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Abstract

Electrodialysis is an interesting technique developed for recovering and purifying salts and acids from fermentation broths.
In this work the concentration process of sodium lactate solutions was analyzed using a two-compartment electrodialytic unit
equipped with commercial membranes (Neosepta AMX and CMX, Tokuyama Soda). The influence of several operating
parameters on the overall process performance was investigated. For instance, it came out that at low current density values
such membranes are able to operate a perfect separation of opposite charges, resulting in a good process performance.
Moreover, water transport by electro-osmosis has to be considered, hence lowering the stack performance. Lastly, the
reliability of a general mathematical model for this process was tested. The consistency between experiments and model
results is fairly good, allowing the use of this model for design and optimization purposes.
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1. Introduction

As an industrial process, the production of organic
acids (e.g. acetic, citric, malic, and lactic acid) through
fermentation has become increasingly important in
recent years [1-3]. The main problem of the process
is that fermentation-derived acids are often difficult
and expensive to purify. This is especially true when
substances such as cheese-whey or molasses are used
as the starting material. These substances contain
many impurities thus requiring the use of several
purification procedures in order to obtain commercial
grade products. Among the purification processes
considered, electrodialysis has been found potentially
useful in the isolation and the purification of organic
acids from fermentation media. Specifically, it can be
used to recover and concentrate the salable product
from the fermentation broth, or for recycling nutri-
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ents and microbial cells back to the reactor [3-5].
Electrodialysis may even control the pH of the fer-
mentation broth without adding a neutralizer. More-
over, it has been demonstrated that the isolation of
lactic acid during fermentation by electrodialysis en-
hances the productivity. In other words, electrodialy-
sis is also able to reduce the inhibitory effect of a
microbial metabolic product on microbial metabolism,
thus increasing the process yield [6-8].

In particular, the production of lactic acid is growing
due to its great potential in manufacturing biodegrad-
able packaging and films [9]. In this case, electrodialy-
sis has been used in different separation and purifica-
tion procedures involving both conventional electro-
dialysis to concentrate lactate salts [4,10] or to recover
lactic acid from fermentation broth [11-13], and wa-
ter splitting electrodialysis to convert lactate salts into
lactic acid [14].

The performance of a four-compartment electrodi-
alytic stack for the recovery of lactic acid from sodium
lactate has been discussed elsewhere [15]; the present
work is concerned with the use of electrodialysis as a
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Fig. 1. Sketch of a four-compartment cell stack. C and A indicate
cation- and anion-exchange membranes, respectively.

preliminary stage in downstream processing of lactic
acid production by fermentation. In particular, the
performance of a two-compartment cell stack for con-
centrating sodium lactate solutions was examined.
Several experiments were carried out in order to
investigate the effects of several operating parameters
on the overall process performance, and a mathemati-
cal model was developed for simulating the experi-
mental resuits.

2. Materials and methods

The electrodialysis unit (Eurodia, TS-EUR2-5 D)
used for all the experiments consisted of an alternat-
ing series of commercial anion- and cation-selective
membranes separated by flow distribution gaskets.
The membrane stack was located between an anolyte
and a catholyte compartment. Electrode chambers
respectively contained a platinum-plated titanium
anode and a stainless steel cathode. The electrodia-
lyzer was equipped with ten anion-exchange mem-
branes (Neosepta AMX, Tokuyama Soda) and 12
cation-exchange ones (Neosepta CMX, Tokuyama
Soda), arranged to give five cells based on a four-com-
partment configuration (see Fig. 1); the total working
surface was equal to 0.44 m?.

The general flowsheet of the process involved five
independent streams: the electrode feed solution was
provided by the same stream line to both electrode
compartments, while the remaining four distribution
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Fig. 2. Batch recirculation operation mode.

circuits fed the diluted and the concentrated compart-
ments. Each solution came from a storage tank, passed
through a pump, a rotameter, a cell compartment,
and then flowed back to the tank in a batch recircula-
tion operation mode. Solution flow rate was 0.3 1/min
for each compartment. Moreover, each reservoir was
equipped with a refrigerating coil to maintain a con-
stant temperature of the solutions (see Fig. 2).

