser extent.

The physical interpretation of measurements of transport properies s made more
straightforward by inverting the matrix of the phenomenclogical equations [eq.
(3.1.1.6)] to give the set of egs. (3.1.1.14)
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AT AN 0 (3.1.1.18)

These represent the forces as linear functions of the flows. The R, and L, coeflicierts
of eq's. (3.1.1.14) and (3.1,1.6) are related by the expression

R, = A, / IL| (3.1.1.15)

where A, is the minor of L, and |L| is the determinant of the L, coefficients. If the
reciprocal relation is valid for the L, coefficients, it is valid aiso for the R, coefficients,
Whereas the L coefficients have the dmensions of conductance (Le., flow per unit
force), the R, coefficients have the dimensions of resistance (Le., force per unit flow)
and are frequently called resistance coefficients.

The R, coefficients are easier to interpret at the molecular level than the L, coefficients.
A non-zero R, (I« k) implies a direct interaction between | and k, that s, the molecular
flow of k directly causes a force to act on species i  On the other hand, a non-zero L,
(i « k) does not necessarily mply a direct molecular mteraction between species | and
k, t means that the force acting on k affects the flow of |, perhaps directly or indirectly.

In effect eq. (3.1.1.14) means that, in the steady state, the gross thermodynamic force
X, acting on speces | is balanced by the forces R.J, summed over all species k,
including i. The term R.J. is the drag force per mole which would act on | when moving
at a rate J/c through a medium where there was no net flow of any other species.
Thus the R, coefficierts are still complex quantities including contributions from the
interactions between | and all other species present, including the membrane.
However, each R, (1 » k) coefficient represents only the single interaction between the
flows of | and k. The R, coefficients, ike the L, must always be postive but R, (i « k)
and the L, coefficients may be postive. negative, or Zero.

The Frictional Model of Membrane Transport

The frictional model of membrane transpon has been described by Meares erf al'™.
The idea of describing steady-state transport processes in @ membrane as balances
between the gross thermodynamic forces acting on the system and frictional
interactions between the components of the system is one of long standing. More
recantly, the térm molecular frction coefficient has been apphed to the coefficient which
relates the frictional force between two components 1o the difference between their
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velocties. This approach has been used 10 describe transport pProcesses across
membranes by several authors. The precise treatment that will be considered here is
the frictional model as proposed by Spiegler ™.

The funcamental statement of the frictional model s that when the velocty of a
permeating species has reached a constant value, the gross thermodynamic force X
acting on one mole of that speces must be batanced by the interactive forces, F_,
acting between one mole of the same speces and the other speces present.
Mathematically this is expressed by

-- 2 F (3.1.31)

kei *

Furthermore, these interachons are assumed 1o be frictional in character so that each
force F, ts equal to a friction coefficiert {, multipied by the difference between the
velocties v and v, of the two species. Thus

Fy = ~f,v, - ) (31.32)

)]
x\ = k—‘l f&(v, - Vt) (3.1.3.3)

It should be noted that 1, i the force acting on one mole of | owing 1o As interaction
with the amount of k normally in the environment of | and under unit déference between
the mean velocities of | and k. In general the concentrations of | and k are not equal
and consequently the coefficients f, and !, are not equal. When the balance of forces
1S taken over unt volume of the system 1t is readily seen that

ofy = Sl (3.1.3.8)

The quantty {,/c, or {,/c represents the force acting between one mole of | and one
mode of k at unit velocty difference. Its value obviously depends on the chemical types
of the two species.

Besides containing a term such as f,(v - v,) for the interactions between i and each of
the other permeating species, the nght-hand side of eq. (3.1.3.3) also includes a term
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.lv, - v,) which alows for the interaction between | and the membrane. Usually the
membrane is taken as the velocity reference so that v, 1S zero.
With the help of the relationship

) =cy (3135

eq. (3.1.3.3) can be rearranged to

p > z
= = ; (3136
xi (,, c‘) K .i fil k A i (,k‘ IJ ci) )

Equation (3.1.3.6) has the same form as eq. (3.1.1.14) which relate the forces to the
flows via the R, coefficients. Each R, coefficient can be equated to the corresponding
IfJje. This dustrates the complex nature of the A, coefficient. Each R, (i=k)
coefficient s equivalent to the corresponding -1,/c,,

In a system with n flows, (n - 1) Inction coefficients are required 10 describe the
interactions of any one permeating speces with the other permeating species, One
further coefficient is required 10 describe ts interaction with the membrane. A total of
" Inction coefficients is thus required 1o describe the transport properties of the
system but with the use of eq. (3.1.3.4) this number is reduced to “4n(n + 1), Le., the
same as the mimmum number of independent L, or R, coefficeents. Hence the
minemum number of experimental measurements required to characterize the system
fully s the same whether t is descrnbed in terms of the L, coefficients, the R,
coefficients, or the 1, coefficients. The most convensent set of expenmental parameters
10 be measured may depend on which set of coefficients s chosen 10 represent the
properties of the system.

The choice of coefficierts can be made manly on the bass of experimertal
conversence because, having oblained values of one set of coefficierts, t s no
problem to obtain values for the other sets from these. The relationships between the
R, and L, coefficients, and between these and the friction coefficients have already
been given briefly above and are discussed in more detall elsewhere™. Diect
relatonships between the friction coefficients and expenmentally measurable quantities
have also been discussed in several papers™. The method of obtaining one such
relationship s mentioned here as an dustration of Spiegier's treatment.



In a system consisting of a membrang, water, one species of univalent cation and one
species of univalent anion, the electrical conductivity k s given by the expression

k = F(r, - J) @137

where J', and J, are the flows of unwalent cations and anons per unt area,
respectively, under an electrical potential gradient of 1 Vem’. Under these condtions
the forces acting on the cations, amons and water are F, .F, and 0 J cm' mole ',
respectively, On substitting these forces into the set of egs. (3.1.3.6) describing the
system, the equations can be solved for the flows J'. and J'; in terms of the friction
coefficients and the concentrations of the ions and water. These expressions for J',
and J', can then be substituted into eq. (3.1.3.7) 1o gve an expression for k in terms
of the friction coefficients operating n the system and the concentrations of the
permeating speces.

It is possible to obtan expressions for other transport parameters, such as the electro-
osmotic permeability, transport numbers of the ions, and the self-dffusion coefficients
of the permeating species in terms of the inction coefficients in a somewhat simiar
manner. A set of such expressions can then be solved to give the individual Inction
coefficients in terms of the transport parameters and the concentrations,

The procedure outined above becomes rather tedious as the expressions gving the
individual transport parameters in terms of the friction coefficierss may be very
complicated. Under certain circumstances a simpler procedure can be usad 1o obtan
values for the friction coefficients ™,

The main advantage clamed for the use of the frictional model to describe transport
processes i membranes, s that each Inction coefficient represents the inmeraction
between a particular parr of flows. They are not complex combinations of several
inmeractions as are the L, and R, coefficients. The model also permas a direct
evaluation of the interactions between the various permeating species and the
membrane, interactions which are hidden in treatments which use only the L, and R,
coefficients.

It may be possible under favourable condttions to neglect some of the frictional
interactions on the basis of previous knowledge of the properties of the membrane and
permeants. A smaller number of expenmental measurements s then necessary to
describe the system. For example Spiegler ' suggested that, in a system where a
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cation-exchange membrane is in equilibrium with a dilute electrolyte solution, the friction
coefficient f,, (where 1 represents cations and 2 represents anions) can be set equal
to zero because of the low concentration of diffusible anions.

Simplifications such as that described above should be made only with great care. It
Is possible that even though {, may be negligibly smail 1, may be quite large because
the ratio c /¢, [cl eq (3.1.3.4)] may be large. In such a case the full number of
experimental measurements must still be made.

The quanttative application of the frictional model 1o biological membrane systems is
restricted by the dificulty of measuring or estimating values for the average or local
concentrations of the permeating species in the membrane. These values are required
for the calcuiation of the friction coefficients from the measured experimental
parameters. Thus, although values for sets of L, coefficients (particularly L., o, and «)
have been obtained for some biological systems, ft has been possible to interpret these
n terms of the friction coefficients in only a qualtative manner™, With homogeneous
synthetic resin membranes the stuation seems to be simpler. Some limted
measurements of friction coefficients for such systems have been reported™.

Conductance and Transport Number

Conductance and Transport Number and their Relation to Flows and
Forces in Electrodialysis

The author has derived the following relationships for conductance and transport
number and their refation 10 flows and forces in electrodialyss

Consider a system consisting of two aqueous solutions containing only one permeable
electrolyte separated by a membrane'“. Different concentrations, pressures, and
electrical potentials are allowed on both sides of the membrane. Envisage further the
operation of two forces with two conjugated flows which may pass from one side of
the membrane 10 the other. The simplest choice of flows and forces would be the flow
of cation J,, driven by the difference in electrochemical potential A, and the flow of
anion J, driven by the comresponding force Ap, The following simple
phenomenciogical equations can then be set-up”*. (see eq. 3.1.1.6)



J2 s L,Aii, (322
where L, and L, are the phenomenological coefficients which characterize the system.

The chemical potential of the electrolyte, A u,, IS equal to the electrochemical potentiais
of the cation and the anion''*.

Ap, = A, + Af, (323)
The electrical current, |, through a membrane & related to the onic flows by the
relationship ',

I = (z,l. + z‘J,)P (3.24)
where z, = valence of cation; 2z, = valence of amon; F = Faraday's constant.
Wl’ﬂf\‘ 80, MJv -J]

The electromotive force, E, acting on the system can be determined by introducing a
pair of electrodes revérsible to one of the ions, say on 2. and measuring the potential

difference. The value of E s related thermodynamically to the difference in
electrochemical potential of on 2"

E = _‘E'_‘z (325)
zF
for NaCl, 2, = -1
ol B oTE (328)
-F
or EP - -Aaz (32'7)

Membrane conductance is usually camed out under isothermal, isobarc conditions
with constant salt concentrations across the membrane.



when Ap, = 0, then AF, = -AF, 328)

The electric current, |, through the membrane is:

[ = FO, - 1) (32.9)

Substituting eq. (3.2.1) and (3.2.2) into eq, (3.2.9), gives

I = F(LAE, - LAR) (3210
But, AR, = -Af, (see eq. 3.2.8)
~ 1 = F(-L AR, - LAR) (3211)
= -FAR,L, + L) (3212)
But EF = -Af, (see eq. 32.7)

.1 =FE (L, +L)
[ll‘ = FYL, + L, - Conductance 3.213)

‘-B pg~ O V=0
when | = 0, then

J' - J: =0 (3.2.149)

Substtuting egs. (3.2.1) and (3.2.2) into eq. (3.2.14) gives

L,A%, - LAH, =0 (32.18)

But Aﬁ, = Ap, - Aﬁ‘z (see eq. 3.2.3)



L, (g, - AR) - LAR, = 0 (3:216)

and AQL, = - A (3217)
“1 Ll & l’ u.
- . L, Ap, (3218)
L, +L
i . - L (3.2.19)
A“‘ «0, a0 Ll B l‘l
) L,AT,
S TR B =
But All, = -Ali, and EF = -AQ,
- (Jm - _L'('A“’) (3221)
Ap, 0 'A“Q(Ll e L:) ‘B
L, (3.2.22)
F L, +L,
L,
3 ) R o (3.2.23)
1
= At (transport number) (3223
. {i'i) (@224
A“' 1«0, a0

Note: The membrane potential Ay s related to the electromotic force measured
between reversible electrodes by the expression ™:

S~

A
AY = E -—22
z:F
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lon Coupling from Conventional Transport Coefficients
lon Association and the Coupling of Flows

Kedem''™ has described ion association and coupling of flows, charged hydrophobic
membranes and the association model, transpon properties and transpon coefficients
in the absence of volume flows and transport coefficients in the absence of a pressure
gradient.

Anions and cations will exist in pant as neutral ion pairs or molecules when the
dielectric constant of the membrane is low. Three mobde species can be identfied in
the membrane phase according 10 Kedem: free amion, free cation and on pair (only
a unwalent electrolyte will be considered). The dissipation function for ion flows,

in this case, can be expressed ether in terms of the two stoichiometnic ion flows, J,
and J,, or in terms of three species: free ion, J,* and J,*, and neutral molecule, J,.
Assuming dissociation equilibrium, the thermodynamic potential of the molecule s
equal to that of the sum of the ions:

X =X +X, (33.1)

The relation between J and J* is:
l, = J,' «J
(33.2)

3, =3+

¢ =1 X, - 1X

is equal to the three flow expression

¢ = 51X, < BXy < IX =0, - DX+ 0 - DX - (X, - X,



Assuming that no frictional interactions exist between the free ions and the neutral
molecule and that volume flow S efther negigible or absent, a near relatonship
between flows and forces can be described by the following set of equations:

X, = Ry X; =RpJ5 X, =RJ, (33.3)
Equations (3.3.1), (3.3.2) and (3.3.3) give:
Ry, - 1) =« Ry, - 1) = RJ, (3.3.4a)

from which J, s expressed in terms of indwidual resistance coefficients of the three
mobile species and the flow of the free ons,

= R)J; + Ry (3.34p)
> IR

J
where ZR =R, + R,,* + R,,".

From the relations one obtans the phenomenciogical equations which describe the
total stoichiometric lonic flows and forces by means of the individual resistance
coefficients of the free and associated mobile species:

S Ra) _ RiRa
% ""l' ] ':':'E]’ " TER ¢

3.33)

R/R3 . R:
"x“z—kju‘Rn(i"z—R]’:

The corresponding resstance coefficients are:

R: + R,

R, = Ryy— ”
Ry, - Ry + Rg

. Ry +R
Ry = Rp—— @3
Ry + Ry + R,




RiiRz

Ry = - = -
Rn‘Rzz"s

The relative importance of the ion-coupling, according to Kedem, s best expressed in
terms of the degree of couping, q° = R,'/R, R, where ¢ = 1 means that the
coupling between the flows s complete, and ¢ = 0 indicates absence of coupling ™.

For the case of ion association, thes coefficient is given by:

q 2 Rl.lR;!

= (337
(R, + R;,)(R, * Rz.z)

PR, >>R,*andR, >> R, *thenR,, «R,,* R, «R.*and q° - 0, e there is no
signficant coupling. I, on the other hand, R, s much smaller than the R,* terms,
coupling can be practically compiete.

The physical significance of these imits becomes clear # we introduce concentration
and friction coefficients for the R's, R, = t/c,

To discuss the orders of magnitude, let us take all 1,'s approximately equal; then

cz

9 = , 338
(c, + ¢))c, +¢3)

Negiigible coupling, Le. g° - 0, s found when the concentration of the free ion are
much larger than the concentrations of associated molecules. on the other hand,
strong association leads to a high degree of coupling, that is @* - 1. In other words,
the degree of coupling and degree of association are closely related,

Consider first a matrix, which does not carry fixed charges, ie. ¢,* = ¢,* = ¢c*. The
expression for the coupling coefficient will be given by



p |
= FA. - (33.9)
(c, + ¢’

For sight association expected in high dielectric media, ¢, << c* and.

o Lk 0 (3.3.10)
2¢cc’ oc" 1 *2¢JC'

NO couping will thus be observed.

In these media g* also remains small in the presence of fixed charges, L.e.
c‘O#c’.

For skght dissociation, as is 10 be expected in hydrophobic membranes. ¢, >> c*,
and:

q’ = ey 33.11)

(1 +c’le)

The presence of fixed char~ »s in hydrophobic membranes complicates the analyss of
coupling effects, according 10 Kedem and requires a detaded consideration of a model

332 Charged Hydrophobic Membranes - The Association Model

Consider a polymeric membrane matrix with chemically bound ionizable groups at a
total concentration of X, and low water cortert’™. Several ion-exchange and
dissociation equilibria are estabkshed when immersing such a membrane in an
aqueous salt solution with a concentration c,’.

X* + c,* = Xc,
c, C* +C° = G

Assuming ideality in the agueous solutions, dissolution equilibria of the free counter-ion
¢,* and free co-0n ¢,* between the membrane and the aqueous solution are obtained

a1



by equating the electrochemical potertials in the two phases:

;v. = u*"" +RTne’ + l,F" u* +RTIne,* + l,F. -‘;'

_ _ (3312
B = +RATING + 2F¢ = p,* + RTInG,* + 2,Fy = 4.

