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Adsorption Characteristics of Polyvinylpyridine and
Activated Carbon for Lactic Acid Recovery from
Fermentation of Lactobacillus delbrueckii

CHUN-CHIANG CHEN and LU-KWANG JU*
DEPARTMENT OF CHEMICAL ENGINEERING
THE UNIVERSITY OF AKRON
AKRON, OHIO 44325-3906, USA

ABSTRACT

Polyvinylpyridine (PVP) and activated carbon were examined for the adsorption
characteristics pertinent to their application in lactic acid fermentation. For PVP the
linear adsorption constant, Kaii, was between 0.7 and 1.0 for an equilibrium pH
range of 3 to 9. The pH was adjusted by acid/base addition, similar to pH control
in fermentation. The values of K^ in the pH-adjusted systems were much lower than
that reported for pure lactic acid solutions, i.e., about 9.7. Furthermore, no clear
effect of pH was observed. These are attributed mainly to the competition of anions
(Cl~ and lactate) for the adsorption sites of protonated pyridinal N. Its adsorption
capacity was also found to decrease with the base regeneration (by about 14% each
time) after being contacted with the culture broth. These limit its potential application
in lactic acid fermentation. Activated carbon was much more effective in lactic
acid/lactate adsorption than PVP. At pH 5.5 (optimal for fermentation), the value of
/fad of activated carbon was about 7. The adsorption further favored lower pH under
acid (HC1) addition. Activated carbon has been reported to adsorb glucose. However,
the presence of glucose in 0-70 g/L was found in this study to have an insignificant
effect on lactate adsorption. Cells of Lactobacillus delbrueckii also adsorbed rapidly
on activated carbon. This cell adsorption had a negative effect on lactate adsorption.

INTRODUCTION

Lactic acid has attracted increasing attention recently because of its applica-
tion in therapeutic products, environmental plastics, and food additives. The
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1424 CHEN AND JU

biodegradability and biocompatibility of polylactic acid and copolymers are
especially desirable for many industrial and biomedical applications. For ex-
ample, polylactic acid has been recognized as a biodisposable plastic which
incinerates well and poses no threat to the environment (1-3). Biomedically,
polylactic acid and its copolymers have been used in resorbable prosthetic
devices (4) and as degradable matrices for sustained release of medicinal
ingredients (5).

About half of the market demand for lactic acid is met by production from
fermentation; the rest by chemical synthesis (6). Lactic acid fermentation can
be made with different microorganisms, either homofermentative (producing
lactic acid only) or heterofermentative (producing lactic acid and other organic
compounds). Only the former, from the genera Lactobacillus, Streptococcus,
and Pediococcus, are of industrial importance for lactic acid manufacture
(7). Among them, Lactobacillus delbrueckii is a common species used when
glucose is the primary substrate in the fermentation (8, 9).

However, if accumulated in the medium, the lactic acid produced by the
microorganisms inhibits both cell growth and further lactic acid synthesis in
the fermentation (8). This occurs in two forms: if not neutralized, the lactic
acid leads to a marked pH drop which, in turn, effects a general inhibition to
cell function; upon neutralization, the accumulation of lactate ions gradually
reduces the enzymatic activity by end-product inhibition. For L. delbrueckii
the specific cell growth rate was found to drop from 0.43 to 0.03 h"1 when
6 g/L of free (unneutralized) lactic acid was present (8). Similar inhibition
was observed when the dissociated lactate ions accumulated to 50-60 g/L
(8).

The product inhibition calls for its continuous removal from fermentation
broth to enhance the productivity. Many methods have been tried, including
calcium lactate precipitation (6, 10), amine extraction (8, 11), electrodialysis
(12-14), and adsorption (15, 16).

With the precipitation method, calcium carbonate is added to react with
the lactic acid produced, forming calcium lactate precipitate and preventing
the lowering of pH (6). The lactic acid production was, however, found to
slow down with the fermentation and was attributed, at least partly, to the
negative effects of calcium ions (10). The lactic acid productivity of L. del-
brueckii had been reported to decrease with increasing Ca2+ concentration:
only 60% of the productivity remained when 100 mM Ca2+ was present in
the medium (12). While CaCO3 is practically insoluble in water, the solubility
of calcium lactate is relatively high, i.e., about 50 g/L at 20°C (17). An increase
in Ca2+ concentration in the medium can therefore be expected to occur along
with the lactic acid production.

