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Joong Kon Park® and Seong Bok Choi

Department of Chemical Engmeering, Kyungpook National Unmiversity, Taegu 702-701, Korea
(Received 2 July 2001 « accepted 6 September 2001)

Abstract—Lead, copper, and cadmium were adsorbed onto calcium alginate beads containing the cell suspension
discarded from a brewery. In the cell suspension, there were many cells under lysis. The cell-suspension immobilized
beads were prepared by adding 0.6% (w/v) sodium alginate into the cell suspension from the brewery and then making
the cell suspension fall dropwise into the swirling 1% (w/v) calcium alginate solutien. The dry weight of insoluble
solid in the cell suspension was 96 g dry weight/l and the dry density of the bead containing cell suspension was 140 g
dry weight/] of the bead. The specific metal uptake of the cell-suspension immobilized bead was 23.7 mg Pb™, 14.3
mg Cu*, and 13.4 mg Cd*/g bead dry weight, respectively. The cell-suspension immobilized beads retained the initial
metal-uptake capacity after 20 repeated batches of adsorption and desorption, but the fraction of metal desorbed from
the beads by 1 M HCI solution was only 70% of the adsorbed metal. The beads, which had been contained for 14 suc-
cessive days in the 0.5% (w/iv) CaCl; solution at 4 °C just after 20 cycles of adsorption/desorption, retained the initial
metal-uptake capacity after 30 repeated cycles, and more than 90% of the copper and cadmium adsorbed on the beads

was desorbed by the 1 M HCI solution.
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INTRODUCTION

Contamination by heavy metals in industrial wastewater has long
been an mmportant environmental ssue. Heavy metal 1ons are re-
moved by conventional methods such as chemical precipitation,
coagulation, ion exchange, and membrane filtration technicues. How-
ever, these conventional methods are mefficient end expensive at
low concentrations of metal ions in the range of 1 to 100 mg metal
ions/l of solution. Tn order to improve the efficiency of metal re-
covery, new technologies have been developed using biosorbents,
silica containing ion-chelating agents [Kim et al., 2000], polyethyl-
ene and polypropylene fiber [Chot and Nho, 1999), and mseluble
cellulose xanthate [Kim and Lee, 1999]. Marine algae have been
used for adsorption of gold [Kuyucak and Volesky, 1989] and re-
covery of heavy metals [Lee, 1997, Kratochvil et al, 1997]. Some
kinds of microbial cells are specific to the recovery of heavy metal
1ons and show large capacity of metal uptake [Park et al. 1999].
Adsorption of metal ions by microbial cells is carried out quickly
in some mimites and desorption of the metal ions from the biosor-
bent 13 easily accomplished mn acidic solutions such as HCI solu-
tion. Tn order to qualify for industrial application, biosorbents have
to be produced at a low cost and should be reusable. The cycle time
of adsorption/desorption should be as short as possible. Addion-
ally, the loss of adsorbents during repeated cycles of adsorption/de-
sorption should be neglgible. Immobilization of biosorbents can
meet the above requirements [Volesky, 1990]. The most conven-
tional technique of immaobilization is the entrapment of microbial
cells.

A huge amount of microbial cells or their extracellular exopoly-
mers such as zooglan and pullulan is required for metal recovery at
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the industrial scale. The cell suspension discarded as a waste prod-
uct from the biofactory can be used as biosorbents without the man-
ufacturing cost of biosarbents, and moreover, saving the cost of in-
dustnial waste treatment if the cell suspension would be capable of
metal recovery. In this study, the cell suspension of S. cerevisiae
discarded from a brewery was immcbilized in calcium alginate
beads, which were used for the recovery of heavy metals such as
lead, copper, and cadmium. S. cerevisiae cells have shown the spe-
cificity for the bicsorption of lead [Ahn and Suh, 1996], copper [Stoll
and Duncan, 1997], and cadmium [Volesky et al., 1992]. Suh et al
[1998] reported that.S. cerevisize cells uptools lead by complex mech-
arusms; cells with low viability could accumulate lead after 24 h of
biosorption and it was difficult to discern organelles in the cell mem-
brane because of the lead uptaken during 5 days of metal recovery.
It has also been reported [Mowll and Gadd, 1983] that the metal
uptake capacity of yeast cells increased as much as 8 times with
the change of the constituents of the cell membrane.

