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Abstract

Organic acids are increasingly used for various industrial applications. Their production is mainly achieved by
fermentation. Precipitation or extraction stages, which generates big amount of effluents, are then traditionally used
to get the acid in a suitable form. Bipolar membrane electrodialysis (EDBM) can be used to achieve the conversion
of the acid salt into its acidic form. Its introduction in replacement of precipitation can significantly lower the
environmental impact of the process. This paper is focused on the modelling of the conversion of weak organic acid
salts by EDBM The different mass transfer phenomena involved in the system are first identified. A model is then
established to get expressions providing the evolution of the product and effluent lines with respect to the operating
conditions. The physical meaning of the characteristic parameters involved in the model is also discussed.
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1. Introduction

In many industrial application fields, increasing
environmental constraints lead to the improve-
ment of production processes in order to decrease
their impact on environment. One of the concermed

*Corresponding author.

fields is the production of organic acids, which
constitute essential agents in many applications
like food, pharmaceutical or biodegradable poly-
mers industries. The world-wide market of organic
acids grows constantly by 4% every year. Moreover,
in terms of yearly capacity, the acids mainly
produced are citric acid (725,000 T/y), lactic acid
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(90,000 T/y) and gluconic acid (45,000 T/y) [1].
The growing importance of lactic acid for bio-
polymers elaboration has also to be pointed out.

At the industrial scale, organic acids are mainly
produced by fermentation from molasses, starch
hydrolysats or sugars. Several unit operations,
which constitute the clarification, extraction and
purification pools, are then required to get the
acid having the right specifications with respect
to its further utilisation. One of them is the
conversion of the acid salt, obtained from the
fermentation, into its acid form. Traditional
processes are designed around one or several pre-
cipitation stages which produce large amounts of
effluents with ahighsalt content. In orderto lower
this environmental impact, alternative production
schemes based on membrane operations were
proposed.

Electrodialysis with Bipolar Membranes
(EDBM) can be used as a conversion step. In that
case, the neutralisation of the acid salt results
from the production of protons coming from the
bipolar membrane and the conversion can be
achieved without requiring any addition or
production of chemicals. A complete process,
targeted around EDBM was studied, in which
microfiltration (MF) and conventional electro-
dialysis (EDC) are used before EDBM for clarifying
the fermentation broth and to concentrate the acid
salt. Results conceming MF and EDC were pre-
sented elsewhere [2,3].

Different works were devoted to EDBM. The
water dissociation mechanisms taking place in
the bipolar membrane as well as the different factors
limiting the use of bipolar membranes were inves-
tigated [4,5]. In most of these studies, EDBM was
considered to regenerate water soluble salt solutions
into their corresponding acid and base (regeneration
of sodium chloride into hydrochloric acid and
caustic soda for instance) [6]. Few results were
published conceming the conversion of weak acid
salts, like organic acids concerned in the present
study, except experimental ones [7].

The present paper deals with the modeling of
bipolar membrane electrodialysis (EDBM) as a

conversion step of weak organic acid salts into
their acid form. From this model, expressions are
obtained providing the evolution of the two outlet
streams, i.e. the acid and the base ones, vs. time.

2. Principle of EDBM for the conversion of
weak organic acids

EDBM can be used with a two- or three-com-
partment arrangement. The most common three-
compartment configuration is operated to recover
acid and base streams from a salt solution. The
two compartments configuration used for the
conversion of weak acid salts into their acid form
is depicted in Fig. 1. The membrane stack is
constituted by an alternance of cation-exchange
membranes (CEM) and bipolar membranes
(BM). Thanks to BM, water is split into OH~and
H*. The acid compartment, called diluate, is fed
with the acid salt solution. This stream constitutes
then the product line. On the other hand, the base
compartment, called concentrate, is fed with a
diluted base solution corresponding to the counter
ion of the acid salt (caustic soda for sodium acid
salt for example). This stream is the effluent line.
Due to the production of H* in the acid compart-
ment, the pH decreases and the acid salt is
converted into its acid form. At the same time,

Acid Solution
(diluate)

Basc solution

(concentrate) T

Cathode

BM CEM I BM CEM BM

Basc solution Acid salts

(N2OH) solution

Fig. 1. Principle of EDBM for the conversion of weak
organic acid salts — example of a sodiumsalt. CEM: cation
exchange membrane; BM: bipolar membrane.



cations migrate through the CEM from the diluate
to the concentrate to combine with OH-produced
by the other layer of BM, leading then to an
increase of the base concentration in this compart-
ment. The charged species migrating from the
diluate to the concentrate carry with them a shell
of solvent molecules. This flux, here called
electroosmotic flux, is directed from the diluate
to the concentrate. Then, the acid concentration
in the diluate increases during the conversion.