A continuous removal of lactic acid can be achieved with electrodialysis
(12-14). However, this may be complicated by the problems of membrane
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ADSORPTION CHARACTERISTICS OF POLYVINYLPYRIDINE 1425

fouling caused by the cells (12) and the removal of other essential ions from
the medium during the process (12, 14). Amine extraction of lactic acid has
also been studied (8, 11, 18, 19). Its inhibitory effects to cell growth, which
compromise its application in situ, are well documented (8, 11). Adsorption
has been reported for its capability to remove lactic acid from the fermentation
broth without any direct negative effects on the cells (15, 16). The use of an
ion-exchange resin (15) is, however, expected to remove anions other than
lactate from the broth also. Other adsorbents that do not rely on ion exchange
as the main mechanism for lactate removal deserve some more attention.
Polyvinylpyridine (PVP) and activated carbon have been proposed to be used
for this purpose (20, 21) but without detailed information on their pertinent
adsorption characteristics.

In this work the adsorption characteristics of PVP and activated carbon
are evaluated with emphases on their application to lactic acid fermentation.

MATERIALS AND METHODS

Microorganism and Medium

The microorganism used in this study for lactic acid fermentation was
Lactobacillus delbrueckii (ATCC 9649). It was maintained with regular sub-
culturing on tomato juice agar slants: tryptone (Difco 0123), 10 g/L; filtered
tomato juice, 200 mL/L; and agar, 11 g/L. Inocula for the fermentor runs
were prepared from the stock culture by incubation in shake flasks for 15 hours
at 42°C. The medium used for inocula preparation and lactic acid fermentation
contained glucose, 10 to 100 g/L, depending on the different study purposes;
yeast extract, 1/10 of the glucose concentration; (NH4)2HPO4, 1 g/L; and
a mixed-salt solution, 5 mL/L. The mixed-salt solution had the following
composition: MgSO4-7H2O, 115.0 g/L; FeSO4-7H2O, 6.8 g/L; and
MnSO4-2H20,24.0 g/L. A more detailed description about the experimental
setup and procedures for lactic acid fermentation is available (10).

Adsorbents and Adsorption Study

Two adsorbents, polyvinylpyridine (Reillex 425 from Reilly Industries,
Indianapolis, IN) and activated carbon (Filtrasorb 100 from Calgon Carbon
Corp., Pittsburgh, PA), were used in this study. The PVP resin is a weakly
basic polymer (Fig. 1). It is insoluble in most solvents and has high stability
for a broad pH range and temperatures up to 260°C (22).

Unless mentioned otherwise, the adsorption study was made by contacting
the adsorbent with the medium at a ratio of 1 g to 5 mL for 24 hours at room
temperature (22 ± 2°C). Dilute acid or base (0.1 N HC1 or NaOH) was used
to adjust the pH to the studied values. In experiments to generate complete
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1426 CHEN AND JU

Polyvinylpyridine

CH, CH—CH,—CH -

Acid

FIG. 1 Structure and proposed adsorption mechanisms of polyvinylpyridine.

isotherms, the initial aqueous-phase lactic acid concentration ranged from 5
to 60 g/L, the latter being the limiting concentration found to completely
inhibit further lactic acid production in the fermentation (10). In many other
experiments to examine the effects of pH and glucose on lactate adsorption,
the initial lactic acid concentration was kept at 5 g/L. At this dilute range,
the isotherm could be reasonably approximated with a linear dependency, as
shown later. The effects of pH and glucose could therefore be examined by
comparing the linear adsorption constant (Ar

aj), which is defined as the ratio
between the loading on the adsorbent (in g of lactic acid per kg of adsorbent)
and the remaining aqueous-phase concentration (in g of lactic acid per liter
of aqueous solution) at equilibrium.

Regeneration of the adsorbents was done by contacting the adsorbents with
1 N NaOH at a weight-to-volume ratio of 1:5, followed by washing with
distilled water.

Clearer presentations of the details of the individual adsorption studies are
given in the Results Section.

Analytical Methods

For fermentation samples, centrifugation was used to separate the cells
from the supernatant. The supernatant was then analyzed for glucose and
lactic acid concentrations. The cell pellet was washed once and resuspended
in distilled water for determination of cell concentration.

