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Recovery of lactic acid from simultaneous saccharification
and fermentation media using anion exchange resins

A.B. Moldes, J.L. Alonso, J.C. Parajo

Abstract The physicochemical properties (capacity,
kinetics and selectivity) of the ion exchange resins Am-
berlite IRA900, IRA400, IRA96 and IRA67 were deter-
mined to evaluate their comparative suitability for lactic
acid recovery. Both the kinetics of lactic acid sorption
from aqueous solutions and the equilibrium were as-
sessed using mathematical models, which provided a
close interpretation of the experimental results. The best
resins (Amberlite IRA96 and IRA67) were employed in
further fixed-bed operation using aqueous lactic acid
solutions as feed. In this set of experiments, parameters
such as capacity, regenerant consumption, percentage of
lactic acid recovery and product concentration were
measured. Amberlite IRA67, a weak base resin, was se-
lected for lactic acid recovery from SSF (simultaneous
saccharification and fermentation) broths. Owing to the
presence of nutrients and ions other than lactate, a
slightly decreased capacity was determined when using
SSF media instead aqueous lactic acid solutions, but
quantitative lactic acid recoveries at constant capacities
were obtained in four sequential load/regeneration
cycles.

Keywords Ion exchange, Lactic acid, Resin, Separation,
Simultaneous saccharification and fermentation (SSF)

1

Introduction

Lactic acid is a commodity chemical with a wide range of
applications, mainly in the food industry (which utilizes
about 80% of the total production, especially as a micro-
bial preservative or as an agent for acidification or buf-
fering), but also in the production of pharmaceuticals and
cosmetics as well as in the polymer industry, where it is
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used for making biodegradable plastics [1, 2]. The
industrial production of lactic acid can be carried out by
two alternative technologies: chemical synthesis from
fossil fuels and biotechnological technologies—the latter
being based on the utilization of biomass as raw materials.
Nowadays, the fermentative production of lactic acid is the
world’s leading technology.

In lactic acid fermentations which are carried out
without addition of neutralizing or buffering agents, the
pH decreases during bioconversion because of the disso-
ciation of the acid, thus slowing the fermentation kinetics
or even preventing the microbial metabolism. In industrial
processes, pH is controlled either by adding a soluble al-
kali (such as NaOH, KOH, Ca(OH), or NH,OH) or by
reaction with an excess of calcium carbonate, leading to a
salt as the final product [2, 3]. A variety of applications
have been described for the sodium, potassium, ammo-
nium or calcium lactates [4]. When the objective is the
production of lactic acid and the neutralization is carried
out with calcium carbonate, the calcium lactate has to be
recovered by filtration and reacted with sulphuric acid to
give calcium sulphate, adding both new costs in chemicals
and additional waste management to the overall process
[2, 5]. Economic estimates show that the costs of recovery
and purification account for about 50% of the overall
production costs [5, 6], their reduction being one of the
most important challenges in the production of lactic
acid [7].

Several approaches have been considered in literature
for lactic acid recovery, including solvent extraction [6]
and electrodialysis [8]. However, comparatively high
amounts of solvents are needed for extraction, and toxic
effects are provoked by solvents [6, 9]. In the electrodial-
ysis units, cells adhered to membranes during the process,
leading to decreased efficiency in the overall recovery
system [8].

In this field, ion exchange separation provides an in-
teresting alternative for lactic acid recovery from solutions
having low concentration and complex composition [7], as
in the case of fermentation media. A variety of commercial
ion exchange resins are available, with different structures,
polymers and functional groups. These differences result
in a wide variation in physicochemical properties (basic-
ity, kinetics and capacity of exchange, susceptibility
towards regeneration and so on), which control their
suitability for a given problem.