We found through microscopic analysis that some of the S, cerevi-
sicte cells in cell suspension discarded from the brewery were under
lysis. Therefore, the characteristics of metal uptake by the cell-sus-
pension immeobilized bead may be different from those of S. cerevi-
sige cells in the exponential growth phase. We investigated the char-
acteristics of metal uptake of the cell suspension and the cell-sus-
pension immobilized beads, hoping that the beads could be reused
without loss of metal uptake capacity even though it had been re-
ported that the maximum cell loading of entrapped beads was lim-
ited to 25% (w/v) because of weak mechanical strength [Buchholz,
1979].

EXPERIMENTAL

1. Entrapment of Cell Suspension in Calcium Alginate Beads
The cell suspension at the state of discard was provided by Cho-
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sun Brewery Inc. in Masan, Korea. The insoluble solid portion of
the cell suspension was harvested by centnifuging 10 ml of the cell
suspension for 20 min at 3,580 g, washing the precipitate with dis-
tilled water, and then recentrifuging for 20min at 3,580 g. The dry
weight of the msoluble solid was obtained by drymg at 80 °C until
its weight reached constant value. 0.6% (w/v) of sodium alginate
was put mto the cell suspension end was dissolved overright at room
temperature. The cell suspension containing sodium alginate was
added dropwise into the stirred 1% (w/v ) calcium chloride solution
and meintamed for 2h at room temperature. Cell-free calcnum algi-
nate beads were also prepared by the same method mentioned above,
except without cell suspension. Tn order to measure the dry density
of beads, the cell-suspension immaobilized beads were dried at 90 °C’
until their weight did not change any more. The dry weight of cell-
suspension mmmobilized beads was 1.29 mg dry weight per bead
and the mean diameter of a bead was 0.26 cm.

2. Metal Adsorption

Metal uptake was cammied out by both the cell suspension dis-
carded from the brewery and the cell-suspension immobilized beads.
10ml of cell suspension was added to 200 ml of 100mg Pb**/f and
maintained for Sh at 35°C with shaking at 200 rpm. Thereafter,
10ml of the metal solution was centrifuged for 20 min at 3,580 g
and the lead concentration of the supematant was measured by an
atomic adsorption spectrophotometer ( Shimadzu AAGRD). The lead
uptalce capacity of the cell suspension was considered as the dif-
ference m the amount of lead between the mtial solution and the
supernatant. The metal uptake capacity of the cell suspension for
copper and cadmnum was measured by the aforementioned method.
The solution of lead, copper, and cadmium was prepared by dis-
solving CdC1,-2.5H,0, CuCl,-2.5H,0, and Ph{NO; ), respectively,
m the distilled water. The pH of the metal solution was controlled
by adding 1 M HC1 or 1 M NaOH.

600 cell-suspension immobilized beads were put into 200 ml of
100 mg Pb* /] and maintained for 2h at 35°C' with shaking at 200
rpm, and the lead concentration of the solution was measured by
an atormic adsorption spectrophotometer. Lead uptake by beads was
considered as the decrease of the lead amount in the solution dur-
ing biosorption. Copper and cadmium uptake of beads was meas-
ured by the same method. The cadmium uptake capacity of the cell-
suspension immobilized beads was compared with that of cation
exchenge resins Duolite GT-73 and Amberlite IRA-400 (Rohm &
Haas, Philadelphia, USA) calculated by using the Langmuir adsorp-
tion isotherms suggested by Holan et al [1993]. Metals adsorbed
on the cell-suspension mmobilized beads were desorbed by put-
ting beads into 200ml of 1 M HC1 and maintaining, for 20 min at
35 °C with shaking at 200 rpm. Beads used for adsorption/desorp-
tion of metals were regenerated for the next cycle of adsorption/
desorption by putting beads infto 0.5% (w/r) CaCl, solution and main-
tammg for 10 min at 35 °C without shaking.

