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Ion Exchange for Product Recovery in Lactic Acid 
Fermentation 

SHAILESH M. DAVE, SACHIN S. PATIL, and A. K. SURESH* 
DEPARTMENT OF CHEMICAL ENGINEERING 
INDIAN INSTITUTE OF TECHNOLOGY - BOMBAY 
POWAI, BOMBAY 400 076. INDIA 

ABSTRACT 

Lactic acid fermentation is a product-inhibited fermentation, and product recov- 
ery costs in downstream processing are considerable. In this paper the feasibility 
of ion exchange as a technique for product separation is investigated. In initial 
experiments an indigenously manufactured weak-base resin was found to show 
promise, and detailed equilibrium and kinetic data required for design and scale- 
up of the separation process have been obtained for this resin under conditions 
of relevance to the fermentation. The equilibria show Langmuir-type characteris- 
tics. The equilibria have also been established with HCI, which is apossible eluent. 
Kinetic studies show that the uptake can be described by a shrinking-core mecha- 
nism, with diffusion through the particle controlling. The effect of important me- 
dium components such as glucose and phosphate on the uptake of lactic acid has 
been established. Studies of the uptake of these components from fermentation 
media have been carried out. 

INTRODUCTION 

Lactic acid is a product of many uses in food, pharmaceutical, and other 
industries. The preferred route to the production of lactic acid is by the 
microbial fermentation of sugars such as glucose and lactose. An impor- 
tant feature of this fermentation is the fact that the accumulation of lactic 
acid in the fermentation broth leads to problems such as end-product 
inhibition and decrease in pH. Conventional batch processes operate at 
temperatures of 40-55°C and pH of 5.5-6.5. The economics of the fermen- 
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1274 DAVE, PATIL, AND SURESH 

tative process also depends on the downstream processing involved. Es- 
terification, ion exchange, electrodialysis, and solvent extraction are some 
of the methods used for purification. 

A cost-effective method of recovering lactic acid in a pure form from 
fermentation broths would therefore go a long way in reducing the cost 
of production. It would be particularly advantageous if the product could 
be recovered during fermentation. Several strategies have been suggested 
in the literature for simultaneous recovery of lactic acid from fermentation 
broth. Prominent among them are solvent extraction (1-3), dialysis/elec- 
trodialysis (4-lo), adsorption ( 1  I ) ,  and ion exchange (12-14). Of these 
techniques, use of ion exchange appears to have several advantages. Prob- 
lems such as toxicity (in solvent extraction), fouling of membranes (in 
membrane-based separations), etc. are not of serious concern here. Lactic 
acid concentrations being small, the requisite capacity may be made avail- 
able in a reasonable volume of the resin particles. Use of weak base resins, 
in view of their higher capacities and the possibility of high selectivities, 
is particularly worthy of attention. 

This work is part of an effort toward the development of a fermentative 
technology for the production of lactic acid from glucose using L .  del- 
brueckii, with intensified rates and simultaneous product recovery. In this 
paper we explore the possibility of using ion exchange for the recovery 
of lactic acid from fermentation broths either simultaneously or after fer- 
mentation. 

PREVIOUS WORK 

In the following we briefly review the literature on ion exchange, partic- 
ularly as it pertains to weak acid uptake and separation. 

The prediction of ion-exchange equilibria has been extensively studied 
for strongly basic and acidic resins (15-18). While early work used con- 
stant separation factors to characterize the equilibria in the resin systems, 
more recent work uses the phase equilibrium approach. The phase equilib- 
ria in most situations have been observed to follow one of the isotherms 
used in adsorption studies, such as Freundlich or Langmuir (19,20). Inter- 
pretation of equilibrium data has usually been done by assuming ideality 
in both the resin and extraparticle solution, or in the resin phase alone 
(21). Recently, Bhandari et al. (22, 23), in their experimental and theoreti- 
cal studies on weak base resins with both strong and weak acids, have 
considered the reversibility of the sorption process and the electrostatic 
effects within the pores of the resin, and they found that the sorption with 
weaker base resins was more reversible. Further, they concluded that 
Donnan exclusion is not effective in the macropores of the resin. 
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LACTIC ACID FERMENTATION 1275 