Adding the respective terms and applying the condtion for 1on pair formation reaction
in the membrane: u, = &, + §; we obtain after rearrangement:

e, =k (3313
where ¢’ is the concentration of the fully dissociated sat in water; ¢, s the
concentration of the undissociated sat in the membrane phase; c.*, ¢,* are the
concentrations of free ions in the membrane; and k = exp [(g,” - u.” - B,")/AT].

ion par formation between the small ions is expressed by:

icl. = K} c,=Cy-Cs (3.3.19)
c

where ¢, ¢, indicate the concentration of the total and the undissociated sal in the
membrane phase. lon pair formation at the fxed lonic sites s gven by:

D S (3.3.15)
(X,-X")

where X, is the total concentration of fxed groups and X' is fts free fraction
Introducing electroneutraiity for the dissociated species, ¢,* = ¢,* + X', into the above
expressions and rearranging the equations for the modified Donnan equilibrium for
non-aqueous membranes, we obtain a polynomial of 3rd degree with respect 10 ¢,

Kj‘f:'”(xz’ﬂ*a)t{’-x;cc;-é.o (3.3.16)

where a = Kike,
The adsorption isotherm of the co-ions, ¢;', is given from the above relations by
c;:cz.oc'zc;oamz (33‘7)

For analysis of the coupling coefficient, explict expressions for the concentrations of
the co-on or courter-ion are obtamned from egs. (3.3.14) and (3.3.15) and the
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for free co-lons:
. K[E-a
: x:[&-x:lx
for free counter-ions:
c;'['li‘:[c:-cg]ol X"
K{ LX, - X:
for small dessocsation:

C, <<¢'®c and X << X
At these condtions, free co-ion concentration becomes

c, *mc;a

m - KyKjanda - X/X, < <1
Free counter-ion concentration is given by
c, ' Tmcja+ X =ame + X).
Coupling coefficient is thus given by
2 1 1

(3.3.18)

(3319

(3320

(3321)

High coupling q* - 1 is obtaned when ¢,’/c,' << 1;

- 1
c—:-a——(mc" x')-a(m*xJ°§)
€ <

(1 +cife) (1 +efe) (1 +cifed)(=cifed 1+c e

{3.3.22)

(3.3.23)
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According to Kedem, high coupling will be observed in non-charged hydrophobic
membranes with small sat dissociation constants; in charged hydrophobic

membranes a high degree of coupling will be observed only in the case of large sakt
nvasion.

Transport Properties and Transport Coefficients in the Absence of Volume Flow

Phenomenoclogical equations for two stoichiometric ionic flows in the absence of
volume flow s given by:

X; = RyJ, + Ry,
(3.3.29)
X; = Ryl + Ry,
with R, = R,,

Electric current, electric potential and concentration are measured in practice and the
conventional transport coefficients are defined accordingly. The relation between the
driving forces and the Ri's are obtained from the constraints imposed for each
measurement. The expression for driving force for lon transport, .e. the difference in
the electrochemical potential for equal concentrations on both sides of the membrane,
IS given by

X, = Af, = -zFE (3.3.25)

X, +X, =0 (3.3.26)

Electric conductance

Membrane conductance, x, is:
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% % [l] (see eq 32.13)
E Ap =0, v+ 0

where the electric currert, |, is given by

I =FzJ +zJ) (see eq. 3.24)
The current | can be expressed in terms of resistance coefficeents and two driving
lorces by substituting eq. (3.3.24) into eq (3.3.26).

R, * R,

— (3327
R, * R,

L=

Introcucing J, from eq. (3.3.27) into eq. (3.3.24), and rearranging. gives.-

2
X Ry~ R,(R,, + R, - R,R, - Rj J (3.3.28)
. HS R, * R, R, * R, :

From eqs. (3.2.4), (3.3.27) and (3.3.28), the currert is

R < 2R
I = ¢, -J) =— 2 . L ¢ (3.329)
R"Rn s Rlz

and the conductance, x, 15

x (_l_]l. 5 -, " R, + R, + 2R,
¥ B/ % Ran‘Rxaz

(3.330)

Transport numbers

Transport numbers t, , are defined as the fraction of the electric current carmied by each
of the ions, without concentration gradients. In practice, membrane potentials are
measwred assuming Onsager's symmetry.

The transport numbers in terms of the Rij's are:
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)l Rﬁ s Ru (3.331)

t = =

: ) -3 R, + R, + 2R,

R e B o (3332)
R, * Ry + 2R,

The product of t, and 1, s

G, = R, * RYR,, + R,y (3.3.33)

(R,, + Ry + 2R

3333 Sah permeability

Sah permeabdty or sal *leak’, w,, s measured in the absence of electric currert, so
that

Jy=3 =1 (3.3.34)

The driving force for salt flow is the gradient of its thermodynamic potential:

X, =X + X (3.3.35)

Adding the respective terms from eq. (3.3.24) gives:

x. = (R" * Rn * ZRu) J. (3.3.36)
and
o ©.6™ = ! (33a7)
xo Ru g R‘ZI % ZRR

where C,* is mean sal concentration on the two membrane sides.



3334 Correlation between x,.t,., and w,

In aqueous charged on-exchange membranes where the total amount of co-ions s
very smal compared 10 that of the counter-ions, the electro-neutral sak leak will
become a very small fraction of total membrane conductance. Comparing the
expression for the leak -conductance (LC) ratio obtained from eqs. (3.3.30) and (3.3.37),
the following equation is obtained:

)
og  RyRy - RE (3.3.38)
w/F Ry, + Ry + 2R11)3

This and the expression for the product of the transport numbers, eq. (3.3.33), shows
that

uac' i s 12 =
x/F? L R, R, + 2R, 3

)
L - Ry 08" %

In the case of zero volume flow and no coupling between the co- and counter-ns
R,; = 0; a plot of the permeability ratio vs. the product of the two transpon numbers
should give a straight line with slope of 1, intersecting the origin:

h - I (3.3.40)

In general R,, # 0 shouid lead to a substantial deviation from this curve which will
depend on the type and the extent of couping.

Mutual drag reflects posttive coupling between ion flows by any type of mechanism and
1s represented by a negative value of R,,. In this case the relation between the LC ratio
and the product of the two transport numbers will be characterized by an inequaitty.

w S
o R L (3.341)
‘,Fl

An estimate of R, is readily obtaned from measured values of salt leak. membrane
conductance and transport numbers as s shown in eq. (3.3.42).
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N Ru _ 1 B lt2 (3342)

334 Transport Coefficients in the Absence of a Pressure Gradient

In practice, membrane conductance is usually measured in open cells with atmospheric
pressure on both sides of the membrane and with equal salt concentrations. Under
these condtions, volume flow is in general not zero. Thus in charged membranes,
electro-osmotic volume flow s to be expected.

The electric conductance (/E),, ., » x’
is related to x by

B (3.3.43)
1+ PP

where x and P, are the electric conductance and the electro-osmotic pressure
respectively, measured under conditions of zero volume flow and salt gradient, and
is the electro-osmotic permeability, measured at zero pressure and salt gradient.

For a homogeneous charged membrane has B and P, oppostte signs''*, and

Pl (33.44)
x

p =

L, and x are straight coefficients and therefore always positive. This mplies that

x' > x . Le. electro-osmosis enhances membrane conductivity as a consequence of
water-ion frictional drag: s direction is that of counter-ion flow. Simidarly sak
permeabiity is usually measured at zero pressure and osmotic flow is allowed to take
place. In this case, however,  “wume flow is opposed o the direction of sak diffusion
and therefore,

], = (3.3.44)
0 < W,
XJe,

where (") s used for measuremernt at Ap = 0. From eqs. (3.3.30), (3.3.43) and
(3.3.44), the nteraction between water flow and ion flows leads to the nequaity.
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(L/'_'_'ﬁ] < [ I, /‘ - ’:J (3.3.45)
xlc x’ Ap « 0 ch x‘ N0

Therefore, salt diffusion in the praesence of volume flow is less than sal diffusion in the
absence of volume flow. The membrane potential at Ap = 0 in practice would also
differ from that measured in the absence of water flow. In general, existence of volume
flow would result in the flattering of the concentration diference between the two
membrane-solution interfaces. In charged ion-exchange membranes, ths will mostly
affect the counter-ions, and therefore the observed membrane potential would be
lowered by water flow, even with ideal stirmng which would give in effect no unstirred
layers. In real measurement, the exstence of unstrirred layers would make this effect
even larger. Maximum values of tt, = 025 is obtaned in compietely non-
permselective membranes,Le. t, = t, = 0.5, in highly permselective membranes this
product will approach zero. Volume flow will thus result in a smaller membrane
potential of which will shift the measured data towards larger 1.1, values.

In general, on-water coupling. causes the experimental data to be shifted in the
opposfte direction 1o that affected by on-ion coupling, according to Kedem.

Correlations (3.3.42) and (3.3.45) show that from customary measurements of
conductance and membrane potential plus sat permeation, one gets a sharp
distinction between on-water couphing as found in usual iIon-exchange membranes on
the one hand, and on-ion coupling as expected in hydrophobic membranes on the
other hand. Zero coupling in the absence of volume flow was given by eq. (3.3.40),

Transport Processes Occurring During Electrodialysis

A number of transport processes occur simultaneously during ED, and these are
ilustrated in Figure 3.4.17.

Counter-on transpornt constitutes the major electrical movement in the process. the
counter-ons transport with them by electro-osmos:s a cenain quantty of water. Co-ion
transport s comparatively small and is dependent upon the qualty of the on-selective
membrane and upon the briné concentration. Water s aiso transpored electro-
osmoticaly with the co-ions. Dfffusion of electrolyte occurs from the brine to the
dialysate compartment because in the ED process the brine stream s usually more
concentrated that the dalysate stream. Water transport s also associated with
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3.5
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electrolyte dffusion. Water transpont due@ 10 0smosis takes place from the low
concentration dialysate companment into the higher concentration brine comparnment.

- -

cou:::;’-p;orr: <] CI7 M0 No‘(mi counter - ion >
No’HHZO) ™ co-ion transport - C:E'(‘:o::é)
NaCi{+H,0) —+o diffusion <——NaCl(+H,0)
4— HO0 osmosis HO04»
Brine Diclysate 8rine

Figure 3.4.1: lllustration of transport processes which can occur simultaneously
during the electrodialysis process,

The efficiency of demineralzation of the liquid in the dialysate compartment may be
considerably reduced by the counter effects of co-ion transpon, dffusion, water
transporn associated with counter-ion movement and osmosis. The effect of these
unwanted transter processes can, however, be reduced by the correct selection of
membranes and by the selection of the optimum operational procedure for a parnicular
application”. Osmosis and electro-osmosis are effects which limit the usefuiness of
ED as a method of concentrating electrolyte solutions.

Current Efficiency and Transport Phenomena in Systems with Charged
Membranes

The interaction between the current efficiency of electrodialytic separation with ion-
exchange membranes and all the fluxes depressing selectivty, Le., electric transpon
of co-ons, electro-osmotic flow of water, diffusion and osmosis have been described
and expenmentally examined by Koter and Narebska '", They have presented a smple
definttion of the currert efficiency (CE) for a single ion-exchange membrane system.
It aliows for the estimation of CE from a determination of concentration changes in
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cathode and anode solutions. With the proposed defintion, CE can be expressed as
a simple function of diferent kinds of transpon taking piace in the system. This fact
makes &t possible to examine the effects of these transporns on current efficiency, that
i 10 calcuiate the losses of CE due to:

a) electric transporn of co-ons;
b) electro-osmotic flow of water;
c) dffusion of a salt: and

d) osmotic transport of water,

Thus, the full charactenstics of a single ion-exchange membrane (cation- or anon-
exchange) for a separation process ke ED can be obtaned. The mathematical
solution has been examined for computing the current efficency and ts losses for the
systemn NaCl_/Nafion 120 membrane and NaOH__/Nafion 120 membrane based on the
experimental results published earker'”

Current Efficiency of a Membrane System - A Definition

Consider the one membrane system as shown in Figure 35.1. The on-exchange
membrane (M) separates two soltions of an Av.Bv, electrolyte differing in
concentrations. For the cation-exchange membrane (sign W =- 1) the cathode is on
the more concentrated side whereas for the anion-exchange membrane (W =+ 1) #t
s on the diuted side. The electrodes and electrode reactions do not belong to the
system. They are separated from the system by ideal membranes of reverse sign to
the investigated membrane.

At t = 0, the concentration difference across the membrane is Ac* = ¢*' - ¢*". After
passing an electric current through the membrane for time t. the concentration
difference changes 1o AC. The ratio of (Ac’ - Ac®) for the real membrane 10

(AC' - AC) for the ideal membrane system (1, L, J,, J.” = 0) 5 a measure of the
current efficiency:

CE - (Ac' - Ac®)
(Ac' - Ac®)

(3.5.1)

Rearrangement of this formula’™ leads to the following equation relating the currert
efficiency 10 the 1otal counter-ions (J.) and water (J,) fluxes (see Appendix B),
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A - counter-ion
B - co-ion
Figure 3.5.1: Standard system for defining the current efficiency of an ion-

exchange membrane in the isobaric condition (Ap = 0). The
transport processes caused by the passage of 1 Faraday of
electric charge (T, and 1, are the electric transport of counter-ions
and co-ions, respectively; L is the electro-osmotic transport of
water) and by the concentration difference (J, - diffusion of a salt,
J*™_ = osmotic flux of water) are shown.

CE - wzv, Jv, - 0.01851.){[

(3.5.2)

Consider that the counter-ions are driven by the constant edectric field and the chemical
potential gradient, and that the same hokis for water, 8q. (3.5.2) can be rearranged 0.

CE - z,v,(t)v, - 0,018mt_ - w(J, - 0,018WIF/1
iy, mt, s

{

[ 38

.
-
"

- & Nt

€
"

(3.5.3)

reduced transport number of counter-ions (eq. A2, Appendx B)

transport number of water

mean molality (eq. B17, Appendix B)
diffusion and osmotic fluxes

electric current

-1 for cation-exchange membrane

+1 for anion-exchange mambrane




The formula indicating the fiuxes that decrease current efficiency, is as follows:

Electrical Electro-osmotic Diffusion Osmotic flux

transport transport of of salt of water
of co-lons water
CE=1- 1T-z z.v,0,018m1, - Zviwe W, - 0018MUL™FA | (353a)
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With the help of the transport equations of rreversibie thermodynamics and the Gibbs -
Dubem equation, the diffusion and osmotic fuxes, J, and J_™, can be expressed as a
function of the difference of the chemical potential of a sokste, Au, ™.

[ 3 |
J, - 00ISRIT - |(—) - 00188 (-=)| ap,
{ Ap Ap

- f(L,, M)Ay, (3.54)

Hm!a,ﬁtmambimdmmmbgum
coefficients L, and the mean molaiity, M, of a sokte. Equation (3.5.3) and (3.5.4)
clearly show that losses of selectivity due to osmotic and diffusion fluxes are dependent
on the ratio of the chemical potential déference of solute and the current A/l

Determination of Current Efficiency in a System with Electrode Reactions

Substtuting the concentration changes for the system with ideal membrane,
(Ac' - Ac*),,. (eq B15 Appendx B), and the equation

Ac' - Ac" - w(Ac - Ac) (355)
Into eq. (3.5.1), 2q (3.5.6) is oblained.

_ v, V°F (Ac, - Ac)

(3.5.8)
2(1 - ve)lat
where Ac, Ac = concentration changes of anolyte and catholyte after
time At
c* = mean concentration of anolyte and catholyte at tme
t=0

c* =(c*' +cr)2
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Equation (3.5.6) can only be appled to the standard system (Fig. 3.5.1) without any
other effect but transpornt, Le., without the electrode reactions. Actualy, the
experimentally determined variations of the concentrations of the cathodic and anodic
solutions are produced by both the transport phenomena and the electrode reaction.