Cell Concentration

The optical density at 610 nm of the cell suspension was measured with
a spectrophotometer and used to determine the cell concentration according
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to a preestablished calibration curve. The cell dry-weight concentrations used
for developing the calibration curve were obtained after drying the washed
cell pellets from centrifugation to constant weights at 90°C for 48 hours.

Glucose Concentration

Glucose analysis was done by the oxidase method (Sigma No. 510). Fol-
lowing the enzyme-catalyzed reaction, the color intensity of the solution was
measured at 450 nm with a spectrophotometer. The glucose concentration
was then determined according to a linear calibration curve established with
three standard solutions of different glucose concentrations. The standard
solutions were analyzed simultaneously with the samples.

Lactate Concentration

Lactate concentration in the liquid sample was determined by an enzymatic
method involving both lactate oxidase and peroxidase (Sigma No. 735). The
lactate was first converted to pyruvate and H2O2 by lactate oxidase. Peroxi-
dase then catalyzed the reaction of H2O2 and the chromogen precursors to
produce a colored dye with a maximum absorbance at 540 nm. The optical
density at 540 nm can therefore be used to determine the lactate concentration
with the calibration curve established with three standard solutions analyzed
simultaneously with the samples. Replicate assays were always performed.
The precision of the analysis typically had standard deviations in the 1-3%
range. The samples were analyzed again when the standard deviations of the
replicate assays were larger than 5%.

RESULTS AND DISCUSSION

Effect of pH Swing on Cell Activity

Many potentially effective lactic acid removal techniques, such as reactive
extraction using amines (8,11,18) and adsorption using adsorbents with basic
functional groups (22), rely on the mechanism of acid-base interaction which
strongly favors the medium pH lower than the pKa of lactic acid [i.e., 3.8 at
25°C (17)]. The effects on cells of lowering the broth pH for a brief period
to achieve the desired lactate removal were therefore examined.

The adequate duration of the pH swing was first determined by examining
the rate of lactic acid adsorption on PVP in a gently mixed vessel. Twenty
milliliters of a 5 g/L lactic acid solution were contacted with 4 g of PVP and
the pH followed. The pH was observed to stop changing after 15 minutes,
indicating that equilibrium had been reached. The duration of pH swing was
therefore chosen as 15 minutes in the following study.
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1428 CHEN AND JU

The experiment of pH swing was conducted in four magnetically stirred
50-mL bottles. Each contained 30 mL of the fresh cultivation medium with
20 g/L of glucose. Three mL of the culture, harvested at the exponential
growth phase, were inoculated into each bottle and incubated for 3 hours.
The pH dropped to about 6.0, indicating active cell metabolism. A sterile
HC1 solution (0.1 N) was then added to three of the bottles in volumes of
0.5,0.8, and 1.1 mL, respectively, to bring the pH of the corresponding bottle
down to 3.6, 2.7, and 2.3. The fourth bottle served as the control (without
being subjected to the pH swing). After 15 minutes the same volumes of a
sterile 0.1 N NaOH were added into the three bottles to neutralize the acid
added previously. The pH was then measured every 3 hours to monitor the
recovery of cells from the pH swing. The premise was that lactic acid produc-
tion by the recovered cells would lead to a continual decrease of pH.

The pH profiles obtained are shown in Fig. 2. For all the systems with a
brief pH swing, the cells were found to recover their lactic acid production
capability after a lag phase of about 3 to 5 hours. The experiments were
repeated twice to cover a broader swing range of pH, i.e., from 1.7 to 4.4.

X
Q.

pH Swing Recovery of Cell Activity

5 -

4 -

0.0 0.2
1 1 r

5 10 15 20 25 30

Time (h)

FIG. 2 Recovery of cell activity following pH swing. The cell activity was monitored by the
drop of pH as a result of lactic acid production.
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The same conclusion was obtained, although the duration of the lag phase
varied with the extent of pH swing (results not shown). L. delbrueckii was
therefore very acid-tolerant to allow for the incorporation of pH swing for
lactic acid removal, if necessary. Nevertheless, the lag phase associated with
the pH swing process, if performed frequently, could compromise the overall
productivity of lactic acid fermentation.

