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ABSTRACT

In this work, treatment of very dilute effluents of organic acids by means of an electro-
membrane hybrid process is studied. Dilute organic acids effluents are generated by
numerous processes. Converting such effluents into pure more concentrated fluxes is a key
step in the valorization process. An experimental study has been performed to recover ace-
tic acid by bipolar membrane electrodialysis (BMED). The experiments performed when
coupling BMED and ion exchange have clearly demonstrated that hybridization reduces
energy consumption. This improvement is due to the decrease of the electrical resistance of
the diluted compartment thanks to the ionic conductivity provided by the resins. The effect
of back diffusion on the current efficiency was also studied. In the case of acetic acid efflu-
ent treatment, investigation of the influence of the resin initial form showed that hydroxyl
and acetate initial forms result in very close performances. It is therefore useless regenerat-
ing the resin bed.
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1. Introduction

Dilute organic acids effluents are generated by
numerous processes. Recovery of such effluents into
pure more concentrated fluxes is a key step in the val-
orization process. Huang et al. [1] studied and dis-
cussed in detail the interest of electrodialysis (ED)
process for the production of organic acids. Vertova
et al. [2] carried out a qualitative analysis of the differ-
ent organic acid recovery techniques. It appears that
the best adapted technique depends on the salinity of
water and on the pre-treatment requirements. When

both water purification and carboxylic acid recovery
are required, ED seems to be an appropriate tech-
nique. Vertova et al. studied the treatment of diluted
(0.2–0.4 wt.% total concentration) solution of carbox-
ylic acid. In order to overcome the difficulty generated
by the increasing ohmic drop due to the lowering of
the diluate conductivity, the authors chose to reduce
the thickness of the diluate compartment. The present
paper aims at studying another alternative technique
which consists in introducing ion exchange (IEX)
resins in the diluate compartment. It must be noted
that an analogous approach was used with success by
Zhang et al. [3] in the case of tartaric acid production,
using a three-compartment configuration and strong*Corresponding author.
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acid resins. Wideasa et al. [4] used also this technique
for continuous recovery of citric acid from fermenta-
tion broth. The current transport through the diluted
compartment is almost entirely mediated by the
mixed ion-exchange resins. The present study regards
acetic acid recovery from diluted solutions, using a
two-compartment configuration and strong anionic
resins. In order to evaluate the influence of the pres-
ence of ion exchanger, experiments were first carried
out in the absence of resins. The diluate compartment
was then filled with an anion exchange resin.

2. Materials and methods

To investigate the benefits of adding IEX resins in
recovering acetic acid from dilute solutions by ED
using bipolar membrane, two sets of experiments
were conducted using bipolar membrane electrodialy-
sis (BMED) with and without IEX resins.

2.1. Bipolar membrane electrodialysis

In the first part of this work, the experimental set-
up, illustrated in Fig. 1, is analogous to the one used
by Yu et al. [5]. Thanks to the hydroxyl ions produced
by the anodic face of bipolar membrane, acetic acid in
the diluate compartment is in the form of anionic ace-
tate. Acetate ions can therefore be transferred through
an anion exchange membrane towards the concen-
trated compartment; then, thanks to the proton ions
produced by the cathodic face of bipolar membrane,
they are transformed into neutral acetic acid form.

The main difference with Yu et al. [5] set-up is the
compartment with electrolytic solutions. For Yu et al.

experimental set-up, the gap between the two adjacent
membranes is 1.5mm whereas, it is 15mm in ours.
Hence in the present work, the same experiment is
used with and without IEX resins. Filling compart-
ment with resin requires a larger gap.

The experimental cell has been realized in our
laboratory. This cell is adjustable, and can include
between 2 and 7 compartments. The cell used in the
present work includes four 15-mm-thick compart-
ments:

• Both anodic and cathodic compartments (Nos. 1
and 4, respectively) contain 60 cm2 platinum-coated
titanium grid electrodes. Both compartments are
separated from the adjacent ones by a bipolar
membrane.

• Compartments Nos. 2 and 3 are separated from
each other by an anion exchange membrane.

The contact area of each membrane is 40 cm2.
Anionic membranes (AMs) were supplied by EURO-
DIA. 0.25-mm-thick bipolar membranes were supplied
by Tokuyama Soda. Experiments were conducted in
batch mode, with recirculation of specific solutions for
each compartment. Referring to Fig. 1.

• In compartment No. 2, circulates 500mL of acetic
acid solution initially at 0.2% wt.

• In compartment No. 3, circulates 500mL of acetic
acid solution initially at 15% wt.

• In each of the electrolytic compartments circulates
500mL of sodium hydroxide 0.1mol L�1 solution.

Acetic acid, sodium hydroxide and sodium acetate
were of analytical grade. pH measurements were
carried out by means of Symphony SC80PC VWR
pH-meter and conductivity measurements by means
of Radiometer analytical CDM 210 conductimeter.