For computing the current efficiency related to the transport phenomena only, the
concentration/volume effects of the electrode reactions should be accounted for. The
use of electrodes makes it necessary 1o correct the numerator of eq. (3.5.6), Le., the
difference Ac, - Ac,. In the general form the formula for the membrane current

afficiency determined in the practical system can be written as:

2,y [F\P(Ml . Ac:),_, . . 357
t

e B G T

Some electrodes and the formulas for corrections are given by Koter and Narebska '™,
Relation Between Current Efficiency and Efficiency of Energy Conversion
Regarding the general formula for efficiency of energy conversion given by Kedem and

Caplan™, the efficiency of energy conversion, n, for the system studied here, takes
the form

I Ap, (35.8)
T AR
where J* = Jv, -0,018m J, (35.9)

AE = is the dfference of electrical potential measured with
electrodes reversible to co-ons.

AE = ARJzF (3.5.10)

By comparing eq. (3.5.8) for J,* and eq, (3.5.3) for the current efficiency, t can be seen
that n, can be written as the product of current efficiency and the force-to-force ratio
Au/AE:



35.11)

=W CE
" z,v, AE

354 The Losses of Current Efficiency

To determine losses of current efficiency due to diferent kinds of transpon (eq. 3.5.3a),
four experiments can be performed. Resuls are here presented for the systems
NaCl/Nafion 120 and NaOH_/Nafion 120. Al the experimental results used for
computing CE have been published elsewhere '™,

Figures 3.5.2(a) and 3.5.2(b) present the effects of the conjugated fluxes on efficency
of electric transport of counter-lons across the cation-exchange membrane (Nafion 120)
for two different values of concentration ratio; m’/m” and current denstty, | - m'/m” =
5 i = 100 A/m*, and m’/m” = 10, i = 500 A/m",

On both figures the current efficiency corresponds to the abscissa (see eq. 3.5.3a)
CE =1 - I losses
and is dependent on the mean concentration m (1. B17, Appendix A). The effects

which diminish currert efficiency are’'”-

Electric transport of co-ions, Le., imperfect membrane permselectivity (t,)
Dittusion of sokste (J,)

Electro-osmotic flow (T,)

Osmotic water thaes (J.™)

The following conclusions can be drawn from the figures''™:

The imperfect selectvty (1,), assumed to be one of the most impontant characterstics
of a membrane, produces up 10 8% (NaCl) and 35% (NaOH) of the CE losses at m =
2 SimiartoT,, the effect of electro-osmotic flow of water (t,) increases wth m. It plays
a signfficant role in the system with NaCl where & diminishes CE up to 30%.

Depending on the working conditions, (e, on the concentration ratio m/m” and
current density, the decrease of CE due to osmotic and d#fusion flows can be larger
than that caused by electrnc transport of co-ions and water. This effect s especially
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Losses of current efficiency due to imperfect selectivity of a membrane (1), diffusion of a solute (J,)
and electro-osmotic flow (1) and osmotic (J*,) fluxes. T = 298K.
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seen at higher mean concentrations where the current efficiency can even be reduced
to zero.

Efficiency of Energy Conversion in Electrodialysis

Efficiency of energy conversion in separation processes with Nafion 120 membranes
from phenomenociogical transpon coefficiernts has been described by Narebska and
Koter''™.

In systems devsed for desainator/concentration processes with lon-exchange
membranes separating single electrolyte solutions of different concentrations, electrical
energy is used 10 drive a solute aganst ts concentration gradient. In these processes,
the electrical energy s converted into free energy of mixing and in that way t is stored
in the system. The efficiency of energy conversion (n) depends both on the degree
of coupling between the driving process and the driven fliow (qQ), as well as the
operating conditions,

Kedem and Caplan ™ have defined n and q in terms of greversible thermodynamics
and outhined the methods avadable 1o access both parameters for thermocouples, fuel
cells, osmionic batteries and desalination stacks by treating the system as a two-flow
process. Later, Caplen ™ publshed some data on the overall degree of coupling q
and .., for hyperfitration, concentration celis and ED, taking for the calcutations the
axperimental results for a few points in dilute solutions.

Narebska and Koter ™ have presented results for the degree of couplng and efficiency
of energy conversion calculated for the system composed of a perfluornated Nafion
120 membrane and sodium chioride solutions of dfferent concentrations, Their aim
have been to conduct a detaded analysis of input-output relations by treating the
system and the transport involved as a three-flow process and describing quantitatively
the transport of water which consumes energy unproftably

The system consisted of a cation exchange membrane and aqueous solutions of

1 : 1 electrolyte of different concentrations in the adjacent comparnments, Sodum are
driven by the applied electrical potential dfference opposte the concentration
diterence of NaCl
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Mathematical Formulation

36.1.1 The degree of coupling and the efficiency of energy conversion in the two-flow

system (basic definitions)

The efficiency of energy conversion n s based in the dissipation function ¢ which for
the two-flow system takes the general form:

¢ =JX +1X =0 (36.1)

According to Kedem and Caplan ™, with one flow producing entropy (J X,), which is
always posittive and the other flow consuming entropy, being negative (J.X,), the
efficiency of energy conversion can be expressed as:
ne=- ﬁ (362
1.X,
Denoting the force ratio as X,/X, and the ratio of the straight conductance coefficients
L, appearing in the flow equations

Jy = L)X, + L;X,

(36.3)
L = L)X, « LpX,
as Z* = L,,/L,, the efficiency function can be calculated with the equation:
n = 9+ Zx (3.6.4)

-q i
q is the degree of coupling of the flows satistying the relation igl < 1.

The conversion of energy of process 2 to process 1 is only possible when the two
flows are coupled, therefore, the degree of coupling can be defined as:

T T, 365)

u:)x, -0 (Jl)x, o Lyl

q* =1

For electrodialysis, the dissipation function can be written in the form:



¢ - ]‘Ap‘ + IE (3.6.6)

where Jis the fiux of countenons, Ay, the difference of chemical potential of an
electrolyte, | the electric current and E the potential diference between the solutions
on opposte sides of the membrane measured with electrodes reversie 1o the amons.

Kedem and Caplan have presented the general solution for the degree of coupling in
ED. They admitted, however, that in their solution the contribution of water flow was
neglected. This means that they have treated the process as a two-flow system.

36.1.2 Three-flow System

In any real system with a single electrolyte and the ion-exchange membrane separating
solutions of different concentrations, the flow of water s another process which
participates in the entropy production. Consequently, the equation describing the
dissipation function should contain the third component, J Au,

¢ =Jay +JAu, +IE=0 (3867)

Thus, the efficiency of energy conversion for multiple-flow system can be defined as ™
n-t

0175 (36.8)
1.X,

In eq. (3.6.8) J.X, represents the driving process and JX represents the driven flow.

AsforED J X, = IEand £ JX = J. Ay, + J Ap, OnNe gets:

ns

JAu JAu, 5
n.(-—!E_!).(- IE .“B.“'! (39)
The first term of eq, (3.6.9) is the same as before, Le. t expresses the storage of
energy in producing a concentration difference in the permeant. The second term
corresponds 10 the transport of water which acts opposite 10 the saparation of the
components. It causes a waste of energy by decreasing the concentration dfference.

To find the degrees of coupling in both procasses, the equations for transport of ions
(J,), water (J,) and current (I) shouki be used in a general formula:
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J, = LAp, » L8, + LE
J,=L, Ap, + L _Au, ~ L E (36.10)

I = LnAli. > l‘QﬁA“' o LEB

3613 Degrees of coupling for the three-flow system

Defining the degree of coupling according to Kedem and Caplan, three coefficients for
the three-flow system are obtaned which denote sodium ion-current coupling (Q.).
water-current coupling (Q., and sodium on-water coupling (q..).

0y, -0 ’

(R o

ik=1wE ik (3.6.11)

% = 1-

Al the degrees of coupling were caiculated according to eq (3.6.11) using
conductance coefficients L, of eq. (3.6.10).

For the more practical discussion of the nput-output relation, such as finding the
maximum output or the driven region for ED, the overall degree of coupling g, is also
helpful This can be derived from the general formula

2 = l o—(J.)*--'o
(’-)X‘..-O

For the system with three forces operating (AC. Ap, E, eq. (3.6.10), G; takes the form:

(3.6.12)

g =] - m,n-’.'o E QI:I " q:ﬁ - Wl' (36'3)

m‘., A.. «0 l ad q:'

At Ap = 0, which corresponds 1o operating conditions in ED, and applying the Gibbs-
Duhem equation ¢,du, + ¢ du, = 0, the flow equations can be written in the form:



: J, = I = L,Ap, + LyE {36.14)

2
S ST i | T S R (36.15)
S c
‘ €,
Lig = Ly - = Lo
For these equations the formula for the overall degree of coupling takes the form:
(D . .
q: %1 1 -0 _ L‘

50 ' (3.6.16)
m““o -0 L"Ll

3614 Efficiency of Energy Conversion

Introducting @q. (3.6.10) into eq, (3.6.9) and assuming that Ap = 0, t is possible 10
derive the equations for both components of n (eq. 3.6.9), Le. n, and n

| c,
Zy - Lt X *
Ng = - c' ; (36.17)
Qe - % Z Qs - Za
ct
e [zﬂqlv-c—z-l]x.qvl
Mg = — - (3.6.18)
= e, €, |
1wliw C—.q‘.zx

The meaning of q, is as before eq. (3.6.11), x = AuJE and Z, = /UL, where
Lk =1 w E i# k These equations are appropriate for caiculating n for ED.
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Figure 3.6.1:

The Two-Flow and Overall Degrees of Coupling
Model calculations have shown the following'™:

Tight coupling, ranging up to 0.98, was found between the ion and current flows (q,)
for solutions up to 0.5 molt. (Fig 3.6.1).

mmmpmmmbuY.wahnnmngel.omo.momthiSmm
range. Ttusodumumpmmbor(ﬁ)“q,dmumcomemm

The coupling of water-current flows (q,:) was close 10 0.5 at approximately 0.1 to 0.5
mol¢ (Fig. 3.6.1). In that region Q. » q., Implying that q. represents the coupling
of water to ion flow; known as electro-osmosis. In more concentrated solutions q.,
and q,, dverge. Water-ion coupng becomes higher and water-current coupling
becomes lower. At higher concentrations (> 0,5 molf) the amount of *free* water in
the membrane, the transport number of water 1, and the osmotic flow, decrease.
Effects onginating in the desweling of the membrane at high external concentration
may result in the observed decrease of the electro-osmotic flow and the increased
coupling between ions and the amount of water crossing the membrane. The overall
coupling coefficient . slightly exceeds q, and changes with external concentration
similar 10 Q..

08+

Cef

o 298K
02+ e 333k

0 - -
10 10” Ment

The concentration dependence of the degrees of coupling: sodium lons-current
(Q¢), sodium jons-water (q,.), water-current (q..), and the overall degree of
coupling (G,) for the system NaCl,/Nafion 120 membrane.
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363 Total Efficiency of Energy Conversion and its Components

The component efficiencies of energy conversion are not only of different meaning but
of different sign (Fig. 3.6.2). The positive term v, indicates the fraction of the free
energy of mixing produced by the driving process IE and stored in the system by the
uphill transport of ions J,Au,. against ther spontaneous flow. The negative term n .
means that the transpont of water proceeds n the direction of the conjugated force
Ay, (downhil), The energy input increases the rate of flow. Thus, this term causes

the entropy of the system 10 increase and the energy supphed 10 the system to be
wasted.

Both n, and n.. change with the ratio Ay /FE and with the concentration of
electrolyte. The maximum in the n, curve means that for any concentration range of
NacCl solutions there is an optimal concentration difference for which the efficiency of
energy conversion is at a maximum. There s No Such maamum in the n . curve. The
waste of energy due to water flow becomes much higher as the electrolyte becomes
more concentrated and the concentration diference between the NaCl solutions in the
ad@acent compartments s higher,

The sum of n, and n. gves the total efficiency as n. The total efficiency, n.
decreases with increasing concentration. The degree of coupling. G, also decreases
with increasing concentration.

Computations of q (coupliing) and n (efficiency) employing the derived equations and
phenomenoiogical conductance coefficients determined for the system Nafion 120
membrane/sodium chionde solutions led to the following conclusions ™

B Coupling of the current to the flow of sodium ions (q,), of importance for the
efficiency of energy conversion, is close 10 unty when the membrane is in
contact with dilute solutions and s going down wth increasing external
concentration.

. Coupling of the current to the flow of water (Q.:), which $ achieved by water-
caton coupling (q.), reaches a value as high as half that of g, pointing 1o the
unavoidable loss of energy during ED.



- The total efficiency of energy conversion (n) depends both on the
concentration of separated electrolytes and on the ratio of thermodynamic
forces (Au,/FE) acting in the system. The maximum of efficiency depends on

. The total efficiency of energy conversion is a complex quantity compesed of
a postive component (n ;) related to the transport of cations and a negative
one (v.c) related to the transport of water; both components change with the
external concentration 10 a dfferent degree. The measure of the loss of
energy (n.:) may reach a value of as much as 70% of n.,, in the more
concentrated solutions,

T 298
Mu' 10'1 NOCl 140

7

0,8

0,8

0,8

0,6

0,4

0,2

A L

A 'S '
aus -0 -08 06 -04 -02

Figure 3.6.2: The efficiency of energy conversion n and the component efficiencies n, n.. and
force ratio A, FE, at different concentrations NaCl in the external solution
(T = 333 K).
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Conversion of Osmotic into Mechanical Energy in Systems with Charged
Membranes

Narebska et al, ™ have described the problem of conversion of osmotic energy nto
mechamncal energy within the framework of rreversible thermodynamics. Using the
numerical results for the conductance coefficients for the system Nafion 120
membrane/single salt and alkali solutions, the couplings between the volume and the
osmotic fluxes, q, and the afficiency of osmotic IMo mechanical energy conversion, n,
have been computed.

The standard appication of membrane systems s for separaton of suspensions and
molecular mixtures, gaseous or kquid, into components on an expense of supplied
energy. Mechanical, thermal or electric energy can be used. More than twenty
membrane separation techriques are known. In each of these systems, however, the
difference in concentration of components on both sides of a membrane presents the
effective source of osmotic energy, generating the spontaneocus osmotic flux affecting
the separation. For example, in ED, the osmotic flow of water déutes the brine, thus
lowenng the energetic efficiency of desalination. In reverse osmosis, the osmotic
pressure is a powerful force to overcome. Osmotic energy is thereby a native energy
of a membrane system affecting both the income of energy and the separation process
tself.

Corwersion of csmotic energy o electnc energy was postulated and theoretically
described by Kedem and Caplan’™. Systems converting osmotic energy nto
mechanical energy called "osmotic pumps* were proposed by Lee e ™. The
anergetc efficiency of the process, however, still seems 10 be a problem.

The work by Narebska et al, "™ has been aimed at a theoretical analysis of osmotic into
mechanical energy conversion, using irreversible thermodynamics as the underlying
theory.

Theoretical

The system consists of an ion-exchange membrane separating electrolyte solutions of
different molaities. Assuming ideal membrane permselectivity (totally impermeable to
a solute) and the zero current condttion, the only flow in the system should be the
osmotic flow of water which s driven to the more concentrated side. However, for real
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polymer membranes and particularly when they are in comact wth concentrated
solutions, oiffusion of a solste across the membrane should be admatted as an
adgdtional phenomenon. The solute permeates the membrane towards the diute
solution side, that is, opposite 1o the osmotic flow.

In terms of reversible thermodynamics the two flows

the osmotic flow of water J_, and
the dffusional flow of the solute J, are described by the following equations:

j‘ - L‘Ap. - L..A“' (3.7.1a)

I, = LAk, - LAk, @7.10)

Ay, Au, are the diferences of chemical potential of a solute and water, respectively,
L. denctes the phenomenological conductance coefficients.

It is converient to transform eq. (3.7.1a) and (3.7.1b) nto another set of equations.

]’ Lp' A p: . L-" Ap (37.”’

’ e Ly 3.7.2b
J, = L Aug + L,ap 5450

Here J'| denotes the flow of water against the flow of a solute conjugated to the
concentration part of the chemical potential dfference of water, Ap*

Y =1, -SF, * ], (3.7.3)
Ap, = RT In (a 72" (3.7.4)

J, of equation (3.7.2b) denotes the total volume fiow conjugated to the difference of
pressure in the compartments on the opposite sides of the membrane, Ap.