In this work, the circuit configuration was modified
to convert the electrodialysis stack into the two-com-
partment unit (with ten cells) shown in Fig. 3.

The electrodialyzer was equipped with a power
supply from Nemic Lambda (PWS 350-35). This in-
strument allowed the setting of either the voltage (0
+ 35 V) or the current (0 = 10 A).
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Fig. 3. Sketch of a two-compartment cell stack. Legend as in Fig. 1.
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Feed solutions of sodium lactate used in ail the
experiments were prepared by diluting a commercial
solution (analytical grade, purity > 99%) with dis-
tilled water up to the required concentration. An
aqueous solution of sodium chloride (0.5 N) was used
to feed the electrode compartments.

Sodium lactate concentration was measured using a
gas-chromatograph equipped with FID and Carbo-
pack B-DA-4% Carbowax 20 M 2 m X 2 mm id.)
column.

3. Experimental results and discussion

All the experiments were carried out at a solution
temperature of 20°C, and operated with a batch recir-
culation mode as shown in Fig. 2. In this operation
mode, both the feed and the product streams were
recycled to the electrodialysis stack from two separate
tanks.

A few preliminary tests were performed to investi-
gate the extent of both the solvent and solute
permeation through the membranes with no electrical
field applied. This was done by circulating the solu-
tions without operating the power supply. In particu-
lar, the enriched compartments were fed with distilled
water, while a sodium lactate solution was used as the
diluted stream. Three different runs, using solutions
with sodium lactate concentrations equal to approxi-
mately 40, 60 and 90 g/1, were carried out by circulat-
ing the solution for about 4 h. Both the volume of the
solutions in the reservoirs and the sodium lactate
concentration in the enriched tank were measured.

For the runs carried out with low sodium lactate
concentration, no volume variations were observed.
Moreover, no sodium lactate was detected in the
concentrated tank. For the experiment performed at
90 g /1, whereas no salt was found in the concentrated
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Fig. 4. Tank volume variations versus time for runs A-C carried
out at the same current density. Control run results (: = 0 A/m?
and C;; = 90 g/D) are also reported. See Table 1 for run labels.

tank, the final volumes of the solutions in each reser-
voir were found to be slightly different from their
initial value as shown in Fig. 4 (see curve labeled
control). It is reasonable to assume that solute and
water permeation through the membranes was quite
negligible.

Additional experiments were performed to investi-
gate the electro-transport phenomena. All the runs
were carried out by feeding the stack with sodium
lactate solutions, and supplying a constant current
value. In this case, the concentration of sodium lac-
tate in the concentrated stream was found to in-
crease, while that of the diluted stream decreased
accordingly. Each run was carried out until the con-
centration of the diluted stream required a voltage
value exceeding 35 V (that is, the maximum value
attainable by the power unit) in order to sustain the
given current value.

The performance of the process was examined for
feed solutions of different concentrations and at dif-
ferent current density values. To investigate the effect
of the initial concentration, three runs at the same
current density were carried out, whereas the effect of
the current density was studied in three experiments
performed at similar initial concentration of sodium
lactate (see experimental conditions summarized in
Table 1). Moreover, in order to determine the experi-
mental accuracy, repeated runs were made (runs E
and Er). Fig. 5, which gives the tank volume variation
and the stack voltage for these two runs, shows the
good reproducibility of the experimental procedure.
This was also confirmed by the overall mass balance
for the solute (with an average error of 10% for all
the experimental runs).

Experimental results are summarized in Table 2
which gives the volume and concentration of the
solutions in the reservoirs and the overall stack volt-
age. The same data are also presented in Figs. 4, 6, 7,
and 8.

In Fig. 6, the sodium lactate equivalents transferred
versus time are shown. The data indicate that the
initial concentration of sodium lactate has no effect
on the rate of the electro-transport. Obviously, higher
salt concentration corresponds to an increase in the
run duration time. For this reason it is possible to
compare the run performed at 50 g/l of sodium
lactate with the one carried out at similar initial
concentrations (60 g/1 ). The experimental results
obtained at different current densities are summa-
rized in Fig. 7. These results lead to a similar conclu-
sion: namely, the highest value of current density
corresponds to the shortest duration time. Moreover,
the rate of sodium lactate migration through the
membranes increases in proportion to the current
density.
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Fig. 5. Comparison between experimental runs E and Er. Stack voltage is made dimensionless dividing by the initial value. See Table 1 for run

labels.