The sorption in ion exchange resins can be ascribed to
two different phenomena, adsorption and ionic exchange,
which can happen simultaneously. At low pH, the weak
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base resins in free base form adsorb mainly the undisso-
ciated form of the lactic acid, which can be recovered by
elution with methanol, ethanol or water at mild tempera-
tures [1]. However, the pH of lactic fermentation media is
usually in the range 5-7, lactate being the predominant
form under these conditions. In this case, the sorption
capacity of a given weak base resin could be increased by
acidification of the fermentation media to switch the
equilibrium towards the molecular form of the acid, but
this operational procedure raises the operational costs,
particularly if the fermentation media has to be recycled
(for example, when lactic acid is recovered during fer-
mentation by intermittent contact with resins). Contrarily,
the strong base resins in OH™ form have high affinity for
lactic acid and maintain their capacity in a wide range of
pH, but strong regenerating agents are required for
product recovery [7].

This work deals with the comparative evaluation of
four resins for lactic acid recovery at pH=4.85, usually
employed in SSF (simultaneous saccharification and
fermentation) processes [10]. Under these conditions,
the dissociated form of the lactic acid was predominant.
From experiments carried out with synthetic solutions of
lactic acid, the determination of physicochemical and
kinetic parameters allowed the selection of the best
resin to be employed for lactic acid recovery from SSF
broths in which pretreated Eucalyptus wood was
converted into lactic acid by the simultaneous action of
fungal enzymes and bacteria (Lactobacillus delbrueckii
NRRL B-445).

2
Materials and methods

2.1

Resin preparation

The anion exchange resins Amberlite IRA 900, IRA 400,
IRA 96 and IRA 67 were selected for this study. Their main
characteristics are presented in Table 1. Before utilization,
the resins were washed and converted into their OH™ or
Cl” forms. Resins in OH™ form were obtained by washing
the resins sequentially with 1 N NaOH solution, distilled
water, 1 N HCI solution, distilled water, 1 N NaOH solu-
tion and distilled water (until pH=7). Because of their own
nature, Amberlite IRA67 and IRA96 could not be obtained
in OH™ form (both resins remained in free base form at pH
higher than 9). Resins in Cl” form were obtained by
washing the resins sequentially with 1 N HCI solution,
distilled water, 1 N NaOH solution, distilled water, 1 N
HCI solution and distilled water (until pH=7). Aliquots of
resins in OH™ or free base and Cl™ forms were air dried

Table 1. Characteristics of the resins

and assayed for moisture by oven drying at 105 °C for
24 h.

2.2

Preparation of synthetic solutions of lactic acid

to be used for resin selection

Samples of preset concentrations were prepared from a
commercial solution containing 88% lactic acid and heated
near the boiling point in order to hydrolyse the lactic
anhydride present. Then, pH was adjusted to 4.85 by
adding 5 N NaOH and the samples were stored at 4 °C
until use. Before utilization, lactic acid was determined by
high performance liquid chromatography (HPLC) (see
below).

23

Manufacture of SSF media

Simultaneous saccharification and fermentation of pro-
cessed Eucalyptus wood was carried out in a 2-1 biore-
actor with 1.0 I of working volume. A medium
(containing water and processed wood at a liquor to solid
ratio=30:1, 5 g yeast extract/l, 10 g peptone/l, 5 g sodium
acetate/l, 2 g sodium citrate/l, 2 g K,HPO,/1, 1 ml Tween
80/1, 0.58 g MgSO, .7H,0/l, 0.12 g MnSO,.H,0/1 and
0.05 g FeS0,.7H,0/1) was sterilized in an autoclave. After
temperature regulation, an inoculum of Lactobacillus
delbrueckii NRRL-B445 and the volume of Trichoderma
reseei cellulases needed to achieve an enzyme/substrate
ratio of 28 UPF/g solid were added to the medium. The
temperature was kept at 45°C and pH was controlled at
4.85 by automatic addition of 4.0 N NaOH. A new ad-
dition of substrate (in the same amount employed ini-
tially) was carried out after 10 h [10]. After 60 h, the
liquors were separated from the solid residues by filtra-
tion and stored at 4°C in a refrigerator. A sample of the
broth was used for HPLC analysis of lactic acid and
sugars (see below).