A good amount of work on sorption dynamics using weak base resins 
has been reported. In ion-exchange phenomena it is usually one or more 
of the mass transfer processes (such as external mass transfer or diffusion 
through the pores of the resin) that control the rate, and not the ion- 
exchange reaction itself (24, 25). Models of the shrinking core type have 
been proposed for the rate under various controlling regimes, and have 
been generally found to fit  the experimental data quite well (25-27). The 
controlling regime is usually determined from the goodness of fit of the 
conversion-time data to the various models. Independent evaluation of 
the transport parameters is usually not undertaken. It has been found, 
however, that the diffusivities obtained by fitting pore diffusion-controlled 
kinetics to experimental data do not remain constant but show a depen- 
dence on the concentration of the solute used. The recent work of Bhand- 
ari et al. (22, 23) shows that at least a part of such variation can be ex- 
plained by taking proper account of sorption reversibility and electrostatic 
phenomena. 

On the relative rates of sorption of different acids, it has been observed 
(26, 28, 29) that strong monobasic acids have higher sorption rates than 
weak monobasic acids. Rao and Gupta (26) attributed this to the differ- 
ences in resin swelling when converted from free base to chloride form. 
Helfferich and Hwang (29) proposed a mechanism of proton transfer via 
diffusion of HSO; in the resin phase to explain the high rates of sorption 
observed in the case of sulfuric acid. They further concluded that the 
diffusion of undissociated acid is rate controlling in the case of weak acids. 

Lactic acid is a hydroxy acid with a weak acid group of pK, of 3.86 at 
25°C. Therefore, under the conditions of fermentation, lactic acid is nearly 
completely dissociated. Not much data are available on the sorption be- 
havior of lactic acid on ion-exchange resins. The interest in this area is, 
however, evident from the patent literature on the recovery of lactic acid 
(among other carboxylic acids) from fermentation broths and from some 
recent papers. Bagoczeck (30) patented an ion-exchange process for the 
isolation of aliphatic hydroxy or keto-hydroxy carboxylic acid. Dowex- 
1, a strongly basic resin, was used in carbonate form for the recovery of 
lactic acid. Yokayama et al. (31) patented a process for purification of 
calcium lactate solution formed during fermentation in the broth, using an 
amphoteric exchanger and activated carbon. Hoechst A.G. (32) patented a 
process for isolation of carboxylic acids produced by fermentation using 
a column containing a polymer with a tertiary amino group. Methanol was 
used to elute the acid. 

The effect of removing lactic acid during fermentation by ion exchange 
on the rate of fermentation was studied by Srivastava et a!. (12) for L. 
delbrueckii using strong base (IRA 93) in OH form and by Beschkov et 
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1276 DAVE, PATIL, AND SURESH 

al. (14) for L.  casei using strong and weak base (Wofatit) resins. In both 
studies an increase in the rate of production and hence of the productivity 
of lactic acid compared to the case of no pH control was shown. However, 
a systematic study of the ion-exchange process itself was not reported. 

Some aspects of ion-exchange recovery of lactic acid were studied by 
Zihao and Kefeng (13) from a solution of lactic acid and glucose and 
fermentation media. They used an initial concentration of lactic acid of 
80 g/L during the selection. These authors selected a SBA resin based 
on the criteria of least glucose adsorption. Equilibria were fitted by a 
Freundlich-type of equation. Elution of lactic acid was done with sodium 
hydroxide. Both the exchange capacity and efficiency were observed to 
decrease in clarified fermentation broths as compared to pure solutions. 

The potential for ion exchange as a separation technique in lactic acid 
fermentation is thus clear from the patent and published literature. How- 
ever, systematic studies on equilibrium and kinetics of uptake are lacking, 
so there is not enough information on which to base a design. Further, 
the potential of WBA resins has not been adequately explored. 

In this paper we report basic studies on SBA resin and WBA resin for 
lactic acid uptake. Studies have been carried out in solutions ranging in 
complexity from pure solutions to fermentation media. Aspects of elution 
using HCl (to obtain lactic acid and not lactate as the product) have also 
been carried out. 