3. Mass transfer modelling
3.1. Model establishment

Equations presented hereafter are established
in the case of the conversion of sodium lactate
(NaLac) into lactic acid (HLac). However, they
can be used to describe the conversion of any
weak monoacid salt without any modification.

Fig. 2 provides a schematic drawing of the
different fluxes and reactions, the origin of which
was described in section 2. Then, these different
fluxes and reactions taking place in the system
are considered, as presented hereafter, to obtain
a set of equations.

Base stream Acid stream
Concentrate Diluate
JCEM"
Py T —— > gean, <
H,0 X5 0H™ +H" | HLac «K+s Lac™ + H*
V() Vi(t)
BM CEM BM

nd, (1) ndy (1)
n§ (1) ng (1)
nG, (1) ni (1)
”gL:c“) nl?Lac(’)
nfac “) ”{ic (’)

Fig. 2. Schematic drawing of the fluxes and reactions
considered for the model establishment, J:M and
J o' (mol/s): molar flux of H* and OH- produced by the
bipolar membrane; J ™ and J ;™ (mol/s): molar flux of
Na* and H* through the CEM; ",l (mol): number of moles

of i in the compartment j; v: volume in the compartment j.

Foreachcompartment, following reactions are
considered

dilvate: HLac¢— Lac™ +H* K,
concentrate: H,O0«——OH™ +H* K,

where K, and K, are the equilibrium constants,
tied to the molar concentrations of the species by
the following expressions

_ g ()0 () |
AT N0 M
C C
_ g (Ongu ()
R @

The proton balance in the diluate gives:

dné) (?) d”}?[_ () BM  7CEM
+——2 = J ~J 3
dr dr H H 3)

Assuming that the water dissociasion equilibrium
is infinitely fast compared to the transfer of
protons through the cation-exchange membrane
on one hand and that the flux of hydroxyls issued
from the bipolar membrane exceeds that of
protons through the cation-exchange membrane
on the other hand, one gets the variation of the
OH-concentration in the concentrate:

d”gﬁ )

— JBM _ CEM 4
dr OH H 4)

Since the variation of the number of moles of
sodium in the diluate, n, ", is only due to the flux
of sodium through the CEM, we have:

dnyg, (1) — _JCEM

dt N ®)

Then, the mass conservation equations for lactate
and sodium are respectively:

(& D
Nigac (8) + Mg, () + 1l (2) + 12 (2)

_.D D _.D 6)
- nLac,O + nHLac,O - nO



D C oy _ D c
P, (8) + 1, (1) = Py, 0 + Mg 0 @)

where n/  represent the number of mole of i initially
present (¢ = 0) in the compartment ;.

Finally, electroneutrality is written, for the
diluate and the concentrate respectively:

Mo (0) + nl, (1) = nd, (1) + nd (1) (8)

NG (1) + N (1) = ng (D +nf (1) 9)

On the other hand, in the case under study, all
the ions are monovalent. Then, for a fixed current
density, the molar flux of species through the
different membranes is fixed. This is expressed
for cations by the following relationship :

I+ I =M (10)

Moreover, the molar fluxes of sodium and
protons through the cation-exchange membrane
are tied by the following relationship:

CEM  ,CEM CEM ~CEM

JNa - tNa - uNa CNa (1 1)
CEM CEM ~— _ CEM ~CEM

Ju ty Uy Cy

where 4™ and C™ represent the electro-

phoretic mobility and the concentration of i in
the membrane. ¢~ is the transport number of i
through the CEM, i.e. the ratio of the current
transported by i over the total current. The con-
centrations in the membrane are besides tied to
those in the solution. This can be expressed by a

relationship of the following form:

h

Jra A
ng) (1a)

CEM
JH

= f(

Finally, assuming that the total volume remains
constant, i.e. that the volume increase due the
formation of water in the concentrate is negligible,
the following expressions are obtained for the
variations of the volume vs. time:

Vot)=V,~ [ R, dr (12)

Ve +Vp () =2V, (13)

where R, (>0) is the volume flux of solution (m*/s)
and V the initial volume, assumed to be the same
in both compartments.

Previous relationships provide of a system of
13 equations with 14 variables. These variables
are the 10 species n/, the flux of solution Rw the
molar fluxes through the CEM, J ™ and J J*,
and the function fin Eq. (11a). In order to close
this system, an additional equation is required. It
can be obtained from the assumption that the
bipolar membrane is ideal, i.e. that the fluxes of
proton and hydroxyl produced by the BM are equal:

Jat=Jon (14)

The variations of the composition in both com-

partments versus time in a quite general case
should be provided by the resolution of the system
constituted by formerEgs. (1-14). One can observe
that differential equations strongly non linear are
involved, so that numerical methods are required.
Moreover, the explicit expression of the function
finvolved in Eq. (11a) is to be determined. This
requires the knowledge of quite inaccessible data.
Consequently, a simplified approach was preferred
in order to achieve a mathematical resolution pro-
viding analytical expressions.

