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Abstract

Lactic acid fermentation process with L. casei CRL 686 was performed. The static adsorption isotherm over a
strong anionic exchange resin, Amberlite™ [RA-400 was measured, and the static binding capacity parameters
were quantified, Early recovery of lactic acid from this lactate producer from unclarified culture broth was per-
formed in a liquid solid Auidized bed, with the resin as the solid adsorbent, and the dynamic adsorption capacity
was calculated. Good agreement was found between static and dynamic binding capacity values. The fluidized bed
height was twice the settled bed height and the overall process was controlled by the liquid solid mass transfer. This
eperation was also simulated by continuously well stirred tanks arranged in series and superficial solid deactivation
as in & gas solid catalytic reactor. The deactivation process takes into account liguid channeling and agglomerations
of solid induced by the viscosity ol the broth and also by the cells during the adsorption. These patterns were
also verfied by experimental observations, and are in agreement with the resulis found in the literature. The
breakthrough data together with others from previous works were satisfactorily fitted until the 90% dimensionless
concentration was reached for both culture broths. The model could be used in future studies on predictions about

the liguid solid Auidized bed behavior and other different operating conditions.

Introduction

Both the food and polymer industries use lactic acid
sourced from a racemic mixture obtained from chem-
ical synthesis. In contrast, the biological production
provide a high concentration of one of the isomers
{L+) giving better quality products, but the low con-
centration of the lactic acid produced by bioconversion
generally results in a high cost of recovery and puri-
fication (Cardoba et al., 1996), Moreover, the rise in
the global process efficiency and the development and
process evaluation of early recovery of biomolecules
i« a key factor to make competitive the downstream
scale up of bivlechnological processes.

The biological systems are commonly agueous by
nature and strongly influenced by lonic interactions. In
order to perform an early and direct recovery ol lactic
acid it seems reasonable that the ionic exchange pro-
cess plays a major role in the downstream separation

process, which also gives lower separation costs. Data
related to these processes is scarce because of a large
number of industrial patents on this subject {(Asenjo,
1990).

Dwring the fermentation process For lactic acid it
is desirable to avoid product inhibition, which di-
minishes fermentation productivity, and to establish
a simullaneous efficient recovery. The development
and optimization of fermentation and simultaneous
recovery of lactic acid processes are strongly de-
pendent on accurate, real-ime control of chemical
and physical process variables (Gonedles-Vara et al.,
2000). Planas et al, (1999) mentioned the most widely
used processes for recovery of lactic acid, alternative
lechnigues and presented a novel agueous two phase
system (ATPS) with the same purpose,

Another strategy was recently improved by Cdr-
doba et al. (1999} Tor lactic acid recovery from uncla-
rified culture in a simple fuidized bed. Amberlite™




IR A-4MY, a strong anionic exchange resin, was used
for recovering lactic acid from a fermented broth, A
fermentation process with Lactobacillus casei AD-
NOX (LAl} over an immaobilized bed reactor was
performed. The static and dynamic adsorption capa-
cities were evaluated. The effect of different broth
conditioning cycles — heating time and pH values —
and different contact times were also studied (Cérdoba
elal, 1999).

Thus, the reported adsorption values for lactic acid
were almost four hundred percent higher than previous
works (Cordoba et al., 1996), The laboratory results
obtained were satisfactory, encouraging a follow up
with this carly separation technigue in order to achieve
scale-up,

In this sense, the aim of the present work was
o obtain lactic acid with Lacrobacillus casei CRL
6RO (LAZ) in a batch reactor, followed by the char-
acterization of the static adsorption of lactate over
the Amberlite™ IRA-400 ion exchange resin. After-
wards, to present a model for the extraction of lactic
acid in a single purification step. using the strong
anionic cxchange resin in a fluidized bed column.
The breakthrough experimental data from own and
previous work was also fitted,

Materials and methods

The unclarified culture broth was obtained from a
batch reactor. Lactobacilfuy cavei CRL 080 (LA2)
lactate producer was used, the procedure is detailed
helow.