In addition to the movement of ionized species,
water associated with the ions was also transported
through the membranes. This phenomenon, called
electro-osmosis, is shown in Figs. 4 and 8 where the
volume variations in both the reservoirs versus time
are displayed. The volume of the concentrated solu-
tion increases, while that of the diluted one decreases
accordingly. It can be seen that the volume variation
is proportional to the current density, that is, to the
ion flow rate through the membranes, while the initial
feed concentration has no influence on the rate of
water transport. In the same figures, the experimental
data are compared to those obtained with no current
applied (curve labeled control); it is evident that wa-
ter permeation under such a condition is negligible.

The overall process performance may be described
by the sodium lactate recovery (L.R.), the current
efficiency (C.E.), the specific energy requirement
(S.E.R), and the average power requirement (P.R.).
The definitions of these performance indexes are given
below, together with a brief discussion concerning
their determination.

The sodium lactate recovery indicates the percent-
age of salt recovered from the feed solution. It can be
easily computed as the ratio between the amount of

Table 1

Scheme of the experimental runs

Cin i(A/m?)

(e/D 110 200 400
40 A

50 D

60 B E,Er
90 C

sodium lactate transferred from the diluted to the
concentrated tank during the run (NaL, -NaL, ) and
the amount of sodium lactate present in the diluted
reservoir at the beginning (NaL,):

(NaL,, — NaLg,)
L.R. - NaLm

-100 (D

Values of L.R. close to 100% mean that almost all
the salt in the feed solution can be recovered.

The current efficiency is given by the ratio between
the number of sodium lactate equivalents recovered
from the feed solutions ((NaL, -NaL )/EW, where
EW is the equivalent weight of sodium lactate) and
that computed from the electric charge passed through
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Fig. 6. Variation of equivalent number in the reservoirs versus time
for runs, A-C carried out at the same current density. Sec Table 1
for run labels.
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Fig. 7. Variation of equivalent number in the reservoirs versus time
for runs B, D and E carried out at similar initial concentration
values. See Table 1 for run labels.
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Fig. 8. Tank volume variation versus time for runs B, D and E
carried out at similar initial concentration values. Control run as in
Fig. 4. See Table 1 for run labels.

Here NaL, and NalL, represent, respectively, the
initial and final amount of sodium lactate in the feed
reservoir (that is, the diluted one), Ac:quive,(p and
Aequiv,, are the experimental and theoretical varia-
tions of equivalents in the same tank, I is the current,

n. the number of cells, ¢, the run duration time, and

Volume and concentration of the solutions in the reservoirs, and stack voltage measured in all the experimental runs. Subscripts ¢ and d refer
to concentrated and diluted tank, respectively. See Table 1 for run labels.

Run Time v, Vy C, Cy Voltage
(min) )] )] /D g/D V)
A 0 6.3 6.4 38 37 12.0
20 6.4 6.3 46 30 13.0
40 6.6 6.1 50 21 13.0
60 6.7 6.0 62 13 14.0
80 6.9 5.8 69 3 21.0
84 6.9 5.8 68 2 350
B 0 6.2 6.2 62 62 11.0
30 6.4 6.0 71 50 12.0
60 6.6 5.8 90 31 12.3
90 6.9 5.5 95 21 13.0
120 7.1 53 103 6 15.0
137 7.2 5.1 104 3 35.0
C 0 6.3 6.3 90 89 11.0
60 6.7 5.9 109 69 115
120 7.2 5.4 124 36 12,5
201 7.8 4.6 146 2 350
D 0 6.0 6.0 52 52 7.5
60 6.3 5.7 62 40 8.0
120 6.6 5.4 75 26 8.5
190 6.9 5.1 86 8 10.0
229 7.0 5.0 90 1 350
E 0 6.6 6.3 58 61 20.0
20 6.9 6.0 76 45 20,0
40 7.2 5.7 87 27 23.0
63 7.6 53 95 18 350
Er 0 6.0 6.0 57 58 21.0
63 6.9 5.1 92 7 350
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F the Faraday constant. The more efficient the sepa-
ration of ions of opposite charge performed by the
ion-selective membranes, the closer to 100% the cur-
rent efficiency.