24

Study of batch operation: kinetics and equilibrium

In the study of equilibrium, 2 g of dry resin and 20 ml of
either aqueous lactic acid solutions or SSF media were
contacted in 50 ml flasks at 25°C. The initial pH of all
samples was fixed in 4.85, the optimum value for SSF.
After contacting phases with magnetic stirring until the
equilibrium was reached, samples of the supernatants were
withdrawn and analysed for lactic acid by HPLC (see be-
low). In kinetic studies, 2 g of dry resin and 20 ml of lactic
acid solution (concentration around 60 g/l) were contacted
in 50 ml flasks. Temperature and pH were the same as in

Resin Manufacturer Matrix Active group Form Basicity =~ Capacity pH range
(meq/g)

Amberlite IRA 900 Rohm and Haas  Macroreticular ~ Quaternary ammonium  Cl~ Strong 4.2 0-14

Amberlite IRA 400 Rohm and Haas  Gel Quaternary ammonium  Cl™ Strong 3.8 0-14

Amberlite IRA 96 Rohm and Haas  Macroreticular ~ Polyamine Free base =~ Weak 4.7 0-7

Amberlite IRA 67  Rohm and Haas  Gel Polyamine Free base =~ Weak 5.6 0-7
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equilibrium studies. At preset contact times, samples of
supernatants were withdrawn and analysed for lactic acid
(see below).

2.5

Fixed-bed operation

A column (length, 6 cm; i.d., 1.2 cm) was charged with
2.77 g of resin, filled with water, vacuum drained to de-
termine the interstitial volume and refilled with distilled
water. Then, a solution containing 42 g lactic acid/l was
pumped at a flow rate of 3.5 ml/min. Fractions of the ef-
fluent were collected and analysed for lactic acid. The resin
was considered to be saturated when the lactic acid con-
centration in the effluent reached the value corresponding
to the feed. The interstitial solution was removed by
pumping distilled water until the lactic acid concentration
of the effluent was below 0.1 g/l. Lactic acid recovery was
achieved by pumping 1 N HCI through the column.
Samples of the effluent were collected and analysed for
lactic acid until an outlet concentration below 0.1 g/l was
reached. Finally, a washing step was carried out as above
to remove the HCI contained in the interstitial space, and
the column became ready for a new cycle. Experiments
with SSF media were carried out in a different column
(length, 9 cm; i.d., 1.2 cm) containing 4.1 g of resin, with
the rest of the operational conditions being the same as
above.

2.6

Analytical methods

Lactic acid and sugars were determined by HPLC using a
Hewlett Packard chromatograph fitted with an RI (re-
fraction index) detector (detector temperature, 40°C).
Other analysis conditions were: column, ION-300; mobile
phase, 0.003 M H,SO,; elution flow, 0.5 ml/min.

2.7

Fitting of parameter values

The experimental data were fitted to the proposed models
using commercial software (TableCurve from Jaendel
Scientific, USA).

3

Results and discussion

The suitability of a given ion exchange resin for lactic acid
recovery from SSF media depends on its physicochemical
features (including capacity, selectivity and sorption ki-
netics), but also on its susceptibility and stability towards
load/regeneration cycles.

The capacity of the resins in their different forms were
evaluated in the first part of this study. As the final ob-
jective is to obtain a lactic acid solution from a fermen-
tation medium where the lactate ion is predominant, the
regeneration has to be accomplished by means of an acid
(in our case, HCl). When a strong base resin is used in CI~
form, the load/regeneration cycle can be summarized in
the following steps:

1. RTCl” + Na, + L, <> RTL™ + Na,, + Cl,

a

q ay
2. Washing with distilled water

3. RTL™ +HJ +Cl < R*Cl + H/ + L,

4. Washing with distilled water

where L™ denotes the lactate ion, R* denotes the overall
complex matrix functional group, and the upper bar
accounts for the charged resin. In this simplified approach,
it is assumed that both lactic acid and HCI are completely
dissociated.