J,=%13 +%.] (3.7.5)

v > e

The relation between the fiuxes and forces of equations (3.7.1a and 3.7.1b) and of
equations (3.7.2a and 3.7.2b) can be exprassed in a matric form



s (376and3.77)

v J' A’ A“'
L'=A+L+AT a1
where
A - 2 C.Jcl .l . L = l'i L"
vi v' l"l L'

¢ = J:,Au.' + JAp
osmotic mechancal 3.7.9)
energy energy
component component

The efficiency of energy conversion, n, as defined by Kedem and Caplan™, can be
written as follows:

JAp
LA,

(3.7.10)

0<n <1

For the system discussed here, n, means the output of mechanical energy produced
by the input of unt osmotic energy. To acquire computational verffication of vanous
systems this equation should be transformed by substtuting equations (3.7.2a and
3.7.2b) into equation (3.7.10) 1o gve

<
nae q+2eAapan, (@7.10a)

q + (Z « Ap/Apy)

q = LI Lp™
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zZ = L)

q is called a couplng coefficient. For energy conversion the sze of q s fundamental
The value of g may vary between -1 and +1. A high value of g indicates tight coupling
between the two processes involved in energy conversion. For the system discussed
here, these are the spontaneous osmotic flow of water and the volume flow producing
energy.

Transport Experiments and Computations

The perflucrinated cation-exchange membrane Nafion 120 (Du Port de Nemours,
USA), was used for measuring the membrane transport process as well as performing
axpenments with an osmotic unit. The measured membrane transport properties were
the membrane electric conductivity, concentration potential, osmotic, electro-osmotic,
defusion and hydrodynamic flows. From these data the set of coefficients of equation
(3.7.2), thar s L', L', L', was calculated and then the coupling coefficient q (eq
(3.7.11)) and the efficiency of energy conversion, n (eq. 3.7.10(1)) were found.

The theory was experimentally verfied in a simple osmotic unt''®
Osmotic and Diffusion Fluxes in Membrane Systems

For a given membrane, the flow of water and the défusion of a soluste, flowing in the
opposte direction, depend strongly on the nature of the electrolyte. For the
electrolytes used and the Nafion 120 membrane, the osmotic flow s low with sodium
hydroxide solution, higher with sodium chioride and the highest with sulphuric acid
solutions (Table 3.7.1). For the same system the diffusion fluxes change in the
opposte drection. J, of NaOH is about 25% of the osmotic flow; J, of NaCl 4%: and
J, of H SO, is zero within the range of concentrations used.

Table 3.7.1:  Osmotic and diffusion fluxes per unit of the chemical potential
difference of a solute for systems with Nafion 120 membrane.
m=1T=25C.

Flows NaOH NaCl | H. SO,
(*10"° moF/m* Ns)

8.0
033

Osmotic flow of water (JJ/Au,)
Diffusion of solute (J/Au,)




374 Osmotic Energy Conversion

The coupling coefficient. q, and the efficiency of energy conversion, n, have been
calculated with equations (3.7.10a) and (3.7.11), The couplings between the
spontaneous osmotic tlow (J,) driven by the difference of solvent actvity (Au,”) and
the volume flow (J.) producing the pressure (Ap) are shown as a function of the mean
molalties of solutions bathing the membrane (Fig. 3.7.2). The coupling coefficient, g,
i$ high for the system with sulphuric acid, ranging from 0,8 to 0,95 in 1 molar solution.
For the other two electrolytes q does not exceed 0.4 (NaCl) or is even as low as 0.1
(NaOH). These results show the necessity of using membranes rejecting a solute
almost perfectly. Even iftle diffusion as in the case of sodum chioride can disturb the
coupling drastically.

This effect s even more pronounced as can be seen from the energy conversion, n
(Fig. 3.7.3). Again, the n coefficient is the highest for the system with H,S0, reaching
0.4 For this system the maximum of n is observed for the ratio of produced pressure
10 the osmotic one Ap/Ax = 0.8 (for ideal system  is one). In the case of the easily
affusing NaOH the energy conversion becomes negligible and decreased to 0,01 and
the ratio Ap/Ax for 1., IS as low as 0,15,

ol |
'.o -
08 - H2504
06
or w—/"\t‘i\
0.2 F
_4,__/-‘\'“10.*\“*
0 - - -
10° 10 m

Figure 3.7.2: The concentration of coupling coefficient (eq. (3.7.11) for various
electrolyte solutions and Nafion 120 membrane; 298 K.
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Figure 3.7.3: The dependence of the efficiency of osmotic into mechanical
energy conversion (eq. 3.7.10) on the ratio AP/ATI; 298 K.

In order 10 examine the system further, the rate of fluxes for other electrolytes were
measured (Table 3.7.2). These results confirm that only the solutes perfectly rejected
by a membrane, like sulphuric acid, appears 1o be efficient in an osmotic pump. Only
in the case of a membrane highly permselective to the given electrolyte, the free energy
of mpang, which usually goes unexploited, can be put 1o effective use.

The following conclusions can be drawn' ™:
. A high degree of osmotic 10 mechanical energy conversion ranging from 0.4

to 0,5 can only be achweved in a system with a membrane, which rejects the
solute almost entirely, that s with o ~ 1.

. A sal flux reaching even 4% of the osmotic flux of water (Table 3.7.1, NaCl)
results in a vast decrease of the efficiency of energy conversion (n < 0.1).

. While n contact with an electrolyte which permeates Nafion 120 membrane

more easily (like NaOH), the system cannot convert the osmotic energy 1o any
remarkable degree (n < 0,01).
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Table 3.7.22  Experimental volume fluxes in the systems with Nafion 120

membrane
ELECTROLYTE J, JJ/Ax
(* 10* m/s) (*10* m/s

atm)

NaCl 108 0.236
Na.SO, 459 0,145
HCI 36,7 0,70
H, S0, 420 1.76

M 7 )
.:’Po 6,72 0.60 i
Donnan Exclusion

It a resin is allowed to equilibrate in an electrolyte solution rather than in pure water,
the water uptake s comparatively less due 10 the lowered external water activtty,
a (< 1). Specfically, the osmotic sweling pressure becomes "

0= ~RTHv) In @/a) < -(RTjv) In o, 3.81)

In acdmon to the water fraction, the dissolved ions will distribute themsalves across the
membrane-solution interface according to a condrion of free energy balance
Quaitatively, the driving force for electrolyte uptake is the inttial solte chemical
potental gradkert across the interface. Considering this solely, the equilibrium
concentrations within and exterior 1o the membrane woukd be equal were it not for the
presence of the ionizable side-chains that through the constant of electro-neutrality,
resist the co-ion uptake. A simple theory that explains the overall features of electrolyte
uptake by ion-exchangers was outlined by Donnan™,

Assuming complete ionzation, equivalent interdiffusion, electro-neutraiity, and the
qualty of single-ion activities and concentrations, the theoretical result for the free
energy balance across the interface between a 1 : 1 electroiyte solution of
concentration C (mol per litre) and cation-exchange membrane, in which the ionogenic
sikie-chain denstty is R, is

C(€ +R) = C? 382

where C i the internal equilibrium electrolyte concentration and the membrane was
originally in the sat form. Immediately, it is seen that & < C and that co-lon exclusion
is enhanced by Increasing R. As C becomes very iarge, the Donnan exclusion

7



mechanism becomes increasingly less effective,

39 Relationship Between True and Apparent Transport Numbers

The relationship between true and apparent transport numbers has been descnbed by
Laskshminarayanaiah'**

The emf of a cell of the type shown in Figure 3.9.1 is gven by the following equation
which cannot be integrated without knowledge of how T and T, vary with external

electrolyte concentration.
E=-QRTF) [ @-10"m M)dna, (39.1)
o n
Reference Soluton Membrane Solutson Referonce
Electroce Electrode
et p e
Electrode Donnan Domnan Electrooe
Potennal Potentisl Potental Potent.al
—d
Diffusion
Potentisl

Figure 3.9.1: Electric potentials across an lonic membrane separating different
salt solutions.

1. and T, must be found by separate experiments and their values must be
unambiguous without being influenced by factors such as current density and back
diffusion. Even then, what relaton these experimental values bearto T, and T, of eq.
(3.9.1) s not clearly known.

However, an approximate approach can be made by integrating eq. (3.9.1) within
narrow imts a, and a, . On integration, eq. (3.9.1) takes the form:

B - &:- @ - 107m, M) In — @92)
a
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The emtf of a cell of the type shown in Figure 3.9.1 can be calculated from the modfied
Nernst aquation.
RT

B =2, i In -:- (3.9.3)

which can be equated to eq. (3.9.3) to give™:

t, = (.«", . 0,0|8m.t,, (3.9.49)

Hale and McCouley tested eq. (3.9.4) using different heterogeneous membranes and
found good agreement between true T, measured directly and 1, calculated using eq.
(3.9.4). Ther measurements athough confined to a number of different membranes,
were made with one set of electrolyte solutions only (0,667 and 1,333 molt NaCl).
Lakshiminarayanaiah ™ checked eq. (3.9.4) over a wide concentration range. He found
that the T, values calculated from eq. (3.9.4) were higher than the measured values
particularly in hugh edectrolyte concentrations. This discrepancy existing in the case of
strong solutions s difficult to reconcile in view of the fact that Lakshminarayanaiahand
Subrahmanyas*” showed that eq. (3.9.1) is able to generate values for E (however
from measured values of t, and t,) agreeing with observed values. A more recent
evaluation by Lakshminarayanaiah™ has shown that eq. (3.9.4) is able to give values
for T, agreeing with those measured directy.

The relationship of 1, ., obtained from em! measurements to T, measured directly,
unike eq. (3.9.4), has been approached from a different standpoirt by Oda and
Yawataya™. The apparent transport number (1, ..} Calculated from emf data was
related to the concentration of the external soltion by an “interpolation technigque*.
This consists in measuring E using two solutions , ¢ and ¢, in the cell shown in Figure
3.9.1. In the first measurement of membrane potential, solution (") s so chosen that
¢ Is less than ¢’ and in the second measurement ¢ is held constart and ¢ is so
chosen that ft i now greater than ¢ Each of the two values of T, . calculated from
the two measurements is now referred to that particular concentration of ¢’ used in the
experiment and plotted. The value of T, ., pertaining to ¢’ which is kept constant in
the two experiments is obtained by interpolation. Usually, T, ..., is related to the mean
external electrolyte concentration, Le. (¢ + ¢*)/2

True vaiues of T, and 1, were determined by Oda and “awataya from the same
experiment by the mass method which consisted in estimating the mass changes in
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both the sak and the water in the cathode chamber following the passage of a known
quantty of current through the system, electrolte solution (C) = membrane
electrolyte soltion (c). The relationship between T, and 1, was derived in the
following manner ™,

A selective membrane of fued charge denstty X (equivalent per unt volume of swollen
membrane) in equilbrium with an external electrolyte soktion contains X(1 - S)
equivalents of counter-ions and X5 equivalents of co-ions where 3 is the equivale’ * of
co-ions per equivalent of fixed group present in the membrane. This arses from the
Donnan absorption of the electrolyte by the membrane.

When an electric field is applied, ions and water move. In a membrane in which
interactions between different membrane components, viz., counter-ion, co-on, water
and membrane, matrix, are absen, oneé may assume that the fxed water in the
membrane is neghgible and that all mobde water moves with the same velocity and n
the same direction as the counter-ion. As a result, counter-ions move faster and co-
lons move slower than they woukl otherwise f water stood still.  Consequently, the
mobdities (u's) of the courter-ion and co-on may be written as:

B o=@, (39.5)

¥ -0 -5, (39.6)

where +, -, and w stand for cation, anion and water, respectively. U,' and U' are the
Increased and decreased mobilties due to the transport of water,

Due to water transport, the specfic conductance of the membrane s increased. If k'
is the membrane specific conductance, then

X =FX (.90 - X 87

On substtuting from egs. (3.9.5) and (3.9.6), eq. (3.9.7) becomes

K = FX[(1 - 90, + 50+ 0 (39.8)

If water transport is absent, the membrane conductance k is given by
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¥ = Fxl(1 + 9 -3 (3.9.9)

It folows from eqs. (3.9.8) and (3.9.9) that the increase in conductance due to water
transpor is gven by

Y-k -, .
Transpon numbers by definition are given by

-
t, = Ll g)“. (3.9.11)

(1 + 30, +5a

(1 + i,
(1 + D, + 50

R (3.9.12)

Substituting from eqgs. (3.9.5) - (3.9.10) into eqgs. (3.9.11) and (3.9.12) and remembering
thatT, . + L., =1, can be shown that™:

T - Ty * (i * DA - R (3943
Substituting from eq. (3.9.10), eq. (3.9.13) becomes
Y. - :.m) - ﬁ.w. ’ ;][F’.('.‘Ji‘] w39

When a potential of E volts acts along length Acm of a membrane capillary, the water
in the pore moves with a mobilty, u, crvs (e, E/f s untty). The volume (millitres)
of water flowing per second through a membrane subject to unt potential gradient is
given by 6, and is equal 1o (uA) where A is the pore area. But 8, the volume of water
fiowing per Coulomb s given by:

B = Vi (3.9.15)

where V is milliitres of water flowing per second and | is the current in amperes. But
I = kA per unt potential gradient and k; is the specific conductance of the pore iqusd
of an infintely swollen membrane (k, & really a modified membrane conductance).
Consequently, it follows that
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B, = @, A = KAB (3.9.16)

Equation (3.9.16) dffers from the original equation of Oda and Yawataya which is
dimensionally incorrect.

Substtution of eq. (3.9.16) into eq. (3.9.14) gves

T = iy * gy + DFRRB @9.17)

But k' may be equated 10 gk, where ¢, is the volume fraction of water in the
membrane, Equation (3.9,17), therefore, becomes

T o= T * [y * SIFKB (39.18)

where X, = X/g.. equivalent of fxed groups per untt volume of interstitial water.

Since the method usually used 10 measure the transporn number of water T, which is
equal to (F8/18), depends on following volume changes in the anode and cathode
chambers, the observed volume changes, which measures only solution flow, have to
be corrected for both sak transport and electrode r2actions to gwve values for water
flow only. If reversible Ag-AgCl electrodes are used, the passage of a Faraday of
current produces at the cathode, a mole of Ag and T, moles of MCI (M = univalent
cation) and in the same time a mole of AgCl dsappears. The actual increase in
volume AV, which is equal to the volume decrease at the anode, due to water
transport, is given by

AV =AY, ¢ Vg =V =8 B, (39.19)

where the V's are partial molar volumes and AV, is the observed volume change. As
Vigw = 2577 and V,, = 10,28, eq (3.9.19) becomes

AV, = AV, + 155 - 1. V,4

Vie values can be evaluated using the usual equations®” and T, values must be
obtamned by experiment using the appropriate concentration. Then



T, = AV/V,, = AV/I8 (39.20)

FX.8 may be written as TJW,
whereT, = F&/18and W, = 1/18X,; L.e. moles of water per equivalent of ion-exchange
ste. Substitution of these values in eq. (3.9.18) gives

C * ﬁ-«m ’ ?lm)

fe " (39.21)

WL + D - T (1 - @JW))

Oda and Yawataya computed 1, values from eq. (3.9.18) by measuring T, ., 5. X, and
8. Athough these values were lower than the observed values of T,, they considered
the agreement good snce the divergence of the calculated vakues from the observed
values was within the kmits of experimental error.

310 Electro-Osmotic Pumping - The Stationary State - Brine Concentration and Volume
Flow

3.10.1 lon Fluxes and Volume Flow

In the unt cell flow regime ED becomes a three-port system ke reverse osmosis. The
feed sokution s introduced between the concentrating cefls, passes between the celis
and leaves the system. The permeate composition is completely determined by
membrane performance under the conditions of the process. A schematic diagram of
a unit cell showing 1on and water fluxes in the system s shown Iin Figure 3.10.1"". For
a uni-univalent satt-like sodwum chionde, the current density through a cation-exchange
membrane is related 10 the ion fluxes according to Garza ' by:

| = Flz.)* + 249 (3.10.1)
= F{* - 1) (3102
= F(lhe] + D Pty

where z, = 1 (cation)



and 2z, = -1 (anion)

and |,* and i* are the cation and anion fluxes through the cation-exchange membrane
respectively.