The specific energy requirement is the amount of
electric energy required to recover one gram of sodium
lactate from the feed solution:

f’“"(l,Em) -dt

0
SER.= NaL, —NaL_ 3)
where E,, is the overall stack voltage and ¢ the time.
Since both E,, and I can change during a run (de-
pending on the power supply conditions), the integral
in Eq. 3 has to be evaluated numerically on the basis
of suitable experimental (or computed) data.

Finally, the average power requirement during a
run can be computed as the ratio between the energy
requirement and the run duration time:

f'ﬁn(I'Etot)'dt
0

PE=2—— @)
fin

The experimentally determined values of these quan-
tities are shown in Figs. 9 and 10. It can be seen that
the sodium lactate recovery is almost independent on
both the feed solution concentration and the current
density. It is possible to recover more than 95% of the
initial sodium lactate in all the cases studied, except
the run performed at current density equal to 400
A/m?. The current efficiency is found to be greater
than 95% for all the runs. The specific energy and the
power requirement increase with the current density.

LR - CE. (%) S.E.R (kJ/g) - P.R.x 60 (kW)

40 -

20

Sodium lactate concentration in the feed solution (g/1)

LR [ cE ser. R er

Fig. 9. Process performance indexes for runs A-C carried out at
the same current density. L.R. is the sodium lactate recovery (Eq.
1), C.E. the current efficiency (Eq. 2), S.E.R. the specific energy
requirement (Eq. 3), and P.R. the average power requirement (Eq.
4) which is multiplied by 60. See Table 1 for run labels.
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Fig. 10. Process performance indexes for runs B, D and E carried
out at similar initial concentration values. Legend as in Fig. 9.

Fig. 9 shows that the specific energy requirement
appears to decrease slowly with the increase of the
initial concentration. The average power requirement
exhibits a similar behavior. For experiments per-
formed with solutions of the same initial concentra-
tion, the power requirement depends strongly on the
current density (see Fig. 10).

4, Mathematical modeling

In a previous work [16] a general mathematical
model capable of representing the main features of
an electrodialysis unit was developed and validated by
comparisons with experimental results concerning the
recovery of lactic acid from sodium lactate solutions.

The main purpose of this section is to discuss such
a model for the special case of a two-compartment
stack and to verify its applicability to situations dif-
ferent from those used in the model formulation. In
particular, the original model was based on experi-
mental data collected from a four-compartment unit
fed with four different solutions (namely, sodium lac-
tate, lactic acid, hydrochloric acid and sodium chlo-
ride), whereas the present work was conducted using
a two-compartment unit fed by sodium lactate solu-
tions.

Assuming that the solute concentration inside each
compartment (apart from the boundary layers adja-
cent to the membranes, as shown in Fig. 11) is uni-
form and the density of the solution is constant, the
mass balance equation for the solute in the kth
compartment (k = ¢ or d, i.e. concentrated or di-
luted) is:

dcC
Voomps g5 = Q0 Ci = Qi Ci +J, (5)
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Fig. 11. Cell model.

Here V., is the volume of either the diluted
(k=d) or concentrated (k =c) compartment of the
stack; C, and CP are, respectively the solute concen-
tration inside the kth compartment (which is equal to
that leaving the same compartment) and the solute
concentration entering the kth compartment (see Fig.
11); analogously, Q, and QP are the flow rates of the
solution leaving and entering the kth compartment;
lastly, J, is the net flux of solute entering the kth
compartment through the membranes.