EXPERIMENTAL 

Materials 

The resins used in this study were Indion 860, a weak base anion ex- 
change (WBA) resin manufactured by Ion Exchange India Ltd., and 
Dowex-1 , a strong base anion exchange (SBA) resin manufactured by 
Dow Chemicals, USA. Indion 860 was used in the free base form, and 
Dowex-1 in the CI- form. The resins used were fully swollen by equilibrat- 
ing them with demineralized water and pretreating according to the proce- 
dure given in Helfferich (33) .  The moisture content of the resin was also 
measured by the standard procedure (33 ) .  Swelling of the resin in the 
different solutions used in the equilibrium studies was determined by mea- 
suring the change in the volume of resin on equilibration. The resin charac- 
teristics given by the manufacturers are reproduced in Table 1. Demineral- 
ized (DM) water was used for the preparation of all the solutions and 
for washing the resins. Lactic acid (88-90%), glucose, and other media 
components used were of analytical grade and were purchased from firms 
of repute. 
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LACTIC ACID FERMENTATION 1277 

TABLE 1 
Characteristics of the Ion-Exchange Resins Used 

Indion 860 Dowex 1 

Polymer matrix Styrene-DVB St yrene-DVB 
Type Macroporous Macroporous 
Form as supplied Free base Chloride 

Moisture content (% w/w) 45 50 
Capacity (meqimL dry resin) 1.40 1.25 

Bead size (mm) 0.45-0.55 0.3-1.2 

Determination of the Sorption Equilibria and Kinetics 

Pretreated and fully swollen (in water) resin samples of known weight 
(3 g) were contacted with 200 mL of aqueous solutions of known concen- 
trations of the acid of interest, taken in 500 mL conical flasks. This con- 
tacting was done on a continuous orbital shaker (Neolab Instruments, 
India) at 45°C (which is a typical fermentation temperature) and 180 rpm. 
Studies were also conducted at the ambient temperature of 30°C, which 
could be a possible candidate in downstream processing. Samples of extra- 
particle fluid were taken at intervals and analyzed for the acid concentra- 
tion by the methods to be described below, to provide information on 
the kinetics of sorption. The equilibrium sample was taken well after the 
concentration of the acid in the extraparticle solution had ceased to vary. 
The pH of the solution was measured initially and at equilibrium. Equilib- 
rium data were obtained in a similar manner with solutions of HCl in 0.1 
M NaCl in order to estimate the apparent pK, of the WBA resin (33). All 
the equilibrium experiments were repeated at least twice and in some 
cases thrice or four times. 

In the intended application, lactic acid is present in solution along with 
glucose and salts such as phosphates. It is therefore important to know 
how the presence of these substances influences lactic acid uptake and 
equilibria on the one hand, and to what extent these substances are re- 
moved from solution by the ion exchanger on the other. Therefore, equilib- 
rium uptake of glucose and phosphate salts was studied in the same man- 
ner as described above, both for pure solutions and for solutions 
containing known concentrations of lactic acid; for glucose solutions, the 
kinetics of uptake was also determined in such studies. Finally, uptake 
studies for all three solutes were also carried out with fermentation media 
optimized for our fermentation studies. 
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1278 DAVE, PATIL, AND SURESH 

In order to check whether the rates determined in the above manner 
are influenced by external mass transfer resistance, the solid-liquid mass 
transfer coefficient was measured under the same experimental conditions 
of temperature, shaker speed, and vessel geometry as used for the studies 
described above from the rate of dissolution of benzoic acid pellets. 

Analytical Methods 

The samples taken from the shake flask experiments were analyzed for 
glucose, lactic acid, and chloride as required. A colorimetric method based 
on the o-toluidine technique (34) was used to measure glucose concentra- 
tion. The standard glucose kit made by Chemage Laboratories Ltd. (India) 
was used. Lactic acid concentration was normally determined by titrating 
the solution against standardized NaOH solution as described by Fetzer 
and Jones (35); however, when interfering ions such as phosphates were 
present, an enzymatic assay based on lactate dehydrogenase (LDH) was 
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C ,  kmol m-3 
FIG. 1 Sorption equilibria for lactic acid on WBA (Indion 860) resin at 45°C. Line denotes 
fit of Eq. (1) with data from pure lactic acid solutions. 0: data points with fermentation 

media (not considered in the linear regression). 
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LACTIC ACID FERMENTATION 1279 

used (36). Chloride ion (HCl) concentration was measured using a chloride 
electrode and Orion Ion Analyser-901. The standard phosphorous kit (37) 
made by Chemage Laboratories Ltd. (India) was used to measure phos- 
phate concentrations. 