If the resin is initially loaded with OH™ ions, the overall
cycle for lactic acid recovery can be described by the fol-
lowing stages:

1. RFOH™ + Na,, + L., <> RTL™ + Na, + OH,,

2. Washing with distilled water

3. RTL™ +H, +Cl, < R'Cl" +Hj + L
4. Washing with distilled water
5
6

. RTCl" + Naf, + OH,, <> RTOH™ + Naf, +Cl,,
. Washing with distilled water

This second possibility involves a higher number of
stages, and so increased costs in terms of chemicals and
waste management. It can be noted that strong base resins
in OH™ form exchange ions, but also can interact with the
undissociated form of the acid through neutralization re-
actions (which are not included in the above scheme for
simplification).

Resins were contacted with an aqueous solution con-
taining 60 g lactic acid/l with initial pH adjusted to 4.85 by
NaOH addition. When equilibrium was reached, samples
of supernatants were withdrawn and the capacities of the
resins (denoted g, g lactic acid/g dry resin) were calculated
by the equation:

.= [LAC, — LACE]V; )

w

where LAC, and LACg are the initial and equilibrium
concentrations of lactic acid (g/l), V is the volume of so-
lution (1) and w is the amount of dry resin employed (g).
Figure 1 shows the capacities of the resins in their
different forms. In Cl™ form, the weak base resins pre-
sented the highest capacities. However, the strong base
resins in OH™ form presented higher capacities than the
weak base ones (in free base form). This last finding can be

\:I Cl- form - OH- form l:_l_ free base form
|

S ——

—

m i

IRA 67

IRA40  IRA Y

TRA 900

Fig. 1. Capacities of resins in hydroxyl or free base and chloride
forms determined at 25 °C for solutions containing 60 g lactic
acid/l with initial pH adjusted to 4.85 by alkali addition
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explained on the basis that the strong base resins present
usually low affinities for the OH™ ion [11, 12]; this fact
allowing them to exchange it easily. Additionally, as was
said before, strong base resins in OH™ form can interact
with both dissociated and undissociated forms of lactic
acid, but the weak base resins in free base form interact
only with the undissociated form (which is in the minority
at pH=4.85) [7]. On the other hand, it can be noted that
the capacities of resins with a macroreticular structure
(Amberlite IRA 900 and IRA 96) are slightly higher than
the ones of the respective gel-matrix resins.

Considering the results obtained with the sequences
studied, and on the basis of the above discussion, it can be
concluded that the resins in CI~ form present advantages
for further operation. Furthermore, the separation of the
HCI contained in the final solution of lactic acid can be
easily achieved owing to the relative volatility of this
compound.

3.1

lon exchange isotherms

The equilibrium conditions are of major interest in the
selection of an ion exchange resin for a defined purpose.
Even though preliminary conclusions on this subject can

0,25
A

0,2 A °
)
wn A
e
£ 015 -
QD A
U
o
Z 0,1 A
g g O IRA 900
= o IRA 400
@} 0.0 O IRA 9%

105 A IRA 67

0 1 1 1 1 1
0 25 50 75 100 125

Lactic acid conc. at equilibrium, LACg (g/L)

Fig. 2. Ion exchange isotherms (temperature=25°C, initial pH
adjusted to 4.85 by alkali addition)

be drawn from Fig. 1, a more detailed experimentation was
undertaken in order to obtain the equilibrium isotherms
in a wide range of concentrations. As mentioned in the
Methods section, experiments were carried out at 25°C in
media having an initial pH of 4.85. This pH was selected
because it would be compatible with intermittent lactic
acid recovery from fermentation media. The exchange of
L™ ions caused a slight decrease in pH (up to 4.6 in the
worst case), but this variation had little effect on the bal-
ance between the dissociated and undissociated forms of
lactic acid, which was always clearly favourable to the
dissociated form. Owing to this, ion exchange (and not
adsorption) is expected to be the predominant phenomena
in experiments. Figure 2, which shows the isotherms for
the resins considered, confirmed this. In agreement with
previous findings (see Fig. 1), the weak base resins pre-
sented higher capacities than the strong base ones in all
the range of concentrations explored.