It should be noted that the assumption of uniform
concentration inside each compartment is usually
quite reasonable. Even if the compartment is en-
larged, the presence of turbulence promoters between
the membranes prevents the formation of concentra-
tion gradients in the direction perpendicular to the
membranes. Moreover, the solute concentration can
be approximated as uniform also in the flow direction
(parallel to the membranes) as far as the solute flux
through the membrane is much lower than that enter-
ing the compartment;

Jo<<Ql-CY (6)

This could be questionable only for the final part of
the run, where the solute concentration in the diluted
reservoir approaches zero. However, a comparison
between the results of this simplified model and those

of a more complex one (which accounts also for

concentration gradients in the flow direction) con-

firmed that the assumption of uniform solute concen-

tration is correct for all the cases here investigated.
The overall mass balance of the solution is:

QL= Qi+ N, =0 (M

where N,, is the net flux of water entering the kth
compartment through the membranes.

Assuming the reservoirs well stirred, the mass
balance equation for the solute in the kth reservoir
is:

d(c;-v,
(_:h__'ﬁznc.(gk.ck_ 0.9 (8)

Here V, is the volume of the kth reservoir and n_ the
number of cells.

The mass balance relationship for the solution in
the reservoirs is:

dv,
d_tk—__nc'(Qk_ 2)=nc-ka <)

where Eq. 7 was used. Based on the experimental
evidences discussed in the previous section (no solute
or solvent diffusion through the membranes due to
concentration gradients) J, and N,, may be com-
puted as {17]:

1

F (10)

c

I -
J. = —]d=(tc+——ta+)-F=(t,d —t7)

Nue= ~Nyy=t, V% (1)
where ¢t/ and ¢ represent, respectively, the transport
number of Na* in the cation- and in anion-exchange
membranes, and ¢, and ¢;, analogously, are the
transport number of lactate anion in the cation- and
in the anion-exchange membranes; f, is the water
transport number in the membranes, and V is the
molar volume of water.

The overall stack voltage, E, , may be written as a
sum of several terms:

Ey=E,+n(IR+E +Ey) (12)

where E, is the difference between the electrode
potentials for anode and cathode processes.

The ohmic potential drop, IR, is established in the
bulk of the solutions, E,, across the boundary layers
adjacent to the membrane/solution interfaces, E,,,
and across the membranes, E_:

IR=E +E,+E, (13)
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These potential drops, together with the junction po-
tential difference, E;, arising from the concentration
gradient across the boundary layers close to the mem-
branes, and the Donnan potential difference, E,, due
to the different distribution of diffusible ions at the
membrane /solution interfaces, may be expressed in
terms of the bulk concentrations of the various solu-
tions and the operating parameters of the stack (e.g.
the current density) considering the simple model
represented in Fig. 11 [16]. Potential gradients are
taken as the potential on the right side minus the
potentials on the left one (divided by the distance).

The ohmic potential drop in the bulk of the solu-
tions for a single cell results:

a

a . .
Eb—cd.Ad"+Cc.A "l (14)

c

where a is the compartment thickness (assumed much
larger than that of the boundary layers) and (C, -
A,)"! gives the solution resistivity (A, is the equiva-
lent conductivity); i indicates the current density.

Assuming a linear concentration gradient in the
boundary layer, it is possible to integrate the solution
resistivity over the boundary layer thickness leading to
the following expression for the ohmic potential drop
across the boundary layers of a cell [16]):

_ B (C* ¢ ). B (C c
Eb'"t_““(??'ﬁ)’“t—* ‘“(Tc o) W

where B=D-F/A depends on the solute diffusion
coefficient, D, besides the solution equivalent con-
ductivity (both of them are taken constant with C).
Moreover, t* and t~ are respectively the transport
number of Na* and lactate anion in the solution, and
the superscripts wc and wa refer to the wall concen-
tration close to the cationic and anionic membrane,
respectively (see Fig. 11). Membranes are assumed to
be ideally selective.

The average ohmic potential drop across the mem-
branes is related to the current density through the
ohmic resistance of the membrane, r,;:

E, =r,-i (16)

The overall junction potential difference across the
boundary layers for a cell is given by [18]:

an

J

_RT a . C:’C.C;va
Ej=—— ("1t ) ln(cha T

where T is the absolute temperature and R the ideal
gas constant. All the other symbols retain the afore-
mentioned meanings.