Adsorption Characteristics of Polyvinylpyridine

Effect of pH

The adsorption isotherms of lactic acid on PVP were reported in the litera-
ture for two different temperatures, 25 and 90°C (23). The results can be well
described by Langmuir equations (with R2 = 0.99):

at25°Cv 40.4 + y

_ (196)y
q ~ 70.3 + y a t 9 0 C

where q refers to the loading on PVP (in g lactate/kg adsorbent) and y refers
to the equilibrium total lactate concentration in the aqueous solution (in g/L).
Pure lactic acid solutions were used in the study, and the lowest equilibrium
acid concentration involved was about 10 g/L. Consequently, the pH values
of the systems (<1) were much lower than the pKa of lactic acid. Practically
all lactic acid molecules were present in the free acid form. This was obviously
far from the situation encountered in the fermentation.

Because pH swing was shown to incur an undesirable lag in the recovery
of cells, the effect of pH on lactic acid adsorption was examined to see if pH
swing would be necessary. Five bottles were used in the study. Each contained
20 mL of 5 g/L lactic acid solution that had been neutralized by 0.1 N NaOH
to simulate the base addition for pH control in the fermentation. The pH
values were then readjusted to 2.5-7.0 by addition of 0.1 N HC1. Four grams
of PVP were added, i.e., in a 1:5 weight-to-volume ratio. After being con-
tacted for 24 hours to ensure that equilibrium was reached, the supernatant
and solids were separated. The remaining lactic acid concentrations in the
supernatants were determined. Because of the low acid concentrations em-
ployed, linear adsorption isotherms were assumed and the equilibrium con-
stants (ATad) calculated. The results obtained at different pH values are summa-
rized in Table 1 No clear trend of the effect of pH can be seen and the
variation of Kad was not very significant (0.7 to 1.0) despite the wide range
of equilibrium pH values (3 to 9) involved.
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1430 CHEN AND JU

TABLE 1
Effect of pH on Lactic Acid Adsorption on Polyvinylpyridine

pH Aqueous lactate concentration (g/L)

Initial

6.88
4.34
3.38
3.06
2.48

Equilibrium

8.76
5.33
3.98
3.61
3.17

Initial

5.0
5.0
5.0
5.0
5.0

Equilibrium

4.2
4.4
4.3
4.2
4.4

1.0
0.7
0.8
1.0
0.7

PVP is a weakly basic polymer resin. The adsorption is supposed to depend
on acid-base interaction and favors low pH (< pKa). There are two possible
reasons for the observed contradiction.

First, there are two functional groups in lactic acid, carboxylic acid and
alcohol (Fig. 1). PVP has been reported to adsorb both organic acids [e.g.,
butyric acid and acetic acid (24, 25)] and alcohols [e.g., butanol (24)]. The
adsorption of lactic acid on PVP may, therefore, occur through either the
acid or the hydroxyl group. While the former is expected to be strongly pH-
dependent, the latter is not. The selectivity of PVP to these two functional
groups of lactic acid deserves further investigation.

Second, adsorption by acid-base interaction proceeds through protonation
of the pyridinyl N. The protonated PVP may pick up the anions of other
mineral acids, such as Cl~, SO^", etc., rather than the lactate ions. In this
adsorption experiment, higher Cl~ concentrations were present in the systems
of lower pH because HC1 had been added for the initial pH adjustment. The
competition of Cl~ for the adsorption sites of PVP might have compromised
the positive effect of low pH so that the adsorption of lactic acid appeared
to be no specific function of pH.

The occurrence of the proposed compromise is supported by the much
lower adsorption constants Kasi obtained in this study than in pure lactic acid
solutions. As shown in Table 1, the values of Afad obtained in this study are
all no larger than 1. On the other hand, the value of ATad in pure lactic acid
solutions is approximately 10, as indicated by the best-fit adsorption isotherm
at 25°C. Protonated PVP appears to have higher affinity to Cl~ than to lactate
ions. The same phenomenon of anion competition has been observed in the
extraction of lactic acid with tertiary amines which have functional structures
similar to PVP (19, 26). More study is required to fully characterize the
adsorption of acid and salt mixtures by PVP. Nevertheless, the results sug-
gested that the pH swing was not beneficial.
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PVP Regeneration

A 3-L lactic acid fermentation was made in a bioreactor (BioFlo lie, New
Brunswick Scientific) coupled with an adsorption column (30 cm in height
and 5 cm in diameter) loaded with 300 g of PVP. The pH in the fermentor
was controlled at 5.5 with 8 N NH4OH. After 40 hours of batch fermentation,
a portion of the cell-containing fermentation broth (300 mL, metered by a
calibrated peristaltic pump) was slowly circulated through the adsorption col-
umn and returned to the fermentor. Sterile air was passed through the column
for about 10 minutes to facilitate drainage of broth from the column. A fresh
0.1 N NaOH solution (300 mL) was then pumped into the column to remove
the adsorbed lactic acid and to regenerate the adsorbent. The equilibrated
NaOH solution was collected in a harvest vessel. Samples were taken from
both the fermentor and the NaOH harvest. The concentrations of lactic acid
could then be used to estimate the values of Kai of the adsorbent after each
base regeneration.