RESULTS AND DISCUSSION 

The moisture content determined experimentally for the two resins were 
47% for Indion 860 and 53% for Dowex 1 ,  which are in reasonable agree- 
ment with the manufacturers' data (Table 1). The water-swollen resins 
were found to swell further in acid solutions. For example, in the case of 
lactic acid solutions, the water-swollen Indion 860 resin increased in vol- 
ume by a further 18%, while in the case of HCl solutions the increase in 
volume was 13.8%. In both cases, difference in the concentration of the 
acid in the range used did not make much difference to the extent of 
swelling. The pore liquid volumes used in data interpretation were deter- 
mined from the swollen volumes given above. 

0.0 4 4  
0.00 0.04 0.08 0. 

C, kmol m-3 
2 

FIG. 2 Sorption equilibria for HCI on WBA (Indion 860) resin at 45°C. Line denotes fit 
of Eq. (1). 
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1280 DAVE, PATIL, AND SURESH 

Equilibria 

Figures 1 and 2 show, respectively, the equilibrium sorption curves for 
lactic acid and HCI (a possible eluent) on the WBA resin Indion 860, 
starting with various initial acid concentrations. The concentration on the 
resin in units of milliequivalents of acid per gram of dry resin (scientific 
weight capacity) is plotted against the concentration in solution at equilib- 
rium. It is observed that the isotherms have Langmuir-type characteris- 
tics. The corresponding data for Dowex-1 are shown in Fig. 3 (lactic acid) 
and Fig. 4 (HCI). The data have been fitted to the following equation in 
accordance with Ref. 19: 

KC - 4 _ -  
qrn ( I  + K C )  

The parameters at 45"C, determined from plots of llq against 1/C, are 
tabulated in Table 2. In cases where the saturation part of the curve (i.e., 
the value of qm) was well determined (by several data points), the intercept 

4.0 4 

C ,  kmol m-3 
FIG. 3 Sorption equilibria for lactic acid on SBA (Dowex 1)  resin at 4S"C. Line denotes 

tit of Eq. (1). 
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FIG. 4 

M 
\ 

C ,  kmol m-3 
Sorption equilibria for HCI on SBA (Dowex 1 )  resin at 45°C. Line denotes 

Eq. (1). 
fit of 

of the curve l/qm was calculated from the data and given a heavy weightage 
in the regression. The correlation coefficients and the confidence limits 
from the regression analysis are also given in Table 2. The limits for qm 
have been directly calculated from those for the intercept, while the limits 

TABLE 2 
Parameters of Eq. (1) for the Various Equilibria Studied. 95% Confidence Limits for the Slope 