2.2. BMED and IEX hybridizing

The configuration of the cell used in the second
part of the work is illustrated on Fig. 2. No. 2 com-
partment is filled with anion exchanger resins bed.
The capacity of the bed is about 0.063 eq.

2.3. Performance indicators

Concentration of acetic acid in No. 2 compartment
was determined by titration with sodium hydroxide
solution using BBT indicator. Determination of acetic
acid concentration enables us calculate total acetate
acid concentration, using the following equation:

Fig. 1. Principle of BMED for the recovery of acetic acid
from diluted solution.
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CAC ¼ ½CH3COOH� þ ½CH3COO�� ð1Þ

where [CH3COO�] is calculated from the acetic acid
dissociation equilibrium relation:

½CH3COO�� ¼ Ka½CH3COOH�
½H3O

þ� ð2Þ

Concentration of acetic acid in compartment No. 3 can
be considered as constant because only small amount
of acetic acid is transferred, compared to the initial
high concentration in this compartment.

Three parameters are estimated to evaluate process
performances: purification rate of the diluted compart-
ment, current efficiency and energy consumption. The
purification rate can be defined by the following
relation:

TACðtÞ ¼ C0
AC � Ct

AC

C0
AC

� �
� 100 ð3Þ

where, the exponents 0 and t refer to initial and
instant acetate concentrations respectively. Current
efficiency is given by:

gF ¼
Dn � F

Dt �N � I ð4Þ

where Dn is the mole amount of acid transported dur-
ing the time period Dt, F is the Faraday constant, I the
current and N the number of AM (N= 1). Knowing
the applied current I and the measured ohmic drop
U, the energy consumption can be calculated by inte-
grating the product of U and I, i.e. the power, along
the treatment period.

3. Results and discussion

3.1. ED with bipolar membrane

Experiments were carried out using a constant
36mL/min flow rate. Current density was controlled
while the potential between cathode and anode was
measured as a function of time. Transfer of acetate
ions from diluted towards concentrated compartments
leads to a depletion of cell No. 2 lowering its conduc-
tivity, which can be clearly seen in Fig. 3. This
requires an increase of the voltage drop between the
electrodes, as illustrated in Fig. 4.

When voltage reaches around 150V, experiments
must be stopped, which limits purification rates, as
presented in Table 1.

Fig. 3. Conductivity of the diluted compartment solution
vs. time (BMED experiments).

Fig. 2. Principle of BMED and IEX hybridizing.

Fig. 4. Variation of voltage across the cell stack vs. time
(BMED experiments).
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Current efficiency as a function of the applied cur-
rent density, estimated in all cases at 50% recovery
rate, is given in Fig. 5. The current efficiency depends
on the applied current density. It seems that, for the
considered density range, the current efficiency pre-
sents a maximal value. The best current efficiency is
for a current density somewhere located between 12.5
and 17.5mA/cm2. Such phenomenon was already
observed by Yu et al. [5] who explained with detail
the undesired transfers which occur through the AM.
With low applied current density, back diffusion of
acid from concentrated towards diluted compartment
plays a predominant role compared to the desired
transfer. Whereas, with high applied current densities,
separation performances are altered by polarization
concentration phenomenon.

3.2. Electrodeionisation

In order to overcome the difficulty generated by
very high resistance of the diluted compartment,
strong anionic exchanger resins were used to fill this

compartment. Experiments were conducted in the case
of two applied current densities: 17.5 and 20.0
mAcm�2. Ion exchanger resins, initially under hydro-
xyl form, were first used. Fig. 6 presents the evolution
of conductivity and of the voltage drop across the
stack as a function of time.

Solution conductivity decrease can be observed.
However, contrary to the previous case, voltage is
decreasing as well. This difference can be attributed to
the role played by ion exchanger resins which enables
both IEX and acido-basic reaction of ACH with the
OH� initially fixed on the ion exchanger. Three equi-
libria can be considered:

• Acido-basic equilibrium in solution:

HACþOH� � H2OþAC� ð5Þ

• IEX:

AC� þ R�OH� �OH� þ R–AC� ð6Þ

• “Reactive” IEX:

ACHþ R�OH� �H2Oþ R–AC� ð7Þ

where R–OH� and R–AC� correspond to the hydroxyl
or acetate ions fixed in the resin. Solution conductivity
is low, AC� migration in the diluted compartment
occurs therefore mainly via IEX media. When AC�

concentration in this compartment is very low, as
hydroxyl ions are produced by bipolar membrane,

Table 1
Final purification rates for different current densities
(BMED experiment)

Current density
(mA/cm2)

Operation
time(min)

Purification
rate(%)

13.75 30.00 65.7

17.50 28.15 60.4

20.00 18.41 50.0

Fig. 5. Current efficiency vs. current density (BMED
experiment).