Fermentation

Laciobaciflus casei CRLGE6 was grown in a medium
containing the following composition in gfl: yeast ex-
tract, 10; MgS0Q,-TH;0, 0.05; (NHy)> HPOQy, 2.5;
MnSOy, 05 and glucose, 40. pH was maintained
alt 5.5 by adding NH4OH (20%) and the temperature
was controlled ar 40 °C. After 48 h of cultivation in a
batch reactor, a final concentration of 43 .9 g/l of lactic
acid was obtained in the broth.

Pretreatment of culture brovl

[n order to remove residual NHy T, the fermentation
culture broth was conditioned by sequential adjust-
menis w pH 8.0 with 1.25 N NaOH followed by
heating at 10D °C during 15 min, until no NHy™ was
detected.

Recovery columns

Pharmacia 10/20 column (10 mm internal diameter
and 20 cm height) filled with 2 g of the anionic ex-
change resin was used. Two adapters were necessary
10 obtain the desired bed heights for fluidized and
packed beds.

Regeneration of fon exchange resin

To conditioning the resin to the OH - form, 15 mi of
1.25 N NaOH was pumped o the column in upflow
mode. The resin was later taken up to neutrality with
distilled water pumped in upflow mode.

Recovery and purification process

Onee the resin was conditioned, the unclanficd culture
broth was fed to the column in upflow mode by using
4 variable speed peristaltic pump o attain a Auidiza-
tion of two fold the settled bed volume. Afierwards,
the resin was washed with 40 ml of distalled water.
For elution, 20 ml of 4.0 N HCl was pumped down-
flow to the packed bed column, Finally, the resin was
washed with 40 ml of distlled water. In both cases,
culture broth was fed to the column until the outlet
concentration was the same as the inlel one.

3 ml fractions of unclarified culture broth were
collected at the outlet of the column. The dynamic
binding capacity was analyzed in those fractions.

Lactic acid deterniination

In all experiments lactic acid determination was done
by an enzymatic and colonmetric reaction using a
lactate reagent provided by SIGMA (Cat. No, 735-10).

Adsarption isotherms

Amberlite™™  [RA-400 characterization was per-
formed by preparing solutions of the unclarified cul-
ture broth at different concentrations (109, 209, 0%,
6%, 30% and 100%) diluted with distilled water: 10
ml of those solutions were mixed with 0.5 g of resin
{dry weight) in glass fasks; a period of 60 min was
required until adsorption equilibriom was reached.

Results and discussion
Static adsorption of LAZ on the resin was made cal-

culating the maximurm capacity (., ) and Kp coef-
ficients, based on the Langmuir equation. The batch
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adsorption experiments gave a Oy, of 0.342 g LAfg
resin while the Kp coefficient value was 0.0207. In
previous works Cérdoba et al. (1999) working with
dilferent source of lactic acid (LA1) found that O, .
=0.125 g LAz resin and a K value of 0.00097,

Lactic acid from fermentation was early recovered
in a fluidized bed column filled with Amberlite™
IRA-400. Once the culture broth was conditioned for
ammonium elimination, it was analvzed for frontal
analysis in order to evaluate the dynamic binding ca-
pacity of the resin. Breakthrough curves of LAl and
LA2 are shown in Figure 1,

The resulting dynamic binding capacity was 0.35 g
L.Afg resin for unclarified culiure broth. A value of
0.36 g LA/g resin was previously found by Cordoba
et al. (19949). Similar dynamic binding capacitics were
achieved in both cases, as was expected.