Finally, the overall Donnan potential difference for
a cell is given by [18]:
_R-T cr c
ED_ F ln(w Edw—a) (18)

These expressions require the knowledge of the
solute concentration close to the membranes, C;*
and C;°. Assuming that the boundary layers es-
tablished are invariant, the wall concentrations can be
computed as functions of the bulk concentrations, the
current density, the transport number of the ions as
well as the mass transfer coefficient, K [17]):
Cr=Cot (67—t 2 (19)
Crr=Cot (71" F (20)
where the signs + and — refer to the concentrated or
diluted compartment, respectively.

Given the current density, this is a model involving
nine equations., i.e. 5, 7-9 and 12, in the nine un-
knowns C_, Cy4, Q., O4, V., V3, C2, C3, and E,,.
Several parameters involved in the model can be
deduced from the literature [12,19], and they are
summarized in Table 3 together with the geometrical
dimensions of the stack [20]. Moreover, a few parame-
ters required by the model and not available in litera-
ture were tuned in a previous work [16] on indepen-
dent experiments concerning lactic acid production
from sodium lactate solutions. These parameters are:
the N transport number in the anion/cation-ex-
change membranes, the water transport number in
the membranes, the average electric resistance of the
membranes, the mass transfer coefficient from the
bulk solution to the membrane, and the difference
between the electrode potentials for anode and cath-
ode processes. Note that almost all these parameters
could be measured through properly designed experi-
ments. However, in this work they have been con-
sidered as adjustable parameters to be tuned on over-
all experimental data. Moreover, since all these
parameter values were tuned on experiments carried
out in the same clectrodialysis unit used in this work,
they are expected to be suitable for simulating the
experimental results discussed in the previous section.
The only relevant exception is the average membrane
resistance, which is known to depend on the kind of
solution involved.

The values of transport numbers in the membranes
obtained in the previous work [16] (tJ = land t] =
0) mean ideal behavior of these membranes. In other
words, the membranes are able to operate a perfect
separation of opposite charges. As a consequence, the
experimental and theoretical numbers of equivalents
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Table 3
Model parameter values

Parameter, Value

n, 10

A(m?) 0.02

a (mm) 0.75

Vomp (M) 0.015-107°

V (m? /mole) 18-10°°

= 1~ =046 t'=0.54

D (m*/s) 1.2-107°

t, (moles/F) 16.3

. t; =1 ;=0
;=0 td =1

o (Q-cm?) 189

K (m/s) 1073

E V) 2.7

transferred during each run (which can be computed
as discussed previously, see Eq. 2) have to be equal
each others. As shown in Fig. 12, this is true also for
the experiments performed in this work.

The water transport number in the membranes
affects the volume variations of the solution in the
reservoirs. Since all the runs were carried out at
constant current density, Egs. 9 and 11 can be easily
recast in the following one:

~ I
Vi = Vi) =V =V =not, Voget QD)

where the subscript in refers to the initial conditions.

Also in this case, the comparison between the ex-
perimental volume variations in the reservoirs and the
predictions of Eq. 21 using the value of ¢, estimated
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Fig. 12. Comparison between experimental and theoretical num-
bers of equivalents transferred in all the runs.

in the previous work [16] (¢, = 16.3 mol /F for sodium
lactate solution), shows a good agreement (see Fig.
13).

Lastly, using the original values for the three
parameters: r, = 189 Q -cm? K = 107* m/s, E,,
= 2.7 V, a slight disagreement between measured
and predicted overall stack voltage has been found, as
shown for the sake of example in Fig. 14 (dashed
curve) for run A. Experimental and model results can
be easily reconciled by changing the value of the
average membrane resistance from 18.9 to 15.2 (- cm?
(Fig. 14, solid curve), without modifying any other
parameter value.