RESULTS AND DISCUSSION

1. Metal Uptake by Cell Suspension

The state of cell suspension discarded from a brewery was m-
vestigated through microscopic analysis. As shown in Fig. 1, some
cells were under lysis like the state of cells used for the production
of L-phenylacety] carbmol from benzaldehyde [Park and Lee, 2001].

Fig. 1. The state of S cerevisiae cells in the cell suspension dis-
carded from a brewery. There are some cells under Iysis.

The presence of cell debris and exposure of cytoplasm m the cell
suspension suggests that the mechanism of metal uptalke by cell
suspension from brewery s different from that of S. crevisiae cells
from the exponential growth phase. Generally, there are two mech-
amisms of metal uptalee by microbial cells. One is a metabolism-
mdependent biosorption n which metal cations are rapidly bound
to the outer surface of the cell The other is a slow metabolism-de-
pendent bicaccumulation in which metal ions penetrate through the
cell membrane and are accumulated inside the cell. However, the
mechanism of metal ion accumulation differs according to micro-
organisms and metal ions used [Suh et al, 1998]. UC;" accumu-
lated as needlelike fibrils in a layer approximately 0.2 pm thick on
the surfaces of 8. cerevisize cells and little or no U accumulated
inside these cells without visible UO;" deposition [Strandberg et
al., 1998]. In confrast, Volesky and May-Phillips [1993] insisted
that UQ3" was deposited on the cell wall and the cell membrane as
well as throughout the cytoplasm of 8. cerevisiae cells according
to their observation by TEM. Cell suspension from a brewery is
composed of live cells, dead cells, cell debris, and cytoplasm (Golgi
complex, lysosome, mitochondria, lybosome, glycogen, vacuoles,
and so on). To date, no report has been found about the exact mech-
amism of metal uptake by the constituents of cytoplasm. Tf the con-
stituents of the cytoplasm and the inner surtace of the cell wall are
able to adsorb metal 10ns, the exposure of the cytoplasm and mmer
cell wall of the cell debris may increase the rate of biosorption and
reduce the fraction of metal uptalee capacity due to the bioaccumu-
lation mecharmsm.

The profiles of metal uptake by cell suspension are shown m Fig.
2. There 18 no mdication of bicaccumulation of copper; the copper
uptake of cell suspension mereased with time and reached a pla-
teau value after 30 min. However, slow accumulation of cadmium
by cell suspersion followed rapid biosorption atter 30 min. There
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Fig. 2. Profiles of metal uptake by the cell suspension from brew-

ery. 8 ml of the cell suspension was added to 200 ml of met-
al solution and maintained at 35°C and pH 3 with shaking
at 200 rpm.

is weal evidence for lead accumulation by cell suspension. The total
amount of metal uptake during 6h by cell suspension was 21 mg
(0.1 mmel) Pb™, 8 2mg (0.1 3mmeli Cu™, and 6.7 mg (0.06 mmol)
Cd™/g cell-suspension dry weight, respectively. The amount of metal
uptake by cell suspension is larger than (or nearly the same as ) that
reported in the literature. The specific amount of lead uptaken by
0.36g diy weight of 5. cerevisiae (ATCC 24858) cells in 100ml of
100mg P/ was only 12 mg Pb*'/g cell dry weight [Tin and Park,
1998, Park et al,, 1997] and the specific cadmium uptake by brew-
ers yeast harvested in the exponential growth phase was 7 mg Cd™/
g cell dry weight [Volesky et al., 1993]. Tn case of lead uptake, the
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exposure of cytoplasm to the cell suspension caused by cell lysis
might be considered to be effective for the enhancement of the lead
uptake capacity of cell suspension. This phenomenon is partly co-
incident with reports that the specific lead uptalce by dead S. cerevi-
sige cells was 2.4 times larger then that by living cells [Aln and
Suh, 1996], a finding which was confirmed by Stroll and Duncan
[1997], and the zme uptake capacity of yeast cells can mcrease 8
times with changes of the constituents of the cell membrane [Mowll
and Gadd, 1983]. However, the specific uptakes by cell suspension
for Pb™, Cu™, and Cd™ based on the mol of uptaken metal are dif-
ferent. This also confirms that the metal uptake by cell suspension
is carried out not by simple biosorption, but by a complex mecha-
mism of biosorption and bicaccumulation. When the metal was up-
taken only by biosorption, specific copper uptake and specific lead
uptake by marme algae Laminaria japonica were the same on the
basis of mol of metal uptaken [Lee and Suh, 2000].
2. Metal Uptake by the Cell-Suspension Immobilized Beads
The metal uptake capacity of biosorbents depends on the pH of
the metal solution. The optimum pH for metal recovery by cell-
suspension mmobilized beads was nearly the same as that of free
cell suspension: pH 4.7 for lead, pH 6.4 for copper, and 7.5 for cad-
mium. Optimum pH for copper recovery by the cell-suspension im-
mobilized beads was considered to be shifted to a lugh value because
of cell Iysis, compared with the optimum pH value of 3-5 for the
copper uptalee of immobilized S. cerevisice, as reported by Wil-
helmi and Duncan [1596]. Algmate 15 a linear polymer of B-(1-4)-
D-mamosyluronic acid and 0 1-4)-L-gulosyhuronic acid residues,
the relative proportions of whuch vary with the botamcal source and
state of maturation of the plant. The potential binding sites in bio-
polymer, alginate, are carboxylate and hydroxyl groups. The sur-
face complex formation 1s the major mechanism for metal 10n up-
take by the calcium alginate beads. The optimum pH for copper
recovery by cell-free calcium alginate beads has been reported as
3.5-65 [Chen et al., 1997]. However, it should not be overlooked
that metal precipitates spontaneously at high pH of the solution,