The adsorption of lactic acid can be described by a
model similar to the one proposed by Barboza et al. [13]
for clavulanic acid recovery using Amberlite IRA 400.
According to the chemical reaction:

L ~1— — kl LY -
T T7-
R*Cl +Laq<k—2>R L +Claq
the net adsorption rate, rq, can be written as:

ry = kiLAC(qm — 4i) — kagi (2)

where k; and k, are the kinetic parameters defining the
adsorption and desorption steps, respectively, LAC; is
the lactic acid concentration in liquid phase at the con-
sidered time, ¢, is the maximum resin capacity and g; is
the resin charge at the considered time (expressed as g
lactic acid/g dry resin). When equilibrium is reached, r4=0,
LAC=LACg and g;=q. With these assumptions:

gm - K - LACg
= (3)
K -LACg + 1

where g and LACg, are as above, and K (I/g) is the equi-
librium constant calculated as k,/k,. This equation
(Langmuir’s isotherm) was used to fit the experimental
series of data q/LACg. Table 2 shows the results obtained
for the regression coefficients, as well as the statistical
parameters measuring the correlation and significance of
models. These results show that the major differences
among resins are caused by their different maximum
capacities (measured by the parameter q,,,), whereas K
showed similar values in all the cases considered.

Table 2. Regression coefficients and statistical parameters determined in the study of the equilibrium

Resin Regression parameters

Statistical parameters

dm (g/g)* 95% confidence limits for g, K (I/g)®

95% confidence limits for K Fischer’s F parameter R’

Amberlite IRA 900 0.172 0.157-0.188 0.0355  0.0260-0.0450 625 0.995
Amberlite IRA 400 0.161 0.144-0.179 0.0358  0.0243-0.0472 565 0.995
Amberlite IRA 96  0.270 0.249-0.291 0.0217  0.0177-0.0257 1,542 0.998
Amberlite IRA 67 0.276 0.255-0.297 0.0252  0.0200-0.0304 1,105 0.996

*qm: maximum capacity of the resin in batch operation (g/g dry resin)

PK: equilibrium constant of the Langmuir isotherm (I/g)
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Furthermore, it can be noted that the maximal capacities
were lower than indicated by the suppliers (see Table 1),
which is possibly related to the fact that some functional
groups were not accessible to lactate ions. A similar
finding was reported by Evangelista et al. [7].

3.2

Kinetics of lactic acid sorption

A set of assays was carried out to assess both the kinetic
pattern of lactic acid recovery from aqueous solutions and
the contact time necessary for reaching equilibrium.
Figure 3 shows the time courses of lactic acid concentra-
tion for the four resins considered. All of them exhibited a
common kinetic pattern characterized by an initial stage of
fast exchange, followed by a slower stage. This behaviour is
in agreement with the findings of Kaufman et al. [2] for
weak base resins. The overall process is made up of se-
quential stages, including: (1) solute mass transfer through
the liquid film surrounding the resin particles; (2) intra-
particle diffusion of solute and (3) solute adsorption. If the
mass transfer through the film is the rate-controlling step,
the kinetics of the process is defined by the following
equation:

dLAC_K
e ¢

where LAC is the lactic acid concentration (g/l) in the
liquid phase at the considered time ¢ (min), LACg is the
final concentration in the liquid phase (defined by the

(LAC — LACg) (4)

65 i
-) O IRA 900 I
5 60 1 o IRA 400 |
@] O IRA %
3 A IRA67
5
= 50 4°%a 9
&
< o 4 5
.2 A A
g a5
e
40 — ; . : |
50 100 150 200 250 300

Time (min)

Fig. 3. Time course of lactic acid acid concentration in batch

experiments (temperature=25 °C, initial pH adjusted to 4.85 by
alkali addition)
Table 3. Regression coefficients and statistical parameters
determined in the kinetic study

K. (min™')? 95% confidence R?

limits for K,

Amberlite IRA 900 0.160 0.138-0.181 0.985
Amberlite IRA 400 0.0726 0.0601-0.0850 0.978
Amberlite IRA 96 0.330 0.252-0.408 0.876
Amberlite IRA 67 0.341 0.259-0.424 0.844

K. mass transfer coefficient (min™")

equilibrium conditions) and K. (min~") is an overall mass
transfer coefficient.