Finally, an overall comparison between experimen-
tal and model results is reported in Figs. 15 and 16 in
terms of the process performance indexes defined by
Egs. 1-4. Also for these quantities, the agreement

2
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Fig. 13. Comparison between experimental volume variation in the
reservoirs (symbols) and model predictions (——) for all the runs.
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Fig. 14. Comparison between experimental stack voltage (symbols)
and model predictions for run A: (-—-) r,, = 18.9 Q-cm?; (—)
rm = 152 Q-cm?. See Table 1 for run label.

between experiments and model results is quite satis-
factory.

5. Conclusions

In this work the concentration process of sodium
lactate by electrodialysis was investigated. It has been
found that commercial anion- and cation-selective
membranes are able to operate a nearly perfect sepa-
ration of opposite charges, resulting in current effi-
ciency values close to 100%. This is true as far as low
current density values are considered (that is, up to
about 400 A/m?); higher values lower the stack per-
formance. Moreover, water permeation through the
membranes due to concentration gradients is negligi-
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Fig. 15. Process performance indexes: comparison between experi-
mental and model results. Legend as in Fig. 9. See Table 1 for run
labels.
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Fig. 16. Process performance indexes: comparison between experi-
mental and model results. Legend as in Fig. 9. See Table 1 for run
labels.

ble for concentration differences across the mem-
brane up to about 90 g/l, and almost all the solute
can be recovered in a batch recirculation operation
mode for current density values lower than 400 A /m?.
Increasing the current density results in a reduction
of the sodium lactate recovered. Energy-related in-
dexes (i.e. the specific energy requirement and the
average power requirement, see Egs. 3 and 4) do not
depend on the initial solution concentration, but they
remarkably increase with the current density. How-
ever, this also results in a short process time, thus
requiring an economic analysis to find the best oper-
ating conditions.

Moreover, the reliability of a general mathematical
model previously developed was verified for the case
under investigation. It has been shown that this model
is able to reproduce the experimental findings by
tuning only one adjustable parameter, the average
membrane resistance, which is known to depend on
the solution considered. Since similar results were
obtained for a four-compartment unit, this model can
be regarded as a suitable tool for designing and
optimizing the involved processes. Obviously, differ-
ent stacks or membranes would require a re-tuning of
some parameter values; this can be easily done fol-
lowing the procedure discussed elsewhere [16].
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Notation
A = surface area of each membrane, m?
a = compartment thickness, m

B = F-D/A
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Subscripts
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concentration, eq/m’ or g/1

current efficiency, %

diffusion coefficient, m?/s

ohmic potential drop across bulk solution,
\'

ohmic potential drop across boundary
layer, V

Donnan potential difference, V
difference between the electrode poten-
tials for anode and cathode processes, V
junction potential difference across bound-
ary layer, V

ohmic potential drop across membrane, V
overall stack voltage, V

equivalent weight, g/eq

Faraday constant, C/eq

current, A

current density, A /m?

ohmic potential drop, V

ion flow rate through the membrane, eq/s
mass transfer coefficient, m/s

sodium lactate recovery, %

water flow rate through the membrane,
m’/s

number of cells

sodium lactate amount, g

average power requirement, kW
volumetric flow rate, m®/s

resistance, {2

universal gas constant, J/mole-K

ohmic resistance of the membranes (for
unit cross section), {)-cm?

specific energy requirement, kJ /g
absolute temperature, K

time, s or min

transport number of Na* in solution
transport number of lactate anion in solu-
tion

transport number of Na™ in the anion-ex-
change membrane

transport number of Na™ in the cation-
exchange membrane

transport number of lactate anion in the
anion-cxchange membrane

transport number of lactate anion in the
cation-exchange membrane

water transport number in the mem-
branes, moles/F

volume, m® or |

water molar volume, m* /mole

anion-selective membrane
cation-selective membrane
concentrated

comp compartment

d = diluted

exp = experimental

fin = final

in = initial

k = generic compartment Or reservoir, either
concentrated or diluted

m = membrane

th = theoretical

w = water

Superscripts

+ = either cation or anion

0 = entering the cell

wa = wall, anion-selective membrane

we = wall, cation-selective membrane

Greek letters

Aequiv = variation of equivalents (absolute value),
€q

) = boundary layer thickness, m

A = equivalent conductivity, S-m*/eq
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