and Intercept Are Also Shown 

95% Confidence limits 4 m  K 
Correlation 

System coefficient Slope x 10’ Intercept Value Limits Value Limits 
~~~ ~ 

Lactic acid-Indion 860 0.977 (0.966. 1.148) (0.204. 0.254) 4.36 (3.94. 4.90) 217 (178, 263) 
HCI-Indion 860 0.990 (1.231, 1.775) (0.155, 0.245) 5.01 (4.10, 6.45) 133 (87, 198) 
Lactic acid-Dowex I 0.940 (4.826, 6.458) (0.206. 0.278) 4.13 (3.60, 4.86) 43 (32, 58) 
HC1-Dowex 1 0.720 (0.820, 6.266) (0.184, 0.200) 5.21 (5.01, 5.43) 52 (29, 244) 
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1282 DAVE, PATIL, AND SURESH 

for K have been calculated from those for the slope and qm. Equilibrium 
studies at 30°C showed no significant change from the behavior at 4S"C. 

For lactic acid, while the capacities of the WBA resin (Indion 860) 
and the SBA resin (Dowex-1) are not far different (the former shows a 
marginally higher capacity), the isotherms saturate at a much smaller liq- 
uid concentration in the case of Indion 860. This is also reflected in the 
higher value of K for the WBA-lactic acid system as compared to the 
SBA-lactic acid system. This should lead to sharper breakthrough curves 
in column operation. Further discussion refers only to Indion 860. 

The shape of the equilibrium isotherms shows the possible influence of 
reaction reversibility, as pointed out by Bhandari et al. (22, 23). For the 
weak base resin, reaction of the acid involves protonation of the ionogenic 
sites of the resin by the acid. The high value of K in the present results can 
therefore be interpreted as indicating that the reversibility of the sorption 
process is small in the concentration range considered. 

In the case of the WBA resins, it is expected that the capacity of the 
resin will depend on the pH of the medium. It is therefore of interest to 
know how the observed capacities compare with those calculated account- 
ing for such pH dependence. We need to estimate the pK, of the ionogenic 
groups in the resin for this purpose. This value is also useful for optimizing 
the fermentation conditions if simultaneous recovery is contemplated. The 
apparant pK, value for the WBA resin, i.e., the equilibrium constant for 
the reaction 

RIR?N+H* RlRzNH + H' 

was determined (33), using the equation 

X 
pK, = pH - log[Cl-] + log- (2) 

where pH and the chloride ion concentration ([Cl-)] are the values at half 
the maximum capacity. The concentration on the resin, as a function of 
solution pH at equilibrium, for solutions with and without NaCl is shown 
in Fig. 5 ,  and the values required for Eq. (2) are conveniently obtained 
from this plot, taken together with Fig. 2. Calculations with both curves 
in Fig. 5 (with and without NaCI) give similar values for pK,. The value 
from the equilibria in NaCl solution (which is probably more accurate) is 
pK, = 6.49. Since apparent pK values thus obtained are usually lower 
than the intrinsic pK value of the ionogenic groups (33), this value shows 
that the resin has reasonable useful capacities in the pH range of fermenta- 
tion (5-6.5). This point is further emphasized later, when uptake data for 
lactic acid from fermentation media are discussed. It may be noted that 
the value of pK, found is in the expected range (33) for WBA resins. 
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FIG. 5 pH titration curves of WBA (Indion 860) with HC1 (with and without added NaCI). 

The phenomenon of Donnan exclusion can result in the H-ion concen- 
tration inside the resin particle being much lower from that in the extrapar- 
ticle environment, and is therefore of relevance in calculating available 
capacities. Bhandari et al. (22, 23) theorized that Donnan exclusion is not 
of importance in macroporous resins because of the presence of an electri- 
cal double layer at the pore walls, and obtained good agreement with their 
experimental results. In order to obtain an appreciation of the severity of 
Donnan exclusion, the value of pK, obtained above was used to calculate 
the available capacity (i.e., the concentration of protonated amino groups 
in the resin) at different pH values. These calculated values are compared 
with the experimentally observed values in Table 3. The two match only 
at very low pH, when the resin is almost totally protonated. Thus, ideal 
Donnan exclusion is incompatible with the high values of available capac- 
ity observed at pH values higher than 1.5. 

It may thus be concluded that, while some exclusion possibly occurs, 
it is well short of what is predicted by the Donnan principle, as concluded 