Effective transport numbers are defined as follows'' :

S i ] + (6] = (0 + ary2 (3.10.9)
Y = [ 11 kE] + Jie ] = 0 - ary2 (3.10.5)
where AF =17 - (3.10.6)
andf® + 17 =1 (310.7)
A = dfference between counter- and co-lon transport number or membrane
permselectivity.

i = cation transport number through cation membrane
is = anion transport number through cation membrane
and the bar refers 1o the membrane phase.

Figure 3.10.1: Representation of fluxes in the ED unit-cell system.

¢ and a indicate the cation- and anion-exchange membranes and
subscripts 1 and 2 refer to the cations and anions, respectively (uni-
univalent salts); Ax: membrane thickness; 3's: effective Nernst layers;
c,'s: feed concentration; c,: brine concentration; J* and J*: water fluxes; |*
and |* anion and cation currents., A_: effective membrane area; A:
transversal area of the dialysate compartment; Q: flow of dialysate. The
arrows show the direction of the fluxes.
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Further,
"l —~ [f (“'al . Istl) - "c F = (1 + Al‘) V2F (3108)
B o= B (i + |i]) = 00 VF = (1 - A 12F (3.10.9)

(Note: EMective transpon numbers are to be distinguished from the usual transpon
numbers which refer to the above ratio's in the absence of concentration gradients).

The brine concentration, ¢,, can be obtained from the following material balance
(Figure 3.10.1):
S It|-1r] _ 6l -18l {3.10.10)

+ +

where J° and J* are the water fluxes (flows) through the cation and anion membranes,
respectively.
Consider,

s %] - | 8] (3.10.11)

Substitute eq. (3.10.8) nto eq. (3.10.11)

e .QT;F’T'_(I‘?T"”_ (3.10.12)

(1+A1) U2F - (1-At) V2F @.10.13)
[FT-T9T

N2F [(1.41) - (1-aM) (3.10.14)
[FT+15

1 (Ar.Ar (3.10.15)

Cor | Afl | (3.10.16)

.\ 3.10.
Jat (310.17)



Ai.i‘;ﬂ (310.18)
and 2= |F|+ |&| (3.10.19)

The volume flow through every membrane s equal to the sum of the electro-osmotic
and osmotic contributions .

Therefore J = J_.. + J,.. (3.10.20)

The electro-osmotic water flow for the cation and anion membrane s given by™:

Foon = (8,17 - B, (3.10.21)
e = (at.tl. - aq"-')' (3.10.22)

The assumption here according to Garza & Kedem'® is that the electro-osmotic water
flow is governed by the drag exerted by the ons. The 's are 'drag’ coefficients. They
represent the amount of water dragged along with every type of ion by electro-
osmosis, For tight membranes, the value of the B's shoukd not be very diferert from
the primary hydration water associated weh the ons. For por s membranes,
however, the value of the B's may be several ten folds larger.

The osmotic contribution is given by™:
Jouw = 2RTa L, Algc) (3.10.23)

where R s the universal gas constant, T the absokte temperature, g the asmotic
coefficient, o the reflection coefficient and L, the hydrausc permeabilty.

Therefore,
Fon + S = 2RAT(Q.C.-90C) (0°L.° + 'L, (3.10.29)

Introduction of equations (3.10.20); (3.10.21); (3.10.22) into equation (3.10,16) and
neglecting the terms (8,° - B,9%,* and (B,* - 8,%{,* n comparison with 8.* At* and
B,* At*, gives: (note: use was made of eq.{(3.10.6)



AT «BIALY) « C.-8CJo'L +0
AT SB3AY) » Cy - oL _+a

Equation (3.10.26) s ustified for very permselective membranes where t,° and t.* are
small, or where 3.7 = B,"and 0,5 = B.*.

For high current densities, the second term (osmotic contribution) in the denominater
of equation (3.10.26) may be neglected.

There're,

*

For B° = B* and At' = At* (symmetric membranes), equation (3.10.27) becomes

- 1 1
e b

where 28 = B,° + B,*
8.7 and B,* are the drag coefficients associated with the counterions. These coefficients
are dentical with the electro-osmotic coethicient, B = (J/),, . s+ . » Measured at low
concentration where co-ion exclusion s practicaly compiete, Le.

Lonaen 2 ¥; tangs =0

The cases for which equation (3.10.28) apples (L.e. for very permselectve and/or for
approximately symmetric membranes, at high current densities) are of considerable
interest and imponance according to Garza and Kedem™ since the brine concentration
depends only on the electro-osmotic coefficients, 8,° and 8, c¢,”™™ can aiso be
determined from equations (3.10.26); (3.10.27) and (3.10.28)

R N
AT (3.10.30)

g s 4 £
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= s (3.10.31)

3102 Symmetric cells

The theory of EOP in general leads to difficut computations which must be carried out
numerically according to Garza'" . However, there is one case in which results can be
gven in terms of simple closed formula.  This case depends on the assumption of a
symmetric cefl . In a symmetnic cell the cation- and anion-exchange membranes have
identical physical properties in all regards except for the sign of their fxed charges.
Because of cell symmetry, the magnitudes of the counter-ion fluxes through both
membranes are the same, When a symmetnc sat s chosen like potassium chioride,
the anion and cation have equal mobilities. In other words, the magnitude of the cation
flux through the cation exchange membrane is the same as the magnitude of the anion
flux through the anion-exchange membrane. Also the magntudes of the co-on fluxes
through both membranes are the same, i.e., the magntude of the anion fiux through
the cation-exchange membrane is the same as the magnitude of the cation flux through

the anion-exchange membrane.
[E]=1el:1n| =&l (3.1032)
and thus
{s 2 t;' ‘? - t;: A « At = A‘ (3.10‘33)

Water flows also are of aqual magnitude and opposite direction:

|| =] | = oF Fmagrad S 199

The amount of salt leaving through the brine outlet per unit time and membrane area,
24 c,, is related to the cation flows by (egs. 3.10.10and 3.10.19):

20c, = |E| - |pl (3.10.35)
and in the symmetric system is :
J=lat/2cF (3.10.36)



3.10.21

Current Efficiency

The amount of sak transferred per Faraday of current passed through a symmetric unit
cell is given from equation 3.10.36 by

c,awz"::-al {3.10.37)

The overall efficiency, ¢, is, however, somewhat smadler than e, Since water s also lost
with the salit. The effective current denstty, |.e, the purfication of the product achieved,
s given by'":

I.,.F(% -z.mc.-c,).s(% -20)(Ac) (3.10.38)

where Q s the amourt of feed soltion entering a channel per unt time, A_ the
effective membrane area (Figure 3.10.1), A the degree of mineraization given by:

e 3.10.
A —_— ( 39)

where
C, 1s the concentration of the feed solution entering the stack, and c, the concentration
of the product leaving .

The mass balance for the salt is:
%-(%-ZJ) ¢, +2Jc, (3.10.40)
Therefore
IJF -(,%-z»(q-c) =2J(¢,-¢) (3.10.41)
and
le < 0.
C.ToAt(‘l -t) e, XE, (3.10.42)



e =1-c/c, (3.10.43)

As s customary in ED, the overall efficsency s presented as the product of two terms,
one due to the lack of ideal permselectivity in the membranes, ¢, the other reflecting
the loss of water 1o the brine, e,

3.1022 Electro-Osmotic Flow

Electro-osmotic flow s measured under the restrictions
Ac = 0, dujdx = 0

Under these condtions are !
Jooan = (s B, + k B)F (3.10.44)

Equation 3 10.44 can aiso be written as

Joeen = (Bi1, - Pt (3.10.45)
= [B.0t,1) + (B, - B) )l (3.10.46)
= [B.At + (B, - B)L)! (3.10.47)

For small values of 1, or for B, = B, = B equation (3.10.47) becomes :

Jeesn = B Al {3.10.48)

where B8* s the customary electro-osmotic coefficient measured at low onic strength
where co-on exclusion is high and At = 1, ie.:

B8* = (J/D.c.....?-ou-' - (J—\'ﬂ)l'-'

31023 Osmotic Flow at High Co-lon Exclusion

Osmotic flow is measured under the restrictions '':

|3Apa°_’.-h.0,



(absence of electnc current, hydrostatic pressure and impermeable solutes), In this
caseis':

Jun =L, 0 Ax (3.10.49)

3,102 4 Volume Flow in Electro-Osmotic Pumping

The volume flow into the membrane concentrating cells in EOP s the sum of the
electro-osmotic and osmotic water flows and s given by’

Therefore,

J=-L, 0 All + B* At) (3.10.50)
3103 Non-Symmetric Cell

310531 Porous membranes

In the previous section a simplfied theory of the electro-0smotic pumping process was
given where only the symmetric cell case was treated, By 'symmaetnc cell s meant that
the cation- and anion-exchange membranes are assumed to have the same values for
the physical properties of interest in the process, namely, absolute effective charge
denstty, electro-osmatic coefficient, and hydraulic permeabiity. If this were not the
case, the calculations would become much more complicated since At (dfference
between the effective transport numbers of courter- and co-ons) may have déferent
values for the two types of membranes, and the expression for the brine concentration,
¢, will not be as simple as for the symmetric case'’. ¢, may be found in the general
case from material balance considerations to be equalto : -

. |E|-1r] (310.11)
From the definttion of 'effective’ transport numbers given before (egs. 3.10.4 and
3.10.5), t can be written .
1 S U B 1 B

= (1 + ACYZF - (1 - AtV2F



= (A" + At)/2F (3.10.51)
The volume flow 5 given by the sums of electro-osmotic and 0SMOotic terms, namealy:

J = den * doen
= (B -Bt) +2RATa L, Ald, C,) (3.10.52)

Therefore,

| + |

= 1B, - B + B - B, + 2RT (4,6, - #€) X (oL + 0" L")

= 1B - 4 + (B - B + BAL - 1) + (B2 - B + ... + 2RT (hCs - 6C)
x (oL + o* LY {3.10.53)

for small values of t," and t* orfor B, = A,* = B*, and B, = B* = B,* ; equation
(3.10.53) becomes:

[0] + [9*] = B, AF + B, At + 2RT (8¢, - 6C) x (0°L,* + o' L) (310.54)

Substtuting equations (3.10.51) and (3.10.54) into (3.10.11), gives:

¢, (ar.avye (3.10.55)
- . . c. - oL

In the case of high current density, the second term in the denominator of equation
(3.10.55) can be neglected. Therefore,

o (A, +AL )2 (3.10.56)
FlBAT, BAE)

Plots of At versus current denstty for every membrane are expected 1o have the same
kind of behaviour as for the symmetric cell case, as no new elements have been
added. The value of ¢, however, depends now on the properties of both membranes,
and not on those of only one of them. Therefore, for high current densities the values
of At become ndependert on |, and can be calkculated ™. Since the values of At
depends on ¢,, which in its tumn depends on At* and At*, trial and error calculations are
necessary according to Garza.



an

In conclusion, for the non-symmetric-cell case (as for the symmetric cell) the following
is expected'’:

The Coulomb efficiency of the concentrating cedl will reach a maximum
(piateau) value at hwgh current densities (below the imiting value of the currert)

e =At=15-1"=(1+ A)2- (1-A19/2
= (AF + At)/2 (3.10.57)

. The brine concentration, ¢, to reach a maxmum value (also at hwgh current
densties below the Imtting value) independent of | and of the feed
concentration:

. The volume flow (3.10.54) versus |At plots will become straight ines at high
of current densty when the latter s sufficiertly high (because ¢, becomes
constant and ¢’ - the concentration at the feed interface (Fig. 3.10.1) may be
kept within certain limits by controling concentration polarzation); and the
electro-osmotic contribution s directly proportional to 1AT (AT = (AF +
At')/2, when etther At = At* or B,° = B,

Flux Equations, Membrane Potentials and Current Efficiency

Flux equations, membrane potentials and current etficiency relevant to EOP-ED have
been described by Kedem and Bar-On™. The total ED process comprises three
ndependent flows and forces; electric current and potential, volume flow and
pressure/osmotic pressure: salt flow and concentration dfference. For small flows and
gradients linear equations can be written for each of the flows, including the influence

of all gradients”*,

in practical ED, especially in EOP, flows and forces are large and one can not expect
knear equations to hold, even f the usually defined membrane transpor coefficients are
constant, according 10 Kedem and Bar-on. In fact, transpon coefficients may vary
considerably in the concentration range between feed and brine. For an adequate
dscussion of flows under these conditions, Kedem and Bar-On have folowed the
analysis given previously for reverse osmosis ™.
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In the schematic presentation shown in Figure 3.11.1, the membrane i broken down
ito dferential elements, separated by unform solution segments which are in
equilibrium with the two contiguous membrane faces. Al fluxes going from left to right
are counted posttive. The gradient of a scalar y, dy/dx, s taken as the value of the
Scalar on the right (double prime) minus the value on the left (single prime), divided by
the distance. On the other hand, the operator A is defined wath the opposite sign, in
Order 1o brng the notation used by Kedem and Bar-On in ine with that of previous
publications ':

Ac=c'-c" and

y = Iw
y +dy
r
I ’ :
i W) v
Feed solution Brine
cy —» €5 =€y >0y

L Membrane

Figure 3.11.1: Schematic representation of cation-exchange membrane,

Sah flow across a dfferential layer of cation-exchange membrane can be written as a
function of electric current, volume flow and concentration gradient according to
Kedem and Katchalsky''*:

5 i

(3.11.1)
=

8 - « ¢, (1-09J + Pac + &'

|
Z F

where
AF =15 -1f = 20,5~ 1 3.11.2)



Equation (3.11.1) can be derived as follows according 1o Kedem and Bar-On™:

In a discontnuous system containing water and one univalent sak in the absence of
hydrostatic pressure, the rate of free energy dissipation is :

¢ = AR, + hAR; + k Ap. (A)

where the u.'s are the electro-chemical potentials of ions 1 and 2.

AR, + AR, = Ay, (A2)
A, + AR, = 2FAY(Ap = 0) (A3)
| = F(J, - Jy) (Ag)
Ap, = -V, Alls (AS)
J =V, 4, (A6)

Equation (A1) can be transformed 10 :

e,

$-—L Ay, + 1A¥ I AR, (A7)

N N e Al -AR.
—z-‘-(bll.'bll‘) O(J.-J,)(_"zﬁ-\l,bu.

J. J’

.-J,‘J,-J,..J,- -J‘
. ?A“' ‘?A“WYAH’YAH‘?A”-. '-26""

'T,'f‘}md.u.
= JAR, + JAp; +J, Ap,
The sak flow was identified with J, (uni-valent cation). Therefore
Jy = J, - WF (3.11.3

The expressions for the ion fiuxes in terms of the practical coefficients are ™.

J, = wAIL + ¢, (1-0) dv + L IF (3.11.9)
and
Jy = wAIL + C, (1-a) Jv-(1-t)WF (3.11.5)



Therefore, the sak flow

2w c1-oy + wax, « SlF @116)

where w = solute permeabiity
and A=, = diference n osmotic pressure of permeable solute

Equation (3.11.1) is identical with equation (3.11.6).

P in equation (3.11.1) is the specific sat permeability, Ac the concentration difference
and o the reflection coetficient. In an ideally permselective cation-exchange membrane
will At - 1, P -0, 0 - 1, s0that $* = 1/2F. Similarly, in an ideal amon-exchange
membranewill At* -0, P <0, o -1, and S* = 1/2Fandn, = 1.

Consider now a cation-exchange membrane in which sal exclusion s not complete
with co-ions carrying a signficant fraction of the current™. In this case At will be
smaller than 1 and will decrease with increasing ¢, (sal concentration) as salt rvasion
becomes pronounced. Sat permeabilty will increase when ¢, increases. If the
influence of volume flow is negligible, a constant statunary value of S° is possible only
f the concentration profile s concave, Le. de/dx decreases from the feed 1o the brine
surface™. A region of constant ¢, may then develop near the brine surface at high
current density. The upper limit of the partial current efficiency n_® is then determined
by At' characterzing the membrane equilibrated with the brine solution. The same
argument holds for the anion-exchange membrane. Therefore, according to Kedem
and Bar-on, without the influence of volume flow

", € Ar(c,) ; arie), B3.11.7)

when back d#fusion is overcome by high current densay.