This adsorption/desorption cycle operation was repeated intermittently.
With the intermittent lactic acid removal, the total amount of lactic acid pro-
duced reached about 300 g, much higher than that obtainable in a regular
pH-controlled batch, i.e., 180 g (10). The lactic acid production eventually
ceased at about 80 hours when the adsorption capacity of the regenerated
PVP was no longer high enough to keep the lactate concentration in the
fermentation broth lower than the inhibitory level. The decrease of adsorption
efficiency of the PVP column with the number of regenerations, in terms of
Kad, is evident in Fig. 3.

This conclusion was further confirmed in a separately designed regenera-
tion test, where each base (0.1 N NaOH) regeneration was followed by a
thorough wash with distilled water. It was found that about 14% of the adsorp-
tion capacity was lost with each regeneration from contact with the culture
broth. This could be attributed mainly to the irreversible adsorption of other
organic materials in the complex fermentation broth on PVP.

While the approach of combined fermentation and adsorption to remove
the inhibitory product was shown to be feasible, the cost of the adsorbent
and its regeneration efficiency have to be carefully evaluated. For PVP, quoted
at $75/kg for a 50-kg purchase, the significant loss of adsorption capacity
upon regeneration represents a serious obstacle to its application in lactic acid
fermentation. Of course, other methods such as the wash with organic solvents
may be used to improve the regeneration efficiency. However, an operation
to make the desorption process compatible with fermentation is likely to
become more complicated. It requires the removal of extraction solvent by
gas stripping/vaporization or by repeated water washes.
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0.0
0 2 4 6 8 10 12 14 16 18

Number of Regeneration

FIG. 3 The decrease of adsorption constant K^ of polyvinylpyridine with the regeneration
by 0.1 N NaOH. The smooth curve is the result of a second-order regression.

Adsorption Characteristics of Activated Carbon

Effect of pH

For similar reasons and with a procedure similar to the study with PVP,
the effect of pH on lactic acid adsorption was also examined with activated
carbon as the adsorbent. The initial pH ranged from 3 to 13, adjusted with
0.1N NaOH or HCl. The results are shown in Table 2. The adsorption constant
(Kad) of activated carbon increased with decreasing pH, indicating more effec-
tive adsorption of lactic acid molecules than of lactate ions. Note that at pH
5.5, which was optimal for lactic acid fermentation, the value of Kad of the
activated carbon could be 7- to 8-fold higher than that of PVP.

Adsorption Isotherm at pH 5.5

The adsorption isotherm at 22 ( ± 0.5)°C was determined using a fresh
fermentation media containing no glucose but various initial lactic acid con-
centrations, ranging from 5 to 60 g/L. The pH was adjusted to 5.5 by 0.1 N
NaOH in all systems. These solutions were contacted with activated carbon
in a fixed volume-to-weight ratio of 5 :1 . The pH values were measured
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periodically and readjusted to 5.5. When the pH no longer changed, the re-
maining lactic acid concentrations in the aqueous solutions were analyzed
and the loading on the solid phase was calculated from the material balance.
The results are shown in Fig. 4. Within the examined range, the best-fit
empirical Freundlich equation was

q = (14.6)y052

with the standard error of q being 5.1 (R2 - 0.97).

Effect of Glucose

Serving as the carbon and energy sources for cells, glucose is the major
substrate in the medium. The adsorption of glucose on PVP was reported to
be negligible (24). On the other hand, activated carbon was reported to adsorb
more glucose than lactic acid (21). The effect of the glucose present in the
.medium on lactic acid adsorption was therefore evaluated in this study.

The experiments were conducted at pH 5.5 with an initial lactic acid con-
centration of 5.3 g/L and an initial glucose concentration ranging from 0 to
about 70 g/L. The results are given in Table 3. Despite the high concentrations
employed, glucose did not have a significant effect on lactic acid adsorption
on activated carbon.