By integration of Eq. (4), the interrelationship between
LAC and time is given by the equation:

LAC = LACg — [LAC; — LACgle %! (5)

where LAC, is the initial lactic acid concentration in
the medium. When the operational variables w, V and
LAC, are fixed, combining both Egs. (1) and (3) (mea-
suring the operation and equilibrium conditions,
respectively), the parameter LACg, can be calculated for
each resin. From these results, the experimental data
LAC versus t were fitted according to Eq. (5) to obtain

0,12
|D SSF broth B Aqueous lactic acid solution
= 01
é 0,08 -
2 006
=
g o]
g
S 00
0 T T T

IRA90 IRA400 IRA9% IRAG67

Fig. 4. Resin capacities determined at 25 °C for aqueous
solutions of lactic acid or SSF media containing 37 g lactic acid/l
(initial pH adjusted to 4.85 by alkali addition)
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Fig. 5. Elution profiles of load/regeneration cycles using aqueous
lactic acid solutions (operation at 25 °C with a feed solution
containing 42 g lactic acid/l, Initial pH of the feed adjusted to 4.85
by alkali addition)
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Table 4. Experimental results of lactic acid recovery from aqueous solutions in fixed-bed column operation

(a) Resin: Amberlite IRA 96

Cycle 1
qrp (g/8)* 0.371
Regenerant volume (1) 0.085
LAC (g/l)® 12
Recovery (%) 100
(b) Resin: Amberlite IRA 67

Cycle 1
qes (g/8)" 0.374
Regenerant volume (1) 0.064
LAC (g/l)° 17.2
Recovery (%) 100

Cycle 2 Cycle 3 Cycle 4
0.377 0.381 0.379
0.092 0.084 0.094

11.5 12.3 11.1
100 98.2 98.8

Cycle 2 Cycle 3 Cycle 4
0.390 0.385 0.346
0.092 0.082 0.106

11.7 13.9 10.4
98.6 100 100

*grp: resin capacity in fixed-bed operation (g/g dry resin)
®LAC: concentration of lactic acid in the bulk solution (g/L)

80

g 70
S 5 60
= % 50 -
= L 40
L < 30 ~
o
4 20
- 10 4

0 -

0 0,5 1 1,5

Effluent volume (L)

Fig. 6. Elution profiles of load/regeneration cycles using SSF
media (operation at 25 °C with a feed solution containing 48 g
lactic acid/l, Initial pH of the feed adjusted to 4.85 by alkali
addition)

the corresponding values of the overall mass transfer
coefficient K..

Table 3 lists the results calculated for K., as well as the
statistical parameters measuring the correlation and sig-
nificance of models. Figure 3 shows the agreement
between experimental results and the corresponding val-
ues calculated using the proposed model. This model has
been used in literature to fit related results [12].

When resins having the same kind of matrix are con-
sidered, K. reached higher values for weak base resins;
whereas for resins with the same type of basicity, K.
reached higher values for macroreticular-type resins (IRA
900 and IRA 96), this fact being in relation with the known
slower difusion characteristic of gel-type resins. The re-
sults determined for K, are of the same order as those
reported for experiments carried out under related con-
ditions [12]. The findings of the kinetic assays confirmed
the comparative advantages of weak base resins for lactic
acid recovery.

3.3

Processing of SSF media: batch and column operation
Batch experiments were carried out in order to assess the
ability of the resins for lactic acid recovery from SSF
media. For comparative purposes, similar experiments
were carried out with aqueous lactic acid solutions having
the same concentration as the SSF media (see Fig. 4). As
expected, and in agreement with data reported for related
experiments [1], the resin capacities determined for fer-
mentation media decreased by 27-35% with respect to
those obtained with aqueous solutions, owing to both the
exchange of ions other than lactate (for example, sulphate,
phosphate, citrate and acetate) and to the adsorption of
extraneous components (nutrients, enzymes, etc.) to the
polymer.