The conventional method for determination of transport numbers s the measurement
of membrane potertial, .e. AT between two solutions separated by the examined
membrane without electric current, The potential across a differential layer is given by
the expression™:

FOY 4, 198 B 11,
F_&_ A, = F[:J, (3.11.8)

where B is the electro-osmotic coefficient and L is the hydraulic permeabilty. The last
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term represents a streaming potential. if this can be neglected, the potential between
feed and brine solution is gwven by :

AT~ diny =
A?,,-..F.L A1 'm," dinc, (3.11.9)

for an ideal membrane is At = 1

m (cnvz),
AY = ] (3.11.10)
F e,
where y* s an activity coefficient and the average transport number s
- AY
= ¥ KRERE)
At o ( )

This average transpon number, according to Kedem and Bar-on, is closer 1o the value
for ¢, than for ¢,. The conclusion from equations (3.11.7), (3.11.9) and (3.11.11) is that
for concentration dependent transport numbers, the actual current efficiency
expected to be less than predicted from membrane potentials, Le.

AR AT:.|aT:| 3.11.12)

LA

The correlation given by equation (3.11.12) is vaiid only ¢ the influence of volume flow
s negligible.

The potential per cell parr, V,, (in volt), at a given currert denstty (i = licm?, mA/cmy),
s the sum of several terms'*:

Vo=V, + 1R, +R +«+R,+R) (3.11.13)

where V, s the concentration potential, a counter driving force buit up by the
concentration process. Its magntude depends on the concentration ratio between the
brineé and cialysate and the permselectivity of the membrane at the gven condtions.
V. Is measured during inerruption of the current for a lfew seconds - long enough 1o
disperse concentration gradients near the membranes, short enough 10 avoid changes
of bulk concentration.

V.. -V.
I is the resistance of the cell pair, R. membrane resistance;

N
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R, brine companment resistance: R, dialysate compartment resistance; and R, the
ohmic resistance and addtional counter potential due to polarization layers adjacent
1o the membrane surface facing the dialysate. In this system, R, s negigible, since the
brine s always more concentrated than the dalysate. For the simplest characterization
of the system, t can be written'®:

vV, -V
Ry + —2—" « R, +pdy {3.11.14)
where p s the specific resistance of the dialysate solution, and d,, is the effective
thickness of the dealysate compantment. In this simple representationthe shadow effect
of the spacer, polarzation layers and any other possible dsturbances are lumped o
(s 8

The measurement of voltage and current dunng desalnation at a given circulating flow
velocity gives the stack resistance as a function of concentration. If desalination is
camed out at constant voltage, straight lines are obtained for a piot of cell pair
resistance (R_) as a function of spectic resistance of the bulk dialysate solution (p) in
a wide range of currents and concentrations (c). This i due to nearly constart Vc,
which determines, at given bulk flow, the polarization. Straight lines show not only that
R, but aiso that the contribution of polarization, is an approximately inear function of
buk dialysate resistance.

Electrodialysis Theory
Basic Principles

An ED cell is shown in Figure 3.12.1. It comprises of a driven electrochemical cell
containing electrodes at each end and a series of compantments or channeis of
typically 1 mm width, separated by membranes™. ARernate membranes are *anion
permeable’ ("A* in Fig. 3.12.1) and ‘cation-permeable* ('C* in Fig. 3.12.1). The
membranes are thin sheets of polymer which have been treated with cationic and
anionc groups to imparn selective permeabllity, Under the influence of an apphed
potential between the electrodes, current flows within the ED cell being caried by
cations - which tend 10 migrate towards the negatively charged electrode (cathode) -
and anions - which tend to move in the direction of the positively charged electrode
(anode).
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Figure 3.12.1: General layout of an ED stack. Dil = diluating compartments;
Con." = concentrating compartments.,

To see how water purffication can occur in such a cell consider the smaller set-up
shown in Figure 3,122 and, in panticular, the events in the compartment marked D,.
The various cations present in the water (say Na*, Ca**, etc.) can pass freely through
the cation-permeable membrane at one end of the compartment and the anions can
pass through the amon-permeable membrane at the opposte end. However, nether
the cations nor the anions can move out of the adacent companments F because the
membranes towards which they move (under the influence of the applied potential) are
of the wrong type (electrical charge) to allow passage of the ions. lons, however, can
escape from compartments D,. The result of all this, in a multi-comparnment cedl, is that
water is diuted and concentrated in akernate compartments (as noted in Fig. 3.12.1) -
thus enabling the collection of the purer water from the so-called diluate channels.

During ED of a natural water, several electrode reactions are possible, but the most
generally observed ones are™™:

Hydrogen evolution, 2H" + 28 = 1 H, (cathode) (3.1211)
Oxygen evolution, 4(0OH) = 10, + 2H,0 + 4e (anode) (3.12.2)
or 21,0 = 10, + 44" + 4e (anode) {3.12.3)
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Figure 3.12.2: lon movement during ED.

Desalting Rate

An important factor in any desalination process is the rate at which desaination occurs.
in order 10 determine the factors which control the desalination rate in an ED unit, it is
necessary to examing in some detai the ion-transpor processes occurring in the cell'*
(and particularly within and around the membranes). This is done by considering the
ion-transport numbers (Le. the fraction of the current carried by the déferent kinds of
ions in the ced), in particular, it s necessary 1o compare the transpon numbars In the
bulk solution and in the membranes. Consider, therefore, desalination of a solution of
sodium chioride, In the bulk solution, away from the membranes, the currert is carried
Dy the opposite drift of Na* and CF ions, in fact, 60% of the current is carried by the
CMons and 40% by Na* lons, i e. the transport numbers in the bulk solution are t, =
04 and t; = 06 In perfect membranes, however, only one type of ion can pass
through @ membrane and the total current is carried by that ion. The characteristics
of perfect and practical lon-exchange membranes are shown in Table 3.12.1,
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Table 3.12.1: Characteristics of perfect and practical ion-exchange membranes.

Membrane Type Cation-permeable Anion-permeable
membrane (CPM) membrane (APM)
Perfect membrane F.=10F =0 t=0t=10

‘Practical membrane Fo=10F << <<y =10

where T, = transport numbero of cations (Na*) in CPM

{ = transpont number of anions (CI) in CPM
f, = transport number of cations in APM
| = transport number of anons in APM

The efficiency with which a membrane excludes a particular ion 8 expressed by the
permselectivity of the membrane with respect to that jon. The permselectivity is defined
as tollows'":

For cation permeable membranes:
pe -t T-t (3.12.4)
D
For amon permeable membranes:
P..lw?a.?z": (3.12.5)
=Y

Consider now the ion transpon processes occurnng within an ED unt and & s useful
10 begin with a simple cell containing sodium chioride solution with just one perfect
membrane (a CPM) inserted (Fig. 3.12.3). In the stuation depicted in Figure 3.12.3,
chioride ions are drifting to the right and sodium ions to the left. At the membrane the
sodium lon flux is proportional to the current | Thus, as indicated in the magndied
sketch of the membrane region (Fig. 3.12.3a),
te. =10 L. =00

L@ the Na* megration rate is UF equiv/s where | s the current and F is Faraday's
constant. In the bulk soilution on efther side of, but away from, the membrane,

4. =04 and t, =06
Le. migration rates in equiv/s are 0.4 I/F of Na* and 0.6 I/F of CI.

Consider now the two boundary-layer regions on ether side of the membrane. The
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ion flow due to the electrical current will produce tha following mass balance for the
passage of each Faraday of current,

R.H.S. Sodium

Inflow from solution Outflow through membrane
04 1.0

Sodium depletion = 0,6 (equw)

Chioride

Inflow from membrane Qutfiow to solution
0.0 06

Chiorde depletion = 0,6 (equwv)

Consequently, t appears that there s a deficeency in the salt mass balance on the
RHS. of the membrane, when account is taken only of the electrical flow of ons.
However, the nett effiux of sah from thes region will reduce the concentration at the
membrane surface and this will tngger an additional migration process, namely a
diffusive fiux of sal from the bulk solution into the depleted boundary region. In the
steady state, the mass flux due 10 diffusion must be equivalent to sodium and chioride
depletion rates of 0.6 (caused by the electncal flux) in order 10 martan the saf
concentrations in the boundary region

L.H.S. Sodium

Inflow from membrane Outflow 10 solution  Accumuiation Rate
1.0 04 0.6 (equiv)

Chioride

Inflow from solution Qutflow 10 membrane  Accumulation -ate

0.6 0.0 0.6 (equn)
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electrochemical cell containing NaCl solution.

In a similar manner to the sai deficiency on the R.H.S. of the membrane as a result of
cmwcmmmnuempmmumaccmmammmw.s.am
membrane equivalent 1o a transport number of 0.6. This imbatance of mass flow s
again in the steady state, counted by a diffusive flow of sat. This time the saR
concentration is increasad at the membrane surface by the electrical migration and the
saft therefore diffuses away into the bulk of the solution. Comparing this stuation with

a7



the straightforward electrolysis process without the membrane, the nett effect of
insening the membrane is 10 produce an apparent dffusion of satt from right to left
across the membrane. The rate (in equivs per Faraday) of thes apparent diffusion
transport number, T, may be expressed in terms of the transpon numbers. For the
present case, t s clear that T. = 0,6 equiv/Faraday, Le. T = 1, However, in the
general case for imperfect membranes, a simiar analysis as that above leads to:

Tx - ', - ‘3‘

A simiar analysis and argument may be set up for an anon-permeable membrane.
In this case, # the membrane was perfect (ie. i,* = 0 and §,* = 1,0), there would
appear 1o be a sah depletion on the LH.S. To balance these there would have to be
an apparent difusion of sak from left 1o nght across the membrane. In this case for
an imperfect membrane, T, = t, - {,* which reducesto T, = 04 for the case of
a perfect APM in a NaCl solution.

Consider now what will happen if an anion-permeable membrane s insened on the
right hand side of the cation permeable membrane in Figure 3.12.3. Suchasetup s
depicted in Figure 3.124, Passage of current through this system will produce an
apparent effect of sakt diffusion out of the space between the two membranes. For the
simpie example of perfect membranes in NaCl soiution, the rates of these apparent
dffusions will be

To the left across the CP M., Toe = 086
To the right across the APM., T, = 04

But, for the general case with imperfect membranes T =1, -1 and T, =1t -{*

Therefore, the total apparent dffusive flux out of the central compartment of a set-up
like Figure 3.124 is:

Tu - Tx + Tm ) " . i'z +* ty‘f«'. (312.5)
= 1 - i - {,* equiv per Faraday (3.12.7)
= 1 for perfect membranes. (3.128)

T, the sal fiux out of the central compartment, s clearly a measure of the desalting
rate, Le. for a current flow of | amp,



Desalting rate = VF (Toe + To) equivis (3.129)
= VF equiv/s (for perfect membranes). (3.12.10)

Hence, for a system with perfect membranes, the sait removal from the space between
the membranes s exactly equivalent to the charge that s passed through the system.
Thes is exactly equivalent 10 the decrease in salt concentration in sodium chioride n a
simple electrolytic cell in which the electrode reactions invoived sodium deposition
(cathodic) and chiorine evoiution (anodic). (Note: If the membranes been the other
way round in Figure 3.12.4, the APM on the left and the CPM on the right, then the
effect would be to concentrate rather than dilute the solution between the membranes),

Thus, the desalting rate increases with cell current. Another important factor s the
number of membranes, As mentioned earlier, the above expressions apply to a simple
ED cell containing st one pair of membranes. The system can be greatly improved
by insertng many pars of membranes because each par produces an equivalent
amount of desalination. Thus, the total desalination achieved per unt charge flow s

CEM APM

O— O
Na* Nao* Na*
- et o

Figure 3.12.4: Ce'' containing a pair of membranes.



N times that in a one-pair set-up, where N s the number of membrane pairs, Le

Desating rate = NI (To. + ToJ (3.12.11)
3

Note that, in Figure 3,12.2, there are 6 membrane pairs giving a desalting rate of 6I/F
equn/s for perfect membranes.

3123 Energy Requirements for Electrodialysis

In order to estimate the energy requirements for ED all the potential dfferences (or IR

drops) in the cedl must be investigated. The required applied voltage for ED comprises
several elements'’®:

i) a voltage necessary 10 drive the electrode reactions;
a voltage required to overcome the aqueous solution resistances in the ED
coll;

i) a yolage necessary to overcome the membrane potentials;

The first of these is determined from the alectrode potentials for the panicular electrode
reaction and increases with cell current due 10 polarisation of the electrode reactions.
However, n commercial units, thes component of the required apphed volage s usually
small in comparison to those ansing from (i) and (s). Therefore, the latter factors will
be considered in more detail

3.12.3 1Solution Resistances

The resistivity of an aqueous electrolyte decreases with INncreasing ionic concentration.
Therefore, IR drops through the diluate channels are considerably greater than those
through the concentrate channets. A further complication, with consequences for ED
energy requirements, is concermned with concentration changes which occur in the
regions immediately adjacent to the membranes. These are summarzed in Figure
3.12.5 which illustrates that satt depletion occurring in the boundary regions adjacent
10 the membranes in the diluate channels and enrichment occurring in the boundary
layers on the concentrate side of the membranes. For a cation-permeable membrane,
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Figure 3.12.5: The cell pair showing salt depletion occurring in the boundary
regions adjacent to the membranes In the diluate channels and
salt enrichment occurring in the boundary layers on the
concentrate side of the membrane.

Figure 3.12.6: Concentration changes in boundary layers around membranes.

the concentration of salt in the *diuate boundary layer* is lower than the concentration
of sat in the *main diluate stream”, but the sakt concentration is relatively ennched in
the *concentrate boundary layer', Both these effects are clear on the concentration
profiles shown in Figure 3.125. This phenomenon is very similar to concentration
polarization processes which can occur around electrodes in electrochemical cells
except that, in the present cortext, there is an unbalanced Faradaic transport in and
around membranes which promotes additional diffusion fluxes to establish the steady-
state concentration profie. Thus, these concentration-polarization phenomena around
membranes in ED cells are a natural and inevtable result of the desalting mechanism
i.@. of the change in electrical transporn numbers at the membrane interface upon which
the ED desaination process reses.

One important practical consequence of concentration polarization around membranes

in ED units, indicated in Figure 3.12.5, is that the resistance of the diluate boundary
layers is signdficantly greater than in the bulk diuate stream. Therefore, the occurrence
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of concentration polarzation increases the energy requirements for ED.
31232 Membrane Potentlals

When an on-selective membrane separates two solutions of a sat at offerent
concentrations, a potential diference is set-up across the membrane. This happens
because, in the absence of any appled potentiais, Na* ions will tend to migrate across
the cation-exchange membrane from the concentrated solution to the diluate solution.
Thes will lead 10 a charge imbalance across the membrane with the déuate side
becoming postively charged relative to the concentrated side. Eventually this potential
difference across the membrane will busid up to such a level that further ion transfer is
discouraged and the value of the potential difference at this equilbrum condttion is
known as the membrane potential  For a salt consisting of sngle-charged ions, and
assuming that activities can be equated to concentrations, the magnttude of the
membrane potential is given by

€% T @1212)

where C_, and C_, are the concentrations of the salt in the concentrated and diute
solutions respectively,

The imponarnt point about the above is that natural flow across a membrane is from
concentrate to diluate (i.e. the opposite to that required in desalination) and, 10 reverse
this natural flow direction requires the applcation of a potential of magnitude greater
than E,, Le. the membrane potential represents a potential drop which has to be
overcome by the external applied voltage in order for desalination to occur. However,
this is not the whole story. The magnitude of the membrane potential indicated by the
above equation only apphes to the equiibrium (Le. infinftely-low currert) state. As
previously discussed, an nevitable consequence of desalination at finte currents is the
occurrence of concentration polarization, The consequent concentrate ennchment and
diluate depletions at the membrane/solution interface means that C,, will be greater
than the bulk concentrate composttion and C_; will be less than the buk diluate
concentrations. Therefore, another important effect of concentration polarzation is to
increase the membrane potential and hence the energy requirements for desaination.
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31233 The Cell-Pair Potential

The magor part of the energy requirements for ED comprises the vollage necessary 10
overcome the solution resistances and membrane potentals. Estimaton of the voltage
is conveniently done by considering one cell pair which, as shown in Figure 3.12.5,
encompasses a par of membranes, The cell par potential V., is the sum of ail the
potential drops across the membranes and solutions comprising one cell pair,

Consider the basic conflict between attempts to maximise desating rate and to
minimze energy requirements. The flux of saks from the diluate channel is given by

To=1-8°-1* (3.12.13)
and that the desaling rate, d, is given by:

d = iT, equv cm® s’ (3.12.14)
F

(using current densaty, |, instead of current I). The power required to drive a cell pair
s
P = V,, i watts cm? (3.12.15)

Therefore, increases in i whilst raising the desalting rate, also lead to hgher energy
consumption - not only directly but aiso by increasing V.. due 10 higher IR drops and
concentration-polarzation effects.