Effect of Cell Adsorption

Experiments were made to investigate the adsorption of L. delbrueckii
cells on activated carbon and the effects of the adsorbed cells on lactic acid
adsorption.

TABLE 2
Effect of pH on Adsorption of Lactic Acid on Activated Carbon"

Initial pH Lactate concentration (g/L)* • Kad

3.03 3.2 11
5.16 3.6 8
8.13 4.4 3

10.22 4.6 2
13.08 4.6 2

" The ratio of the two phases used in this study was 1 g of activated
carbon to 20 mL of the aqueous solution.

b The lactate concentrations shown in the second column are those
measured in the aqueous phase after the adsorption reached equilib-
rium. The initial aqueous-phase total lactate concentration was 5.0
g/L for all the systems studied.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
2
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1434 CHEN AND JU

o
fll
U

3
cr
•tT

1ospi

100 -

8 0 -

60 -

40 -

20-

0 -

*s /

/ /
/ /q=(4.9)/77

f y1/f
1 1 I i 1

0 10 20 30 40 50 60

Equilibrium Lactate Concentration, y (g/L)

FIG. 4 The adsorption isotherms of lactate on activated carbon at 22CC. The fresh fermentation
media, free of glucose and yeast extract, with (O) and without ( • ) cells were used as the

aqueous phases in the study.

In the cell adsorption study, fermentation broth containing a high cell con-
centration was added to two test tubes. One of the test tubes contained acti-
vated carbon, the other did not. The cell concentration, in terms of OD610,
of each tube was followed periodically. The design was that if cell adsorption

TABLE 3
Effect of Glucose on Adsorption of Lactic Acid on Activated Carbon"

Glucose concentration (g/L) Lactate concentration (g/L)* A"ad

0
33
53
72

" The ratio of the two phases used in this study was 1 g of activated
carbon to 20 mL of the aqueous solution.

* The lactate concentrations shown in the second column are those mea-
sured in the aqueous phase after the adsorption reached equilibrium. The
initial aqueous-phase lactate concentration, measured as 5.3 g/L, was the
same for all the systems studied.

4.0
4.0
3.9
3.9

7
7
7
7
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on activated carbon occurred, OD610 in the carbon-containing system would
drop in comparison with that in the carbon-free control. The fermentation
broth used in the study was taken from an early stationary-phase culture,
caused by lactate accumulation, so that no significant change in cell concen-
tration was expected from growth or death of the cells during the cell adsorp-
tion study. Precautions had also been taken to minimize the possible concen-
tration effect because of water absorption by the dry activated carbon. The
dry activated carbon was therefore soaked in water and then filtered gently to
get rid of excess interstitial water before being contacted with the fermentation
broth. The experiment was run for 17 hours. The results clearly indicated a
rapid adsorption of cells on activated carbon: OD6i0 dropped from 0.83 to
0.63 in 1.5 hours, while that of the control (activated carbon-free system)
remained around the initial value of 0.83 throughout the experiment.

The following experiment was made to examine if the adsorbed cells would
affect lactic acid adsorption on the activated carbon. The cells were collected
and washed by centrifugation from an early stationary-phase culture. They
were then resuspended in a fresh medium, but without glucose for further
lactic acid production. The cell suspension was added to five vials containing
activated carbon presaturated with water, as described earlier. The ratio of
the medium volume to the solid weight was 5 mL to 1 g. The vials then had
lactic acid added to make different initial concentrations, and the pH was
adjusted to 5.5. The pH of each vial was readjusted to 5.5 periodically until
it no longer changed. The equilibrium total lactate concentrations were then
measured. The results are shown in Fig. 4 and compared with the isotherm
of the cell-free system. Cell adsorption is shown to have a negative effect on
lactic acid adsorption. The best-fit isotherm for these cell-adsorbed systems
was

q = (4.%°-77

with the standard error of q being 3.8 (R2 = 0.99).
A more complete study is desirable to obtain a quantitative description and

a fundamental understanding of the phenomena. The high adsorption affinity
of the activated carbon to the cells of L. delbrueckii may render it an economi-
cal and effective support for cell immobilization. For this specific application
its ability to adsorb lactic acid and lactate ions may serve to buffer the effects
of product inhibition and allow for more process flexibility.
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