Although dynamic binding capacities obtained by
trontal analysis in both cases were almost the same,
some differences could be appreciated between the
static binding capacitics evalvated from adsorption
isotherms. From the comparison between the dynamic
and static ((y. ) binding capacity values calculated in
this work, more similar values are found with respect
to those encountered by Cérdoba et al, (1999}, Dif-
lerences on the batch adsorption isotherms procedure
could have been responsible for the not similar (e
values, suggesting that a lower mass of resin to solu-

285

tion volume ratio could be better for reaching to the
equilibrium condition,

Particle bulk density (o5 ) value of (.64 ¢ ml !
wis taken (Perry and Chilton, 1982). The superficial
velocity, n, were 12 cm min~! and 10 cm min ! for
the Pharmacia columns; [0/ and 10720, respectively,

The evaluation of the separation factor, S (Perry
and Chilton, 1982), was done in order o estab-
lish the determinant step of the whole process. The
corresponding equation for S is the following:

5
1 [ 1
( +Kr.l') W

where C,, (217! ) is the lactic acid concentration in the
culture broth and K; (g 1=!) the inverse of the egui-
librium constant. LA concentration value of 53.6 and
43921 forboth LA 1 (Cérdoba et al. 1999 and LA2
were employed, respectively, For the LA and LA2
producers, Ky values are 0.000977 ¢ LA ml ™! (Cér-
doba et al. 1999) and 0.0207 g LA ml™", respectively.
Then, a § value proximate to zero were encountered
in both processes and the whole process was governed
by the mass transfer,

The solid liquid fluidized bed model was written on
the hasis of the literature encountered hydrodynamic
behavior for the solid and liquid phases and the oper-
ating conditions attained in the present study. Changes
in the guality of fluidization are also of major im-
portance whenever a Nuidization process is scaled
up (Harrison et al., 1961), Agglomeration of solid
and channeling effect were observed specially when,
particle diameter. o, < 0.1 cm. As an example, in
the present work d,=0.12 cm. These agglomerations
resulted from the interaction between neighborhood
particles when a viscous liquid was present (Carlos
and Richardson, 1968). They could be explained be-
cause the cross sectional area rise proportionally with
porosity and velocity profiles through the column ( Fan
et al.. 1985). Inhomogeneities in the solid distribution
near the column distributor were also mentioned by
Khan and Richardson (1995) and Di Felice (1995),
The latter author published a table with a large num-
ber of experimental research articles in which this
phenomenon was verified,

Finally, the turbulence at the exit of the distributor
originated by the liquid could enhance agglomerations
of solids, which were experimentally visualized by as-
cendant patterns in the center and descendent patterns
near the wall. Bascoul et al. (1988) gave evidence
for this behavior, particularly for short columns, in-
dependently whether an inert fuidized or fixed bed
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was put before the adsorption column. A more pro-

nounced agglomeration effect was observed experi-

mentally along the column until the culture broth cells
left the Auidized bed.

Development of the model equations were based
on bwo major articles. First, liquid axial mixing in the
adsorption column was represented by N well stirred
vessels, according 1o Buijs and Wessclingh (1980).
Because the ratio between the column diameter,
{cm ™) and particle diameter dp (cm) was greater
than 4, radial dispersion was not considered. Finally,
a deactivation process was assumed over the super-
ficial area of the resin, in analogy with fouling in
catalysis (Carberry, 1980), so as to represent the ex-
perimental inhomogenieties on the solid patterns and
a less disposable superficial arca for the biomolecules
adsorption process, The assumptions were resumed in
the following statemenis:

(1) Axial liguid mixing is represented by the number
of agitated vessels &,

(2) Well stirred mixing solids in each tank,

(3} Adsorption equilibrivm is favorable ( § — 0L

i4) The whole process is governad by the liquid solid
miass ransfer.

(3) Inhomogenieties on the solid fux pattern and ac-
cessihle superficial area to biomolecules was taken
into account by a superficial area deactivation
coefficient («), in a similar way as in catalytic gas
solid reactions.