3123 4 Resistances

The major contributor to V,, s the resistance of the diluate stream. |t is normal practice
10 keep the concentration of the concentrate high anough for its resistance o be
negligible in companson to that of the diluate. Modern membranes have, however,
negligible small resistances. As a first approximation, &t can be considered that the
diluate stream is providing all the resistance. To caiculate the resstance, the man
stream and the boundary layers must be considered separately,

Considering the total thickness (including boundary layers) of the diluate stream 10 be
t em (typically 0.1 cm) (see Fig. 3.126). Let the thickness of the boundary layers
(adjacent to the membranes) be & (determined by hydrodynamic conditions and
typically 0.01 cm).
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31235 Main stream of dlluate
The resstance of 1 cm® cross section. d, s given by:

R, =1-28 ohm (3.12.186)
L3

with the conductivity, x, expressad in unts of (ochm/cm) "

But the conductivity, x. depends on the concentration C, (equivicm”) of the dduate
streamwviax = AC, (3.1217)

where A\ = equivalent conductivity in ¢ n/ohm equiv.

R, = 1-28 (3.12.18)
AC,

31236 Boundary layers of diluate

Faradaic transpon (Le. under the influence of the applied electric field) of ons, across
the membranes out of the diluate companment, leads to a depletion of salt in the
boundary layers which, in turn, causes a diffusion flux from the bulk diluate. The
concentration gradient across the boundary layer stabilises (i.e. steady-state condttions
are estabkshed) when the two fluxes are equal

Consider the CPM boundary layer (left ciagram on Fig. 3.12.6).
Faradaic Flux = VF (t, -9 = (t/F) (3.12.19)
Diffusion fiux = O dg (3.12.20)
dy

Therefore, at steady state,

D dge = LIF (3.12.21)
ay

Conductivity (and hence resistance) is concentration dependent. Therefore, 1o find the
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boundary-layer resistance, Ry, integration must be carried out across the layer.

3 (3.12.22)
Hmdmby-%‘x-zcx (mpba126)
Therefore, resistance of boundary layer,
L]
Rac = [, ‘_‘:lc (3.12.23)
Concentration gradient (assumed linear - see Figure 3.12.6) is:-
de  Co -G (31224
w e 3
Changing the integration varable limits:
= & 'w
Rgc - f ( (C'-CJA in (E:) (3.12.25)
. Nl °'] (3.12.26)
C,-Cc)n |cC

(since C,-C, = -(C.-Clandinx = -In 1/x)

An alternative expression for Ry can be produced by using the previously formulated
steady-state relation.

p % 1, g0 UG-0) (3.1227)
o i i 3
i
G, =0y % (3.12.28) (A)
.80 TG
Rx wu\ [c‘ E t.bi) (312«29)
{2
D [ 2 .'.ai'.] (3.12.30)
T FDC,
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A simdar analysss can be carmed out 1o obtain an expression for the resistance, R,,, of
the diluate boundary layer at the APM (right hand side of Figure 3.12.6). This leads 1o

G ./ o 1231
A = o W 1 mﬁ] (3.12.31)

The depletion of solute in the boundary layers arises from the rapid fux of sokste
species through the membranes - this flux being directly proportional 10 the current
flowing in the cell. In other words, as i increases from zero, the concentration gradient
in the boundary layer increases (C, decreases as | increases). It follows, therefore, that
there are imits to the current that can be carmed by the solute ions in an ED system -
this imit being reached when C_ approaches zero.

As C_ approaches 0, equation (A) becomes:

0 ™ k‘%-. (3.1232)
and
CFD
z —— (3.12.33) (B)
e Lo

which in turn, defines, for any gven ED unit. a defintte imn to the desaling rate -

Nivs

F

Another aspect of this “limiting current density phenomenon concerms the transporn of
H* and OH ions across CPM and APM membranes, respectively. At low current
densities, the current is carried almost exclusively by solute ions rather than by H* and
OH. This is because of the very low concentrations of H* and OH in neutral solution
(107 molf) - and is despite the approximately ten times higher mobiities of H* and
OH compared with sokute ons. But, as | ncreases, the fiux of H* and OH across the
membranes increases until, as i, Is approached, the flux of H* at the CPM and of OH
at the APM becomes a substantial fraction of the total current. In rather more precise
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terms, because of their tenfold higher mobiities, an appreciable fraction of the currer
will be carried by H* and OH, present at concentrations of 10" moli, when the solute
concentration at the membrane/diuate interface C,, falls towards a value of about 5 x
10* molt. Such a stuation not only results in an obvious decreased efficiency of
desaination but also n highly undesirable pH changes in the soltions. One
consequence of such pH changes is that they can lead 10 an increased tendency
towards scale preciptation f the pH increases signfficantly in any local region

31237 Membrane Potentials

The contribution of membrane potentiais to the cel-pair potential is most convenently
predicted by considering ED of a solution of a single sat comprising of univalent ions.
As was noted earlier, for this case the membrane potential was given by:

B s -5‘.1‘);':1.,‘:_'1 (3.12.34)

vwoere C,. and C_, now represent the buk concentrations of the satt in the
companments on ether side of the membrane. Note, though, that the membrane
potential s determined by the sat concentrations at the membrane/sal interface. It
was noted earher that finge cell-current flow resulted in salt depletions and anrchments
within the boundary region beside the membrane. In such crcumstances, E, will no
longer be determined by the bulk-salt concentrations (C,, and C_) but by the
concentration-polarised membrane/boundary layer interfacial values (C,. and C_. . n
the C.P.M. in Figure 3.12.7). Therefore, in order to obtain an expression for E,, in these
practically-relevant conditions, t is necessary to estimate the concentrations C_,. and
Cux for CPMand C_,, and C_, for the APM. This exercise is considerably
simpified ¢ & is assumed (see Figure 3.12.7) that the four boundary layers have
identical effective thickness, 8. If we assume a perfect cation permeable membrane
(CPM) and use the notation of Figwe 3.127, the polarised CP.M. membrane
potential s given by.-
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Ep = -1 _o);m'_. In _cﬁ (3.12.35)

Now C, - C = =— (see A) (3.12.36)
FD
8. A (3.1237)
c“ c‘ Fo
Similarly C,,, = C, + %_‘ (3.12.38)
C, i
hence £, = AL 1 [CeFOC (3.12.39)
g 8
FDC,
Simidarly for the AMP,
C. | s
m !C, FDC. (3'12‘0)
Ere F - | 4. L84
FDC,
-oncentrote Cilucte \ -oncentrote
T PM APM
: B : el
‘C.oc ""'cwoo
Ce L ‘ :\+_C5
[/ E——
| ML:,,“ i
: f] N

Figure 3.12.7: Concentration polarisation effects on membrane potential.

If the concentrate stream is several or more times as concentrated as the diuate
stream, then
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C.,, bb (3.12.41)
C, FDC,
because - - b (see equation B) (3.12.42)
b FDC,
and | has a maximum value of 1

=y

All the relevant terms have now been covered, which, to a first approximation,
cortribute to the ced pair potential V.

Cell pair potential V.., is given by:
i€, Vi =i (Ry + Rec + Ryd) + En + E., (3.12.43)
w2 PO, [, W) FD, [, b
Ve AC, Mh ’ FDC, t,Ah FDC,
) w) L
C, FDC, F FDC,
Lo L LU . L (3.12.44)
F e, Foc,] F "'(' FDC.]

v Jie-23) FD m] [ t,u
e ' ,.c‘

- Fnl - we
[ *
, AT [h{fz . .. N 93 .o ]] (3.12.45)
F| |c, Foc, C,
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Further simpification of the bottom ine of the above expression t is necessary 1o recall
that:.

c.

= b Lol
Cs

».% (“Msb FOC,

2 ()BT

2RT . S (3.12.46) (C)

The order of magnitudes of some of the terms n the above relation is as follows by
considering the desalination of sodium chionde: -

F = 96 500 Coulomb/equiv.t;, = 06 R = B3 pule K

D (diffusion coefficient) = 1.5x 10°cm¥/s, t, = 04

A = 108.9cm’ ohm’ equiv’.

From which we can estimate the following terms:-
ED = 96500x 15x 10° | coulomb cm’ ohm equiv = vos
LA 06x 1089 equiv s cm*

= 0,02215voh

AT = 83x300 = 00258voh

F 96 500
inshort FD and RT are of the same order
A F

AlsoFD = 0,03323voR
LA

Remember also that t.3i and t3i have maximum values of 1,

Of the remaining terms in equation (C) 1.4 and C, may be considered as design
parameters which may be chosen and fixed. Therefore, in estimating the energy
requirement for V., & remans 1o find the most suitable combination o' varnables in V.
1and C,. A corversent way of doing thes is 100 recast equaton (C) n a non-
dimensional form. This operation can be done in several steps:-
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)  Mutiply both sides of (C) by F/RT.

This makes the L.H.S of (C) Yﬂ: which is a (voltage) non-dimensional term,

which we cal V
() The first term on the RHS of (C) now becomes
28 F
CA RT

If we multiply this term by = CFD x 1
tL:' W = (3.12.47)

wegeti ~ t28 FD = pAl (3.12.48)
b 8 ALRT

when it is separated into three non-dimensional terms

| = i (3.12.49)
ba

A = (3.2&) (3.12.50)
L)

p = _FD (3.12:51)
ALRT

(=) Replace C,/C, by C-another non-dimensional (*concentration rato®) term.

The substtution of the above non-dimensional terms into (C), together with
some manipulation, gives the following non-dimensional equation:

Simple Resistance Polarization Usetul

V= B teP) M ebtey P n (1.4 h +2mC 31252 D)
1 W

Possible r..ges of values for A |, and C

Typical plart vabies
0 < i < large 9
Q<l< 0,95

10 < C < 200 15-70
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3124

Equation (D) is dvided ino terms coming from simple resistive 10sses (since the Al
term is derived from the first term on the RHS of equation (C) which represents the
bulk diate resistance), and the work done against the membrane potentiais (said to
be ‘useful® because it represents the mnimum energy without polariza: on effects), and
the polarization-Josses (all these terms being derived from all the terms in (C) except
the first and the last (simple membrane potential). These contributions to the cell pair
potential may be plotted separately as they are n Figure 3.12.8. The *useful® potential
is only a function of C and the two *loss* potentials are both functions of |, the resistive
loss being a function of A as well This graph then covers the total ikely range of
conditions to be found in practical ED stacks. Thus, the various curves for different
values of A are plots of the contributions of the resistance loss (BAl) 10 the V term for
diferent values of A (the cell to boundary layer thickness ratio). Note that, as i
ncreases (1.e. as the cell size ncreases) the energy requrements increase. Note also,
that, for e caiculations of the value of p (used in the i-plots and also n the
polarization piot) that a temperature of 300 *K has been used,

Estimation of Effects of Flow of Solution through Stack on Desalting Process

No account of the effects of flow of solution through the compartments of the ED stack
have been taken up to now. This matter can be estimated by nvestigating how
conditions vary as the diluate passes along its channel ™, This procedure can be
started by carrying out a satt mass balance on an element, dx, in which the
concentration changes from C, by a small amount dC, (See Figure 3.12.9).

Areaof element = 1xt = tem’

Therefore, rate of sak flow into element is C Ut equivs .

Sak flux out of element along diluate channel is (C, + dC,) tU,equivs’,
Flux of sak through membranes (= desalting rate)

i
= F equiv/em’ s

i
= F dx equiv/s (out of element dx of membrane area dx com’)

Mass balance on salt gnes:-

CAU, = (C, + dC,) 1Ud + ixF (3.1252)

or, - dCAU, = idXF (3.12.53)
9C, = | (3.12.59)

T FU,
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Figure 3.12.8: Effect of | on V,, (V,, = (il) at different cell to boundary layer thickness
ratio’s (i) (simple resistive losses); effectof lonV,_ (V, =-(1 + ) In
(10«1 4 8)In(1-11]) (polarisation losses); effect of C (C_/C,) on

L t
V., (V, = 2In C) (useful potential).
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It i in the above equation is replaced by the dimensionless current term | = Vi,

or I = L3 (3.12.55)
C.FD

L. using the expression (derved earlier) for .-

e = CfD (3.12.56)
(8]
one obtain:
ICO = ax
dC. = B et (3.12.57)
oW,
or:
Y, 9 12
dx 5 * c, (3.12.58)
.- LW, L‘E! 312
[Jax Sl (3.12.59)
xe - B e, - C, x - 0) (@ 1260
. - WY, In Cax) (3.12.61)
DI Cdx -0

o
and C,(x) = C,(0) o Vi) 10

& .-(—.;.%;)' (3.12.63)
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Figure 3.12.9: Flow through a diluate channel.

Now V., will be constant along the cell, but C, and | wil vary with x. Polarisation will
be worse (Le. highest value of |) at the stack entrance. Hence, f there is a "design®
imt on polarisation it must be applied here (at x = 0). Hence, at this location C, = C,
(feed concentration) and | = 1, It can therefore be worked out what the ced pair
voltage will be at this point and this will be the value for the whole stack. Having
settied on a value for V.. it can be examined how C, and | (or |) vary with x. A typical
result of such an analysis s shown in Figure 3.12.10.
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ELECTRODIALYSIS IN PRACTICE

Electrodialysis technology has progressed significantly during the past 40 years since the
introduction of synthetic ion-exchange membranes in 1949°*. The first two decades of this
penod saw the development of classical or umdrectional standard electrodialysis. However,
during the past decade, the main feature has been the cevelopment of the polartty reversal
process - the so-called electrodialysis reversal (EDR)™. This form of electrodialysis
desaknation has vinually displaced unidirectional ED for most brackish water applications and
is siowly gaining a significant share of this market.

EDR is at present mainly used for the desalination of brackish waters to produce fresh potable
and industrial water, Unidirectional ED is used on a large scale n Japan for concentrating
seawater to produce brine for sat production™® and is also used on a small scale for seawater
desaination™ and for brackish water desalination™”.

Outside the water desalination field, ED is also being used on a large and increasing scake in
North Amernca and Europe to de-ash cheese whey to produce a nutrtious high quaity protein
food supplement™. It is also finding appication in the treatment of industrial waste waters for
water recovery, reuse and effiuent volume reduction™®' *

41 Electrodialysis Processes and Stacks

Different types of ED processes and stacks are used commercially for ED
appicatons™. The fiter-press- and the unit-cell stacks are the most familiar.

411  Filter-Press Stacks

The fiter press stack configuration™ * in which aRernate cation- and anion-exchange
membranes are arranged between companment frames in a plate-and-frame fiter
press assembly is shown in Figure & 1,

Sar soltion flows between the atermnately placed cation and anion permeable
membranes in the ED stack, Direct current (DC) provides the motive force for ion
migration through the lon-eéxchange membranes and the ons are removed or

concentrated in the aernate water passage by means of permselective ion-exchange
membranes. This process is called the standard ED process.
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Figure 4.1: Plate-and-frame type EDR membrane stack.
C = cation membrane. A = anion membrane.

The standard ED process often requires the addaion of acid and/or polyphosphate to
mmm:ommmmcmawmm(mascwo,
and CaS0,) in the stack To maintain performance, the membrane stack needs to be
cleaned periodically to remove scale and other surface fouling maner. This can be
done in two ways™ by cleaning in-place (CIP); and stack disassembly.

Special cleaning sokutions (dilute acids or alkaline brne) are circutated through the
membrane stacks for in-place cleaning, but at regular intervais the stacks need to be
disassembled and mechanically cleaned to remove scale and other surface-fouling
matter. Wmmwuatmmmmmwisa
disadvantage of the standard ED process.
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The electrodialysis reversal process (EDR) operates on the same basic panciples as
the standard ED process. In the EDR process, the polarty of the electrodes s
automatcally reversed periodically (about three to four times per howr) and, by means
of motor operated valves, the fresh product water' and ‘waste water’ outlets from the
membrane stack are interchanged. The ions are thus transferred in opposite drections
across the membranes. This aids in breaking up and flushing out scale, siime and
other deposis from the cells. The product water emerging from the previous brine
cells s usually discharged to waste for a period of one to two minutes untd the desired
water quality s restored.