Table 1. Spontaneous metal precipitate and the metal uptake by calcium alginate beads containing 5. cerevisiae cell suspension discarded
from a brewery. 2000 capsules were put into 1 liter of 100 mg Cu™/l and maintained at 35 "C with shaking at 200 rpm. Copper
uptake by beads was obtained by subtracting the amount of spontancous precipitate from total amount of removed copper

pH 0.7 1.9 27 0.7 4.4 5.4 6.4 73 8.4
Total removed copper {mg Cu™//) 83 11.7 235 28.7 313 51.1 69.1 100 100
Spontaneous precipitate (mg Cu™//) 0 2.0 30 3.0 4.5 7.0 16.0 70 100
Uptake by beads (mg Cu™/1) 83 9.7 20.5 257 26.8 441 531 30 0

Table 2. Metal uptake capacity of different biosorbents. 8 ml of cell suspension discarded from a brewery was added to 200 ml of 100
mg metal/; 600 beads were put into 200 ml of 100 mg metal/Z. Metal uptake was carried out for 5h at 35 °C and pH 3 with shak-

ing at 200 rpm
Metal uptake capacity
. mg/f wet bead
Adsorbent Adsorbent density mg/g adsorbent dry wt mg/ cell suspension
Pb Cu cd Pb Cu cd
Cell suspension 96 g dry weight// cell suspension 20.6 82 6.7 1980 790 645
Cell immobilized Ca-alginate bead 140 g dry weight// wet bead 237 143 13.4 3320 1900 1870
Cell free Ca-alginate bead 12 g dry weight// wet bead 260 102 100 3120 1440 1220
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and a high recovery of metal at a high pH is partially attributable to
spontaneous metal precipitation [Harms and Ramelow, 1990, Zhou
and Kiff, 1691]. In this study, the increase in pH of the metal sol-
ution caused metal precipitation. As shown in Table 1, 13%0 of the
total amount of metal recovery was attributed to metal precipita-
tion at pH 2.7; moreover, the fraction increased with the pH of the
solution emd reached 100P at pH 8.4 The metal uptake by the cell-
suspension immobilized beads was determined by subtracting the
amount of precipitated metal from total amount of removed metal
m solution.