by Bhandari et al. (23). This implies that significant ion-exchange capacity 
would be available in the pH range of interest. 
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1284 DAVE, PATIL, AND SURESH 

TABLE 3 
Comparison of Observed Capacities as a Function 

of pH with Calculation Based on Donnan 
Exclusion (pK, = 6.49) 

q (rneqlg dry resin) 

PH Experimental Calculated 

4.65 1.394 
4.10 2.573 
1.5 3.623 
1 . 1  4.867 
1 .o 4.867 

0.09 
0.30 
4.86 
4.86 
4.86 

Kinetics of Acid Uptake 

Decrease in bulk solution concentration with time during sorption of 
lactic acid on the WBA resin at 45°C could be fitted well by the following 
first-order uptake equation: 

= kt 
c - ce, 

c o  - c,, In ( 3 )  

Values of the constant k ,  obtained from semilog plots of the data, are 
shown in Table 4. 

Although Eq. ( 3 )  is similar to what one would expect if external mass 
transfer were to be controlling, a number of factors point otherwise. For 
one thing, the k values are different for different initial concentrations. 
Rates of uptake with HCI were much higher than for lactic acid (compare 
Figs. 6 and 7). Again, experiments for lactic acid uptake rates, repeated 

TABLE 4 
Parameter k of Eq. (3) for Various Initial Lactic Acid 

Concentrations in the Kinetic Studies with WBA 
Resin 

Initial concentration (kmol.m-3) k x 1 0 4 s - I  

0.0065 7.75 
0.0100 4.71 
0.0520 4.70 
0.0950 3.69 
0.1920 3.93 
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0 5000 10000 15000 201 30 

t ,  sec 
FIG. 6 Sorption kinetics of lactic acid on WBA (Indion 860) resin at 45°C. Legend shows 

initial concentrations of lactic acid in k r n ~ l . r n - ~ .  

at two different shaker speeds, 180 and 240 rpm, gave identical results. 
Experiments were conducted on benzoic acid dissolution to determine 
the liquid side mass transfer coefficients under identical hydrodynamic 
conditions as used in the resin experiments. After correcting for particle 
size (assuming Sh to be proportional to Re”’) and diffusivity of lactic 
acid, the values of mass transfer coefficients obtained were, in all cases, 
much higher than the k values shown in Table 4. All the above indicate 
that external mass transfer is unimportant and Eq. (3) should only be 
regarded as a fitting equation. 

Thus, having eliminated the possibility of external mass transfer con- 
trol, we may now test for the possibility of diffusion through the control- 
ling particle. The relevant equation (26) is 

6Be * 
[l - 3(1 - X)*/’ + 2(1 - X)] = - QmR2 dr (4) 

where X = fraction of equilibrium conversion reached in time t 
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8 0  
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2 0  
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00 0.0140 
0 0  0 0279 
A A  0.0721 
09 0.1 180 ** 0.1430 

0' " ' I '  ' I '  500 " ' ' I ' ' ' 1000 " I ' ' I ' ' " 1500 I ' I I '  ' ' I  ' ' 2c ' 

t ,  sec 
FIG. 7 Sorption kinetics of HCI on WBA (Indion 860) resin at 45°C. Legend shows initial 

concentrations of HCI in kmol.m-'. 

C = solute concentration in the bulk (kmol/m3) 
D, = effective diffusivity (m2/s) 
R = radius of the resin particle (m) 
Qm = capacity of the resin (kmol/m3) 

- 

The left side of Eq. (4) was calculated from the experimental data and 
plotted against the integral on the right side of Eq. (4), which was calcu- 
lated using Eq. (3). Figures 8 and 9 show the plots. The data plot linearly 
as predicted by Eq. (4). While the data from low initial concentration 
experiments (Fig. 8) show small nonzero intercepts, those from higher 
initial concentration experiments (Fig. 9) pass through the origin. This 
behavior is similar to that observed by Rao and Gupta (26), and has been 
explained by these authors as resulting from possible external mass trans- 
fer limitations in the very early part of these runs. Since the intercepts are 
small, further refinement of the model was not attempted. The diffusivities 
calculated from the slopes of these plots are tabulated as the ratio Delem 
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1.2 
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v 

X 

0.0 

I C  d t ,  (kmol  m-3 sec )  
FIG. 8 Modeling of kinetics of sorption of lactic acid on WBA (Indion 860) resin with pore 

diffusion controlling mechanism (Eq. 4). 

for the different experiments in Table 5 .  The diffusivities are of the same 
order of magnitude as obtained by other workers, for example Rao and 