Fig. 6. Conductivity of the diluate compartment and cross-
cell stack voltage variations vs. time (BMED witn IEX
resins initially under OH� form; i= 17.5mAcm�2).
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IEX equilibrium (6) is displaced towards R–OH� for-
mation. The fact that OH� mobility is higher than
AC� mobility leads to resistivity decrease.

The influence of OH� production by BP membrane
can also be observed in Fig. 7 which presents the solu-
tion pH evolution in the diluted compartment as a
function of time. When acetic acid concentration
reaches a very low value, a pH fast variation, analo-
gous to that obtained during classical titrations, is
observed.

When pH reached a plateau around 7.5–8, solution
conductivity was very low (Fig. 6) and experiments
had to be stopped because mainly OH� migration
occurs, which does not correspond to the desired
transfer. It must be noted that this pH increase some-
times engenders coloration or even burning of the AM
which then must be replaced.

In order to study the influence of the resin initial
form, experiments were then carried out using resin
under acetate form. The other operating parameters
were the same as those used previously. The evolu-
tion with time of voltage across the cell stack and of
the solution conductivity can be observed in Fig. 8.

It can be observed that, at the beginning of the
experiment, voltage increases and then, similar to the
previous case, decreases. This phenomenon can be
explained as follows: first, as resin is saturated with
AC� ions, no IEX with AC� in solution can occur.
AC� migrate both through resin and solution. Solu-
tion concentration depletion results in ohmic drop
increasing. When solution concentration is low
enough, OH� produced by bipolar membrane are
fixed on the resin, resulting in bed resistivity decrease
because, as previously explained, OH� mobility is
higher than AC� mobility. The corresponding pH evo-

lution is shown in Fig. 9. It can be pointed out that
this configuration leads also sometimes to membrane
burning problems.

3.3. Comparison of the three configurations

Fig. 10 presents the evolution of the concentration
in the diluted compartment for the three previously
described configurations, using the same current den-
sity i= 17.5mAcm�2. The low purification rate
obtained without resins is due to the fact that opera-
tion was rapidly stopped because of a too high ohmic
drop. The corresponding purification rates are given
in Table 2.

Fig. 7. pH of the dilute solution vs. time (BMED with IEX
resins initially under OH� form).

Fig. 8. Conductivity of the diluted compartment solution
and cross-cell stack voltage variations vs. time (BMED with
IEX resins initially under AC� form; i= 17.5mAcm�2).

Fig. 9. pH of the diluted compartment solution vs. time
(BMED-IEX experiments––resin initially under AC� form).
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Fig. 11 enables us to compare the ohmic drop evo-
lutions. As previously explained, ion exchanger resins
insure high bed conductivity. However, it appeared
that when acetic acid concentration is low, OH� ions

are mainly transported through the bed. Energy is
then used for an undesired transfer. It is therefore
worth comparing energy consumption for these vari-
ous configurations for the same purification rate.
Results for 50% recovery are presented in Table 3.

It can be observed that the use of IEX resin enables
us to reduce energy consumption for a given purifica-
tion rate. In fact energy consumption depends on final
rate recovery because, as purification proceeds, a lar-
ger part of current is ensured by OH� transport. The
energy consumption was calculated for various rate
recoveries. Results are illustrated in Fig. 12.

One can clearly observe, from a recovery rate
around 90%, energy consumption suddenly increases:
energy is then mainly consumed for undesired trans-
fer and a slight increase of purification leads to a very
significant increase of energy consumption. It there-
fore appears worth determining a compromise
between recovery rate and energy consumption.

4. Conclusion

An experimental investigation has been conducted
to recover acetic acid from a very diluted solution into

Fig. 10. Concentration of the diluted compartment solution
vs. time (i= 17.5mAcm�2).

Table 2
Final purification rates comparison (i= 17.5mAcm�2)

Configuration Resins initial form Purification rate (%)

BMED Without resins 60.4

BMED-IEX AC� form 96.1

BMED-IEX OH� form 94.5

Fig. 11. Variation of voltage across the cell stack vs. time
(comparison in the case of the three configurations).

Table 3
Energy consumption (comparison in the case of the three
configurations)

Configuration Resins initial form Energy
consumption (kJ)

BMED Without resins 123

BMED-IEX AC� form 109

BMED-IEX OH� form 89

Fig. 12. Energy consumption vs. recovery rate (comparison
in the case of the three configurations).
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a more concentrated solution. From the experimental
results it may be concluded that coupling bipolar
membrane ED and IEX enables us to reduce energy
consumption. This improvement is due to the
decrease of the electrical resistance of the diluted com-
partment thanks to the ionic conductivity provided by
the resins. Recovery rates up to 90% can be obtained
but, above this value, energy consumption increases
very rapidly. A compromise between recovery rate
and energy consumption is required. Investigation of
the influence of the resin’s initial form showed that
hydroxyl and acetate initial forms result in very close
performances. It is therefore useless regenerating the
resin bed.
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