The experimental values of metal uptale by the cell-suspension
immobilized beads, cell suspension, and the cell-free beads are shown
in Table 2. The specific metal uptake by cell-free beads on the basis
of the diy weight of the biosorbent was highest. However, in an ac-
tual system, wet biosorbert 1s used for metal recovery. so the spe-
cific metal uptalee by bicsorbent needs to be considered on the basis
of the volume of wet bicsorbent. As shown in Table 2, the specific
metal uptake by each kand of biosorbent based on the volume of
wet biosorbent is the same order of magnitude. The specific metal
uptake by the cell-suspension immobilized beads was larger than
that by cell suspension, but equal (for cadmium) to or smaller (for
copper and lead) than the added value of both the cell suspension
and cell-free beads. For lead uptalkee, it s hypothesized that the ad-
sorption sites of biosorbents placed in the central part of the bead
may be useless because of the hindrance of metal diffusion caused
by the metal deposition on the biosorbents m the periphery of the
bead as reported for the metal uptalee by the encapsulated biosor-
bents [Park et al, 2001]. However, the metal (copper and cad-
mium) uptake capacity of caleium alginate bead can be much in-
creased by immobilizing a by-product of farmentation process, that
18, the waste cell suspension from a brewery.

3. Adsorption Isotherms for the Metal Uptake by Cell-Sus-
pension Beads

The concentration of H” (or pH) changes during biosorption, and
the effect of pH on the bicsorbents are similar to that of a wealdy
acidic cation exchange resin [Schiever and Volesky, 1995]. There
are mary other reports that the specific metal uptake by bicsorbents
is dependent on the pH of the solution. Stoll and Duncan [1997]
reported that a packed bed containing non-viable S. cerevisiae cells
had a high breakthrough volume at a high pH. A modified Lang-
muir equation, which was well fitted to expermmental values obtamed
at various pH, was developed by Yu and Kaewsarn [1999], al-
though the adsorption isotherm for metal uptake by marine algae
at a fixed pH was well described by Langmuir adsorption 1sotherm
[Matheickal, 1998].

The relation between the specific metal uptake by the cell-sus-
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Fig. 3. Isotherm of copper uptake by the cell-suspension immeobi-
lized beads. 2000 beads were put into 1 liter of copper sol-
ution and maintained for 2 h at 35°C and pH 3 with shak-
ing at 200 rpm. — Langmuir isotherm, --- Freundlich iso-
therm, @ experimental data.

pension mnmobilized beads, obtamed expermmentally at pH 3, and
the equilibrium metal concentration of the solution was nonlinearty
regressed, as shown m Fig. 3 and Table 3. Such regression i well
described by both Langmuir and Freundlich isotherms, although
the Langmuir isotherm is preferred for lead and copper uptake and
the Freundlich sotherm 18 preferred for cadmnmm uptake because
of regression coefficient (R*). Tn the Langmuir isotherm, the spe-
cific cadmium uptake (mg metal/g bead dry weight) increases and
reaches the maximum uptale, g, as the plateau value as the liquid
phase equilibrium concentration of metal, C,increases. A large value
of b means that the specific cadmium uptake, q 15 reached at the
low value of C; In the Langmuir isotherm regression, q,, for the
lead uptalce by the cellsuspension immobilized beads was 4.5 times
larger than that of the lead uptake of encapsulated S. cerevisiae
(ATCC 24858) cells [Jin and Parls, 1998, although the value of b
was only 60P0. The exposure of cytoplasm and cell debns n the
cell suspension might increase the value of g, but lower value of
b mean that lead aftinity of cell suspension was relatively low at
the low liquid phase concentration of lead. However, cadmum af-
finity of the cell-suspension immobilized beads at the low liquid
phase concentration is relatively higher than that for copper; although

Table 3. Freundlich isotherm constants and Langmuir isotherm constants for metal uptake by the cell-suspension immobilized beads.
R*; nonlinear regression coefficient for the relationship between the specific metal uptake of the cell-suspension immobilized
beads (q; mg metal/g bead dry weight), obtained experimentally, and the liquid phase equilibrium concentration (C,; mg

metal/f)
Pb* Cu® cd*

ol k 1/n R k 1/n R k 1/m R?
R 4.65 0.58 0.989 2.9z 0.54 0.966 4.22 042 0.990
_ gubC, G b R’ G B R’ G b R’
4 1+bC; 350 0.0023 0.995 155 0.0029 0.989 82 0.006 0.973