The above data on kinetics and capacities proved that
weak base resins were the most favourable ones for lactic
acid recovery from aqueous solutions and from fermen-
tation media. So, the two weak base resins considered in
this study (Amberlite IRA 96 and Amberlite IRA 67) were
assayed for column operation (the usual procedure at an
industrial scale). In this part of the study, variables such as
the degree of lactic acid recovery, the consumption of
regenerant and the stability towards load/regeneration
cycles were considered.

A first set of four load/regeneration cycles was carried
out with aqueous solutions containing 42 g lactic acid/l
(the same concentration obtained in SSF media). Figure 5
shows the time course of lactic acid concentration in the
effluent determined in this part of the experimentation.
The capacity of the resin in column operation (ggs, g/g 0.d.
resin) was calculated by numerical integration of the elu-
tion profiles, according to the expression:

Table 5. Experimental results of lactic acid recovery from SSF media in fixed-bed column operation using Amberlite IRA 67

Cycle 1 Cycle 2 Cycle 3 Cycle 4
grs (g/g)* 0.281 0.276 0.274 0.262
Regenerant volume (1) 0.074 0.063 0.073 0.070
LAC (g/l)° 15.2 17.5 16.1 15
Recovery (%) 99.1 99.9 100 98

*qep: resin capacity in fixed-bed operation (g/g dry resin)
LAC: concentration of lactic acid in the bulk solution (g/l)
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Va

1
am =1 / [LACteed — LACou]dV; (6)
14

where LAC,, is the lactic acid concentration of the efflu-
ent (g/1), LAC¢.eq (g/1) is the lactic acid concentration of
the feed, V is the volume of solution collected (1), and w is
the mass of resin contained in the system (g). The inte-
gration started in the breakthrough point (limit V; cor-
responds to the conditions when the elution volume
reached the value corresponding to the interstitial vol-
ume), and finished when the concentration of the effluent
reached its maximum value (limit V).

The percentage of lactic acid recovery (PR) was calcu-
lated by numerical integration of the expression:

V2

/ LAC,y - dV (7)

Vi

100

qeB - W

PR =

where the variables have the same meaning as before. In
this case, the integration was carried out from the initial to
the final points of the recovery stages (corresponding to
elution volumes V; and V,, respectively). Table 4 sum-
marizes the results obtained and confirms that both resins
showed constant capacities, which were higher than those
determined in batch experiments. This finding is in
agreement with literature data [7] and can be justified on
the basis of the different nature of both kinds of experi-
ments: in batch assays, the Cl™ ions remained in the media
affecting both pH and equilibrium conditions, whereas the
same ions were washed out in column operation. Quan-
titative regeneration was achieved with both resins, but the
requirements of regenerant are slightly lower in the case of
Amberlite IRA67. Because of this, the average concentra-
tion of lactic acid in the effluent was higher in this case
(13.3 g/l in comparison with 11.7 g/l for Amberlite IRA 96).
Considering the above findings, the resin Amberlite
IRA67 was selected for assessing the recovery of lactic acid
from SSF in column operation. Figure 6, which shows the
results obtained in four sequential cycles of load/regen-
eration, proved that the average capacity decreased with
respect to the previous experiment with aqueous lactic
acid solutions (from 0.373 g/g to 0.273 g/g), a similar
behaviour to that observed in batch experiments, which

can be ascribed to the same reasons explained before.
However, it must be noted that a constant capacity was
determined in the various cycles, the recovery of lactic acid
being quantitative in all the cases. In the assay leading to
almost quantitative lactic acid recovery, the average con-
centration of lactic acid reached 16 g/l (see Table 5).

In conclusion, Amberlite IRA67 in chloride form pre-
sents a favourable behaviour for lactic acid recovery from
SSF media, in terms of kinetics, affinity, capacity and
susceptibility to regeneration.
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