According to Belter ([1988), the expression for the
lactic acid (LA) mass balance in each well stirred
vessel wias

ENTRANCE = EXIT + ACCUMULATION +
ADSOREPTION ON THE RESIN

Thus, by considering constant the volumetric flow
rate (. (ml min '], porosity, . the feed concentra-
tion C,.. (g 17"}, and the mass transfer coefficient the
mathematical equations were

! &
0C, = 0C) + €V, };F-‘-

+ikraple! "MW Cy =1 (2)
5C;
0C)-1 = QCyeV;—=
+kap)e!™IVC j =2, N (3)

where ¥; /=1, 2, ... ¥} is the lank volume (ml), kap is
the liguid solid mass transfer coefficient (min~ ') and
a is the superficial deactivation coefficient (min ).
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Figare 2. Model simulation for the liquid solid Auidized bed as a
continucusly well stirred tanks arranged in series, with arbitrary
parameters. (Number of tanks N=7, deactivation coeflicient o = 5,
Tiguid solid mass trmnsfer multiplied by the superficial area fjap =
5.

The set of differential ordinary non linear dimen-
sionless equations were solved with the help of a
Funge-Kutta routine. The corresponding expressions
are the following:

4y 1 0! Ly .

ﬁ ] oo [1 + ':-J‘-'I”p}‘: Jv“ _'|-I {‘1']
8y g L

0 = Vi~ [1 B (v_)]

where v; = C;/C, is the dimensionless exit concen-
tration of lactic acid from the vessel j and Ly s the
Auidized bed height (cm); u is the superficial velocity
{cm min~!). The initial conditions are given by y; =
0% i A dimensionless time, ¢, was defined and the
equation is the following:

t
0= —

(%)
Ny
Simulation results for the dimensionless concen-
tration C;/C, (solid lines) versus the dimensionless
time is presented in Figure 2 with arbitrary paramet-
ers. The dimensionless concentration curve at the exit
of the adsorption column (tank j = 7) is called the
breakthrough curve, because it is comparable with the
dimensionless concentration obtained from the col-
lected fractions in the experimental runs. The maore
sicmoidal curve is represented by a high dynamic
binding capacity. In these sense, the graph clearly
showed that the major number of serial agitated Lanks

if)




Table ! Experimental lguid solid Nuidized bed
model parameters for Lacrobacills coasei ATNOX
(LA and Lactebacillus casei CRI 686 (LA

Parameter

Fluidized bed lengih, Ly (e 11k
Mass ransfer coefficient, & (ems=" ) 0.156
Superticial arca, «p (em® em ) 120,11

Fluidized bed porosity, (bG5S
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Figure J. Experimental Locwbacilins casei ADNOY data ( LA
apen symbnll versus numerical model (solid ine), Fined paramet-
ers: number of tanks N = 1 and @=2.5.

(A} the more adsorption capacity was reached for a
given o value,

Table 1 summarizes the fuidized bed height, L,
the mass transfer coefficient k; (¢m min™') {Arters
et al., 1988}, the superficial area p (em® em™7)
(Ramachandran and Chaudari, 1983) and pOTOSILY £
(Hartman et al., 1992),

Expenimental data were fitted adjusting the deac-
tivation coefficient, . and the number of well stirred

Table 2. Filted parsmeters for the breakthrough experimental data
for Lactabaciline easer ADNOX (LAT) and Lactobacillus Ciser
CRL 686 (L.A2)

Parsmeter Lal LAz

Injet Lactic Acid, Cp (g 11) 331 439
Superficial velocity, » icm minl 12 10
Deactivation coelficient, ¢ (min! b 25 s
Residue e [ 6 1