The automatic cleaning action of the EDR process usually elimnates the need to dose
acid and/or polyphosphate, and scale formation in the electrode companments is
minimized due to the continuous change from basic to acidic conditions, Essentially,
therefore, three methods of removing scale and other surface fouling matter are used
in the EDR process™, viz., cleanng in place, stack disassembly as used in the
standard ED process. and reversal of flow and polarity in the stacks. The polartty
reversal system greatly extends the intervals between the rather time-consuming task
of stack disassembly and reassembly, with an overall reduction in maintenance time.

The capabiity of EDR to control scale precipitation more effectively than standarc ED
is a major advantage of this process, especially for applications requiring high water
racoveries. However, the more complicated operation and maintenance requirements
of EDR equipment necessttate more labour and a greater skil level and may be a
disadvantage of the process.

Unit-Cell Stack

A untt cell stack s shown In Figure 4.2. In this case the cation- and arson exchange
membranes are sealed together at the edges 1o form a concentrating cell which has
the shape of an envelope-iike bag™. Many of these concentrating celis can be placed
between electrodes in an ED stack.

The concentrating cells are separated by screen-lke spacers. The feed flows between
these concentrating cells and the direction of currént through the stack @ such as 10
cause ionic flow into the bags. Water flow into the cells is due 1o electro-osmosis
(water is drawn along with the j1ons), and osmosss (water flows from the feed solution
1o the more concentrated brine). Small tubes are attached to each untt cell to allow
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overfiow of the bring. Because brine 8 pumped out of the cells mainy by the inflow
of electro-osmotic water flow, this vanan of ED s called electro-osmotic pumping ED.

(9]

Carhode

Figure 4.2 Schematic diagram of an ED unit cell stack.
C = cation membrane. A = anion membrane.

lon-Exchange Membranes

lon-exchange membranes are on-exchangers in film form.  There are two types:
anion-exchange and cation-exchange membranes. Anion-exchange membranes
contain cationic groups fixed 1o the resin matrix. The fixed cations are iIn
electroneutrality with mobile anions in the interstices of the resin.  When such a
membrane 8 immersed in a solution of an electrolyte, the anions in solution can intrude
into the resin matrix and replace the anions intialy present, but the cations are
prevented from entering the matrix by the repulsion of the cations affixed to the resin.

Cation-exchange membranes are similar. They contain fixed anionic groups that permit

intrusion and exchange of cations from an external source, but exclude anions. This
type of exclusion is caled Donnan exciusion.
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Detais of methods for making on-exchange membranes are presented in the
iterature™ " Heterogeneous membranes have been made by incorporating ion-
exchange panicies into film-forming resins (a) by dry moking or calendering mixtures
of the ion-exchange and fim.forming materials. (b) by dispersing the won-exchange
matenal n a solution of the film-forming polymer, then casting films from the solution
and evaporating the solvent; and (c) by dispersng the ion-exchange material n a
partially polymerized fim-forming polymer, casting fims, and completing the
polymerization.

Heterogeneous membranes with usefully low electrical resistances contain more than
65% by weight of the crass-linked jon-exchange particies. Since these lon-exchange
particles swell when immersed in water, t has been dificut to achseve adequate
mechanical strength and freedom from distortion combined wkh low electrical
resistance.

To overcome these and other difficulties with heterogensous membranes,
homogeneous membranes were developed in which the ion-exchange component
forms a continuous phase throughowt the resin matrix. The general methods of
preparing homogeneous membranes are as follows'™:

B Polymerization of mixtures of reactants (e.g.. phenol, phenolsulforsc acid, and
formaldehyde) that can undergo condensation polymeriz “on. At least one of
the reactants must contain a moiety that ether s, or can be made, anionic or
cationc.

. Polymerization of mixtures of reactants (e.g. styrene, vinylpyridine, and
dnvinylbenzene) that can polymerze by addtional polymerzation. At least one
of the reactants must contain an anionic or cationic moiety, or one that can be
made s0. Also. one of the reactants is usually a cross-inking agent 1o provide
control of the solubiity of the films in water.

. Introduction of anionic or cationic moieties into preformed films by techniques
such as /mbibing styrene into polyethylene fims, polymenzing the imbibed
monomer, and then sulfonating the styrene. A small amount of cross-linking
agent (e.g. dwvinylbenzene) may be added to control leaching of the ion-
exchange component. Other simifar techniques, such as graft polymerization
of imbibed monomers, have been used to attach ionzed groups onto the
molecular chans of preformed films.

o Casting films from a sokution of a mixture of a inear film-forming polymer and
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a lnear polyelectrolyte, and then evaporating the soivent.

Membranes made by any of the above methods may be cast or formed around scrims
or other reinforcing matenals to improve their strength and dimensional stability.

The properties of some represertativecommarcially available ion-exchange membranes
as reported by the manutacturers are shown in Table 4 1™

Table 4.1: Feported Properties of lon-Exchange Membranes*
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Fouling

Fouling of ED membranes by dissolved organic and inorganic compounds may be a
serious problem in practical electrodialysis® * " ynless the necessary precautions
{pretreatment) are taken. Organic fouling s caused by the precipration of large
negatively charged amons on the anion-permeable membranes in the dialysate
compartments.

QOrganic fouling of anion permeable membranes takes place in a number of ways™

a) The anion s small @nough to pass through the membrane by electromigration
but causes only a small increase in aelectrical resistance and a decrease n
permselectivity of the membrane,;

b) The anion s small enough to penetrate the membrane, but its electromobilty
in the membrane IS SO low that its hold-up in the membrane causes a sharp
increase in the electncal resistance and a decrease in the permselectivty of the
membrane;

c) The anion © 100 DIg 10 penetrate the membrane and accumulates on the
surface (to some extent determined by the hydrodynamic condtions and aiso
by a phase change which may be brought about by the surface pH). The
decrease in electrical resistance and permselectivity of the membrane s shght.
The accumuiation can be removed by cleaning.

In case (c) the electrodialyss process will operate without senous internal membrane
fouling and only mechanical (or chemucal) cleaning will be necessary. Case (D) would
make it aimost impossibie 10 operate the electrodialyss process. In case (a), the
electrodialysis process can be used ff the concentration of large anions in solution s
low or if the product has a high enough value to cover the high electrical energy costs.

Inorganic fouling is caused by the precipitation (scaling) of siightly soluble inorganic
compounds (such as CaSO, and CaCoO,) in the brine comparnments and the fixation
of multivalent cations (such as Fe and Mn) on the cation-permeable membranes.
Organic arsons or multivalent cations can neutralize or aven reverse the fxed charge
of the membranes, with a signfficant reduction in efficiency. Fouling aiso causes an
Increase in membrane stack resistance which, in turn, increases alectrical consumption
and adversely effects the economics of the process.
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The following constituents are, to a greater of lesser extent, responsible for membrane
fouling **:

Traces of heavy metals such as Fe, Mn and Cu,
Dissolved gases such as O, CO, and H,S,

Silica in diverse polymeric and chemical forms.
Organic and inorganic collokds.

Fine paruculates of a wide range of szes and compostion
Alkaline earths such as Ca. Ba and Sr.

Dissolved organic materials of both naturai and man-made ongin in a wice
vanety of molecular weights and composttions™,

. Biological materials - viruses, fungi, algae, bacteria - al in varying stages of
reproduction and Ife cycles.

Many of these foulants may be controlied by pretreatment steps which usually stabilize
the ED process. However, according to Katz***, the development of the EDR process
has helped to soive the pretreatment problem more readily in that it provides seff-
cleaning of the vital membrane surfaces as an integral part of the desaling process.

Pretreatment

Pretreatment techniques for ED are similar to those used for RO™, Suspended sokds
are removed by sand and cartridge fiters ahead of the membranes. Suspended
solids, however, must be reduced to a much lower level for RO than for ED. The
preciptation of sightly soluble salts in the standard ED process may be minimized by
jon-exchange softening and/or reducing the pH of the brine through acid addition
and/or the addaion of an ihibiting agent.

Organics are removed by carbon fiters, and hydrogen sulphide by oxidation and
fitration. Biological growths are prevented by a chiorination-dechiornnation step. The
dechiorination step s necessary 10 protect the membranes from oxidation. ron and
manganese are removed by green sand fiters, aeration, or other standard water
treatment methods. It has been suggested that muRtivalent metal and organic ions, and
hydrogen sulphide, however, must be reduced to a lower level for EDR than for RO™

The overall requirements for pretreatment in ED, may be somewhat less rigorous than
for RO due to the nature of the salt separation and the larger passages provided ™.
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in ED, the ions (impurities) move through the membranes, while in RO the water moves
under a high pressure through the membranes while the salts are rejected. Salts with
a low solubility can, therefore, more readily precipitate on spiral and hollow fine fibre
RO membranes 10 cause fouling and to block the small water passages. Suspended
solids can also more readily form a depost. However, this might not be the case with
wbular RO membtranes. With the EDR process, precipfated salts in the brine
companments can be more readily dissoived and flushed out of the system using
polarty reversal without the need for chemical pretreatment.

However, high removals of suspended solds, iron, manganese, organics and hydrogen
sulphide are still critical to avoid fouling and supplers of EDR equipment recommend
pretreatment of the feed water'™, f & contains the following ions: Fe > 0.3 mg/t, Mn
> 0,1 mg/t, H,S > 0,3mg/t; free chiorine and turbidity > 2 NTU. In every case, of
course, a careful exammation of the prospective water woukd be necessary to
determine sutabilty and pretreatment.

A centain degree of fouling is, however, unavoxiable. Membranes shoukd, therefore,
be washed regularly with dilte acid and alkak solutions to restore performance,

Post-treatment

The EDR product water s usually less aggressive than the RO product because acid
is usually not added in EDR for scale controf*™. Post-pH adjustment may, therefore,
not be required as with RO. Non-ionic matter in the feed such as silica, panticulates,
bacteria, viruses, pyrogens and organics will not be removed by the ED process and
must, f necessary, be dealt wth durng post-treatment.

Seawater Desalination

There is imited application of ED for seawater desalination because of high costs™.
A small batch system (120 m’/d) has been in operation in Japan since 1974 to produce
water of potable quality at a power consumption of 16,2 kWh/m® product water™ . A
200 m'/d seawater EDR unit was evaluated in China®. This unt operated at 31°C;
its performance was stable; total electric power consumption was 18,1 kWh/m’
product water and the product water quaity of 500 mg/t TDS met all the requirements
for potable water. When the stacks were disassembled for inspection, there were no
signs of scale formation.
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With the commercial ED unts currently avadable, the energy usage for seawater
desalination is relatively high compared with that of RO. However, work under the
Office of Water Research and Technology (OWRT) programmes has indicated that
high-temperature ED may possibly be compettive with RO™ . Results have shown that
the power consumption can be reduced to the levels required for seawater RO (8
KWh/m) and that a 50% water recovery can probably be attained.

Brackish Water Desalination for Drinking-Water Purposes

A considerable number of standard ED plants for the production of potabie water from
brackish water are n operation™ "', These plants are operating successfully.
However, after the introduction of the reversal process in the early 1970's, lonics
Incorporated shifted akmost all their production to this process ™.

The major appication of the EDR process is for the desalination of brackish water. The
power consumption and, 1o some degree, the cost of equipment required is directly
proportional to the TDS 10 be removed from the feed water™, Thus, as the feedwater
TDS increases. the desalination costs also increase. In the case of the RO process,
a cost: TDS removal relationship also exists, but it 5 not as pronounced. Often the
variation in the scaling potential of the feed water and s effect on the percentage of
product water recovery can be more important than the cost: TDS relatonship,

Thus, for appiications requiring low TDS removals, ED is often the most energy-efficient
method, whereas with highly saline feed waters RO may be expected to use less
energy and s preferred. The economic crossover point between ED and RO based
on operating costs is, however, dificul 10 define precisely and needs 10 be determined
on a ste-specific basis. Aparn from local power costs, other factors must aiso be
considered in determining the overall economics. Among these, to the advantage of
ED. are the high recoveries possible (up to 90%), the elimination of chemical dosing
(with EDR), and the reliability of performance that is characteristic of the ED process.

Energy Consumption

The energy consumption of a typical EDR plant is as follows™:

Pump - 0.5 10 1,1 kWh/m® product water
Membrane stack : 0.7 kWh/my’ product water/1 000 mg of TDS removed
Power losses - 5% of total energy usage
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The major energy requirement, therefore, is for pumping the water through the ED unt
and for the transport of the ions through the membranes.

Treatment of a High Scaling, High TDS Water with EDR

The successiul performance of EDR on high calcium sulphate waters has been
reported™®, Brown™ has described the performance of and EDR plant treating 300
m’/d of a high caicium sulphate water with a TDS of @ 700 mg/t. The only
pretreatment apphed was ron removal on green sand. The quality of the feed, product
and brine is shown in Table 4.2

The water recovery and energy consumption were 40% and 7,7 kWh/m® of product
water, respectively. No attempt was made to optimze water recovery, The stack
resistance increased by only 3% after one year of operation, which clearly ingicates the
successful operation of the EDR unt in sptte of the super saturated condition of the
brine with respact to calcium sulphate. Membrane Ife times are estimated 1o be 10
years.

The main developments in EDR during the past few years have been the following:

o EDR has achieved CaSO, satwration n the bringé stream of up to 440%
without performance decline on tests of several hundred hours' duration™.

K EDR has desafted a hard (Ca** approx. 150 mg/f) brackish water of 4 000
mg/t TDS at water recoveres of up to 93% without cumbersome and
expensive pre-softening™.

. An EDR test unt has achieved 95% or greater recovery of a imitted 4 000
mg/t TDS brackish water resource by substituting a more abundart 14 000
mg/t saline water in the brine stream'’™ . The substitution of seawater in the
brine stream would be freely avadable in coastal or siand locations with limeed
high qualty brackish water resources.

. The development, extensive field testing and subsequent large-scale
commercial usage of a new family of thick (0.5 mm), rugged anti-fouling arson-
permeable membranes in the USA with much higher current efficiencies and
chiorine resistance than those formerly available™™,
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Table 4.2:

Water Quality Before and After EDR Treatment

Constituent Feed Product Brine
(mg'9 (mg (mg 0

Na* 2 090 79 3694
Ca** 652 B 1 390
Mg 54 4 )

c 3687 m 7084
HCO, 134 25 175
S0~ 2672 19 5000

T0S |77 242 18 307
pH 70 68 72

R ———-————L

410 Brackish Water Desalination for Industrial Purposes

an

In the past most ED plants treated brackish waters of 1 000 to 10 000 mg/t TDS and
produced general purpose industrial product water of 200 to 500 mg/t TDS. However,
ED capital and construction costs have declined during recent years to the point where
it is already feasible to treat water containing 200 1o 1 000 mg/t TDS and produce
product water contaning as little as 3 to 5 mg/t TDS'"™". These low TDS levels are
achieved by multistaging. The systems, which often employ ion-exchange (IX) unts as
‘polishers’, are usually referred to as ED/IX systems.

ED/IX System

New and existing on-exchange fac#ties can be converted to ED/IX systems by addition
of ED units upstream of the ion-exchange units. The ED unt reduces chemical
consumption, waste, service interruptions and resin replacement of the ion-exchanger
in proportion 1o the degree of prior mineral removal achieved'", For small capacity
systems (2 to 200 m’/d) the optimum ED demineralization will usually be 90% or
greater; for larger installations, and particularly those where adequate ion-exchange
capacity is already provided, the optimum demineralzation via ED is more ikely to be
in the 60 to 80% range.

It must, however, be stressed that RO may also be used for the abovementioned
application. RO may function better than ED because it removes silica and organic
material better than ED. However, the choce of the treatment method (ED or RO)
wouid be determined by the specific requirements and costs for a particular stuation.

Honeywell in the USA, which manufactures printed circult boards and does zinc plating
and anodizing, used IX for the treatment of their process waters before they changed
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