Gupta (26). It can be seen from the table that the higher the initial concen- 
tration used, the lower the diffusivity estimated. In dilute solutions the 
pH in the external solution is high and the solute is considerably disso- 
ciated, while in concentrated solutions it is possible for a reasonable con- 
centration of the undissociated acid to prevail. Since it is likely to be the 
diffusion of H' that controls the rate of acid uptake in the presence of 
some degree of co-ion exclusion, these differences in the degree of disso- 
ciation can explain the observed trends in the diffusivities. 

No significant effect of temperature was observed on the kinetics of 
uptake, at least in the temperature interval 30-45°C. 

Effect of Medium Components on Kinetics and Equilibria 

Figure 10 shows sorption kinetics for lactic acid from solution contain- 
ing 1, 5 ,  and 10% ( w h )  glucose. The initial lactic acid concentration in 
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/ C  d t ,  (ltmol rn-3 sec )  
FIG. 9 Modeling of kinetics of sorption of lactic acid on WBA (Indion 860) resin with pore 

diffusion controlling mechanism (Eq. 4). 

these experiments was 0.1 kmol/m3. The glucose concentrations used are 
typical of fermentation media. While 10% w/v is typical of batch fermenta- 
tion, there are certain advantages in using a lower concentration in the 
fed batch and continuous operations. Figure 10 shows that the rate as 

TABLE 5 
Diffusivity Values Estimated from Eq. (4) for 

Experiments with Different Initial Concentrations 
of Lactic Acid 

- 
Initial bulk concentration 
(krnolm ~ ') [(m2.s- ' ) / ( k m ~ I . m - ~ ) ]  

Dc/Qm x 1 O ' O  

0.0056 
0.0100 
0.0525 
0.0950 
0.1900 

~ 

5.360 
1.930 
0.682 
0.339 
0.124 
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FIG. 10 Sorption kinetics of lactic acid (Co = 0.1 k r n ~ l . r n - ~ )  on WBA (Indion 860) resin 

in the presence of various glucose concentrations at 45°C. 

well as the capacity decreases as the initial glucose concentration in- 
creases. The reduction in capacity is likely to be due to the uptake of 
glucose, as has been observed in other such studies (13, 20). 

Equilibrium uptake experiments were also conducted to see if phos- 
phate ions (HPOi- and H2P04 1, usually present in the fermentation 
broth, had any effect on lactic acid uptake. Two levels of phosphate 
(H2P04) and two levels of lactic acid were used in these experiments. 
The results are shown in Table 6. While some uptake of phosphates is 
seen, it is noteworthy that the uptake at the higher level of lactic acid is 
less than at the lower level, indicating a higher selectivity for lactic acid. 
This can be explained by the principle of site-sharing (33), since it is likely 
to be the un-ionized form of the lactic acid that diffuses into the resin 
particles. Column studies, to be reported separately, confirm these conclu- 
sions, with lactic acid being able to displace completely the phosphate 
from the resin. 

Finally, an experiment was carried out with the following medium com- 
position (glucose = 10 g/L; KHzP04, K2HP04, diammonium phosphate, 
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TABLE 6 
Equilibrium Uptake of Phosphate in the WBA (Indion 860) Resin 

Bulk phosphate concentration x lo3 
Lactic acid 
concentration Initial Equilibrium Capacity 
( k m ~ l . m - ~ )  (kmo1.m- ’) (krnol.m-’) (meq/g dry resin) 

0.056 
0.056 
0.110 
0.110 

18.56 
95.88 
17.32 
92.78 

13.61 
77.32 
14.84 
77.32 

0.622 
2.330 
0.311 
1.944 

= 1 g/L each; yeast extract = 3 g/L) with different lactic acid concentra- 
tions. Results on equilibrium compositions in the liquid and resin phases 
are reported in Table 7. It is observed that there is a marginal decrease 
in the capacity for lactic acid. The equilibrium pH in these cases was 
higher than with the pure system (data for which were discussed earlier) 
due to buffering action of the medium components. Hence the decrease 
in capacity could be due to the presence of the medium components as 
well as higher equilibrium pH. In any case, the decrease is small and this 
substantiates the conclusion made earlier on the availability of significant 
sorption capacity in fermentation media. The data are also plotted in Fig. 
1 for comparison with the results on the pure system. A general agreement 
with the earlier curve is seen except in the case of one point at  C = 0.0436 
kmol/m3. This experiment was repeated with the same result. The reason 
for the low available capacity for this case is not clear. 