Cubrune broth volume (mil) 34
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Figure 4. Uxperimenta] Lactobwcilluy casei ORI 686 daa [ LAZ
apen symbol) versus numerical model (solid line), Fitted -
meters: oumber of tanks ¥ = | and desctivation coelficient ¢ =
1.8,

vessel. N The residue function, R, was minimized and
the corresponding experimental data ( open symbol)
versus simulation curves (solid line) are presented in
Figures 3 and 4. The experimental data were satisfact-
ory fitted. up 10 90% of the maximum dimensionless
concentration value for the two experimental data sel.
Table 2 resumes the different v coefficient and residue
values found, in both cases the number of agitated
tanks was N=1. These results were also confirmed by
the solid particles pattern seen in the column through
the experimental runs. The corresponding expression
for the residue is

R=00i —Yerp i=1,2 0., M {7

The same number of agitated tanks (N = 1) were
estimated. An average residence time for the solid is
defined by Bascoul et al. (1993) as the correspond-
ing to twice the individual solid particle circulation
time through the column. Following them, an estim-
ation of this value was done for our system. This
time was compared with the corresponding to the li-
quid solid mass transfer. Because the later is higher
than the former our system could be represented by a
completely stirred tank, which can explain the unitary
value of V.

Two different values of the deactivation coefficient
{or) were found for both processes. A proportional
relationship between superficial velocity, w. and the
deactivation cocfficient, @, was encountered. follow-
ing the expected trends pointed out in the literature
(Davidson et al., 1961: Carlos and Richardson, 1968
Khan and Richardson, 1983; Di Felice, 1995). This




288

relationship could be explained because two distinet
distributors were employed. In this sense. a lower su-
perficial velocity was attained for high hole density
and low pressure drop distributor (Asif et al,, 1992),
as was used in the present work, with respect 1o the
experimental runs performed by Cordoba et al. (1999).

A well defined solid particle circulation was exper-
imentally verified, and had to be upward in the middle
and near the distributor, and downward near the wall.
The descending aggregates of solid moving near the
wall could be responsible for the observed channeling
and agglomerations, The viscosity and the ascending
cells of the culture broth could also be responsible of
the effects mentioned above, Otherwise, such a com-
plex behavior was found well represented by the o
parameter. Al the top of the fluidized bed no marked
tendency was found. These remarks were according
to previous works published in the literature Latif and
Richardson (1972).

Conclusions

Laboratory experiments for the fermentation process
and the adsorption of L. casei CRL 686 were per-
formed. The recovery of lactic acid was achieved in
a Pharmacia 10/20 column filled with a strong anionic
exchange resin Amberlite™ TRA-400, operated as a
liquid solid fluidized bed, and the breakthrough data
was obtained. From the comparison between dynamic
and static hinding capacity adsorption values with pre-
vious works, a closer agreement was found for present
results. Differences with previous articles were poin-
ted oul, suggesting that more precise static adsorption
values were obtained with the technique presented in
this wiork.

Whether the whole process was governed by the
liquid solid mass ransfer and the absence of residual
NH4* is true, modeling the adsorption of lactic acid
in fluidized liguid solid bed filled with a strong ionic
exchange resin was well represented by a continuously
well stirred tanks arranged in series.

The mathematical dimensionless model Tor the re-
covery of lactic acid in a liguid solid fluidized bed.
found from two different sources, was in agreement
with preliminary experimental data. The exit concen-
tration within 2 mass transfer controlled process was
encountered to be a function of a deactivation process
on the superficial area (a,) . liquid solid mass trans-
fer coefficient (&), fluidized bed height (L ;). porosity
{¢). superficial velocity (#) and liquid axial mixing

(N1 Only two parameters were needed: the number
of continuously well stirred tanks arranged in series
(N}, which is & measure of the liquid axial mixing. and
the superficial area deactivation coefficient (). Exper-
imental data from two ditferent sources of lactic acid
were successtully fitted with this model.

These approximations on the modeling of a liquid
solid fuidized bed soverned by the liquid solid mass
transfer could be useful in the future for preliminary
predictions on the performance of the column with
different operating conditions. Perhaps, for either con-
trol purpose or the recovery of any other interesting
biomolecule.
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