Following assumptions were made with respect
to experimental observations.

The contribution of diffusion to the transfer
of target species, HLac and Lac, was first neglected.
Then, the transfer of both species from the diluate
to the concentrate is nil so that the number of
mole of HLac and Lac in the concentrate remain
constant vs. time and equal to zero, i.e.
Ny () =05 (1)=0. Then Eq. (6) becomes:

P () + 0l (£)=ng (6a)

The second assumption concems the pH range
in both compartments. It was considered that the
pH in the diluate and in the concentrate are such
that the terms ng,, (f) and nf(r) in Egs. (8) and



(9) can be neglected. Then, these equations
become:

ng (0 + g, (1) = ni (1) (8a)

NG (1) = ng, (1) (9a)

Finally, for a given current density, the molar
flux of sodium through the CEM is assumed to
remain constant during the conversion. The
constant and positive value of JSE™ is later
represented by the parameter o.

Then, Egs. (5) and (7) can be integrated between
t=0and =1t to get

ny, (£) = ng, o — Ot forO<e<t, (5a)

ng, (1) =ng, , +at for0<s<t,,  (7a)

dn,sa (1) _ dn,’ja (1)
dt dt

=0 fort>1¢g, (7b)

where ¢z, , the expression of which is provided
by the following relationship,

C _.C D
nNa (tﬁnal) - nNa,O + nNa,O

is defined as the particular time for which the
sodium concentration in the diluate reaches zero.

Then, the mathematical resolution of the system
is possible to get the expression of the number of
moles of protons in the diluate from which that
of the pH can be deduced. Combinationof Egs. (8a),
(1) and (6b) gives:

o ng K, V()

D —
s (1) nE () +K V(1)

+nyg, (1)=0 (15)
from which the following expression is obtained:

_[”/ea(t) + KA'VD(t)J

2
ok pof vak b0l -] (16)
2

ng () =

Lastly,combining Egs. (5a) and (16), it comes:

—g()+g(t) +4K .V, (1).h(2)
D) 17)

ng (1) =

with g(?) =ng,, —at+K V(1)

and h(t)=4.K ¥V, (0){n2 —nZ,, +at)

where V (1) is provided by Eq. (12). The expressions
of the pH in the diluate, pH,(z), and the corres-
ponding conversion factor, 7(¢), are then:

ng(t)
pH, (1) = —log(;%) (18)
1
T = g eRT (19)

3.2. Discussion

From previous expressions, the conversion of
weak acid by EDBM can be characterized. Indeed,
they provide the variations vs. time of the number
of moles of sodium in the concentrate [Eqgs. (7a)
and (7b)] and the pH in the diluate from which
the conversion factor can be calculated [Egs. (12),
(17-19)].

Three characteristic parameters are involved
which are the volumic flux of solution, R, the
molar flux of sodium through the cation exchange
membrane, o , and the equilibrium constant, K,
of the reaction between the acid and the acid salt.

R, and o are transfer parameters, related to
the kinetics of the system, while K, is an equilibrium
parameter, related to the thermodynamic properties
of the organic acid solution. These parameters
depend on the operating conditions and on the
physico-chemistry of the system, in different
manner. R, and o depend on the current density
and on the membrane characteristics, while K,
depends on the ionic strength of the solution and
so on the concentration of considered species.
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Fig. 3. Simulation of the conversion of sodium lactate — influence of the current density on the variations of the number of
moles of sodium in the concentrate (top) and pH in the diluate (bottom). Characteristic parameters: R,= 8.107""*i (m*.s™");

o =10*i (mol.s™'); pK, = 3.86.

Fig. 3 provides an example of calculated
variations of the number of moles of sodium and
of the pH in the diluate vs.time for two different
current densities. The values of the characteristic
parameters R, and o are those determined from
previous work dedicated to the concentration of
sodium lactate by EDC [3].

4. Conclusions

This paper was devoted to the modelling of
the conversion of weak organic acids by EDBM.
The different transport phenomena involved in
the system, i.e. atwo compartment configuration
using in alternance bipolar and cation exchange
membranes, were studied. These were considered
to establish a set of equations, the mathematical
resolution of which was then carried out. Expres-
sions were thus obtained providing the variations
of the composition of the fluids, i.e. both product
line and effluent line, during the EDBM con-
version. These expressions require the knowledge
of three characteristic parameters, the physical
meaning of which was discussed. This will be
checked by comparing the results calculated by

the model with experimental ones obtained during
the conversion of different kinds of organic acids.
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