The available capacity at a pH value of 5.1 was checked by neutralizing 
a solution of lactic acid with lime to this pH, filtering off the solids, and 

TABLE 7 
Uptake of Solutes at Equilibrium from Fermentation Media 

Lactic acid Glucose Phosphate 
Equilibrium 
PH c x 10’ 4 c x 103 4 c x 103 4 

6.32 0.02556 1.076 50.55 0.629 12.7 0.969 
4.07 4.36000 1.500 50.55 0.629 12.1 1.05 I 
3.52 7.80000 4.120 51.11 0.559 12.2 1.037 
3.31 13.3000 4.260 52.22 0.419 12.2 I .027 
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recirculating the solution through a column of resin continuously. As the 
pH increased due to uptake, it was adjusted from time to time by addition 
of lactic acid. The experiment was continued till constant pH, indicating 
no further uptake of the acid. The final liquid concentration (total lactate 
+ lactic acid) at this point was 0.064 kmol/m3, and the concentration in 
the resin phase (9) was 1.8 meq/g dry resin. While this q is less than what 
was observed for pure lactic acid solutions at lower pH, it does indicate 
that a significant sorption capacity exists at the pH values of interest to 
the fermentation, as anticipated from earlier pK, information. 

Minor differences in the equilibrium uptake of glucose and phosphate 
are also observed when data on fermentation media are compared with 
those from lactic acid solutions. 

CONCLUSIONS 

The ion-exchange method has been studied with a view to assessing its 
suitability for product recovery in lactic acid fermentation and obtaining 
basic data necessary for designing the system. Data have been obtained 
at the temperatures known to be best suited for fermentation, but the 
influence of temperature on both equilibria and kinetics in the range 
30-45°C has been shown to be unimportant. The weak base resin exam- 
ined in this work, Indion-860, shows promise, with reasonably high capaci- 
ties and sharp equilibria. The kinetics can be explained by the shrinking 
core concept, with diffusion through the particle controlling. The equilib- 
ria with lactic acid as well as hydrochloric acid have been correlated by 
a Langmuir-type expression. While some uptake of glucose is seen, this 
can be minimized in afed-batch operation, and is in any case not a problem 
in recovery from fermented broth. The phosphate ions usually present in 
fermentation media have been seen not to interfere to any significant ex- 
tent with lactic acid uptake. Equilibrium data obtained on made-up fer- 
mentation media, with all the components present, show no significant 
differences in the capacity for lactic acid. 

Therefore, on the basis of these studies, ion exchange using a weak 
base resin emerges as a feasible option in lactic acid recovery and purifica- 
tion, both as a downstream process and in simultaneous recovery. While 
the option exists in downstream processing to adjust the pH of the broth 
(freed of biomass) before subjecting it to ion exchange so that conditions 
best suited to the latter process can be chosen, some optimization of 
conditions is necessary in a simultaneous fermentation-recovery process. 
This is because the optimum conditions for fermentation may be different 
from those for ion exchange. Based on the data presented in this paper, 
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a first choice of conditions can be theoretically derived for a combined 
process if data on the rates of fermentation over a range of conditions 
(mainly pH) are available. A number of options exist for the experimental 
realization of such a system. An attractive option is to circulate the con- 
tents of a batch fermenter continuously through a column packed with 
the ion exchanger and placed in a recycle loop, thereby achieving the twin 
objectives of pH maintenance and product removal. These issues will be 
addressed in forthcoming publications. 

NOMENCLATURE 

C 
Ce, 
CO a 
k 
K 
4 
q m  
Qm 

R 
t 
X x 

I .  

2. 

3 .  

4. 

5 .  

6. 

7 .  

8. 

bulk solute concentration (kmol/m3) 
solute equilibrium concentration in solution (kmol/m3) 
initial solute concentration (kmol/m3) 
effective diffusivity (m2/s) 
rate constant (s-’)  
equilibrium constant (m3/kmol) 
concentration on resin (meq/g dry resin) 
maximum sorption capacity (meg/g dry resin) 
maximum sorption capacity (kmol/m3 resin) 
radius of the resin particle (m) 
time (s) 
sorption capacity (meq/m3 resin pore volume) 
fraction of equilibrium reacted in time t 
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