Korean J. Chem. Eng.(Vol. 19, No. 1)
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Fig. 4. Freundlich isotherm of cadmium uptake by the cell-sus-
pension immobilized beads. Experimental data for the cell-
suspension immobilized beads ((J); and Langmuir iso-
therms suggested by Holan et al. [1994], (dashed line) for
(&) cation ion-exchange resin, Duolite GT73; (V) cation
ion-exchange resin, Amberite IRA400.

the maximum uptalke capacity for cadmium is smaller than that for
copper: This can be found by usimg the Freundlich sotherm. as shown
in Table 3. Freundlich constant, I describes the specific metal up-
tale capacity (mg metal/’g biosorbent dry weight) at the liquid phase
equilibrium concentration, Cof 1 mg metal//. The relatively higher
affinity of cadmium at low C; is explained by k value for cad-
mium, which is higher than that for copper, as shown in Table 3.
The specific cadmium uptake by the cell-suspension immobilized
beads was compared with that by commercial ion exchange resins.
Cadmnmm uptake by Duclite GT-73 and Amberite IRA-100 was
estimated by the Langmuir adsorption isotherms as suggested by
Holan et al. [1993]. As shown in Fig. 4, the uptalee capacity of the
cell-suspension immobilized beads was lower than that of Duolite
(GT-73, but was much higher than that of Amberite TRA-400 at the
low Cd* concentration.
4. Reusability of the Cell-Suspension Immobilized Beads
The lead uptake capacity of encapsulated S. cerevisiae cells was
retamed after 30 cycles of adsorption and desorption:, however, cap-
sules collapsed because of cell Iysis during repeated batches [Jin
and Parle, 1998]. The cadmium uptake capacity of the whole-cell
zooglans immobilized beads decreased by 16%0 and the dry weight
of whole-cell immobilized beads decreased by 17% after 30 batches.
In thus study, the loadng of cell suspension m the beads was 86%0
on the basis of dry weight. Metals were desorbed from the cell-sus-
pension immobilized beads by the 1 M HC1 sohution, and beads were
regenerated by the 0.5% (w/v) CaCl, solution between adsorption/
desarption cyceles. The living cells immobilized m beads may be
killed by the toxicity of the 1 M HCl solution used m the desorp-
tion step. Usually, the cell death decreases the metal uptake capac-
ity of microbial cells, but often increases the uptake capacity for
some kands of metal 10ns as reported by some researchers [Aln and
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Fig. 5. Metal uptake capacity of the cell-suspension immobilized
beads. 1000 beads were put into 200 ml of 100 mg metal/i;
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regeneration with 0.5% (w/v) CaCl, solution.
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Suh, 1996; Stroll and Duncan, 1997]. A slight decrease (10-20%0)
of the metal uptake capacity of the cell-suspension mmmobilized
beads was found after the first batch of adsorption/desorption pro-
cess (Fig. 5). This may be caused by the death of cells due to the
toxicity of 1 M HC1 and/or by the release of same portion of the
immobilized cytoplasm from the bead. As shown in Fig. 5, the met-
al uptake capacity of the cellsuspension mmmobilized beads was
retained after 20 cycles of adsorption/desorption, however, only
0% of the adsorbed metal was desorbed at each cycle. Beads wene
mamtained for 2 successive weeks m 0.5% (w/v ) CaCl, solution at
4 °C just after 20 cycles. Thereafter, the adsorption capacity of the
beads was nearly equal to the initial value;, more than 90%% of ad-
sorbed copper and cadmium was desorbed at each cycle. The in-
crease in the desorption efficiency might be explained by the hypoth-
ests that the strong binding sites such as phosphate in vacuoles [Vol-
esky et al, 1993] from the cytoplasm immobilized in the calcium
alginate beads are lost during long residence in the caleium chlo-
ride solution. The diy weight of beads mcreased by 10-20% after
30 batches of adsorption/desorption. The increase in dry weight might
be atiributable to the calcium 1ons bonded to beads during regener-
ation steps between cycles of adsorption/desorption.

CONCLUSION

Some cells in the cell suspension discarded from a brewery were
m lysis. The exposure of cytoplasm or the presence of cell debrs
in the cell suspension seemed to increase the metal uptake capacity
of the cell suspersion. The cell suspension could be successtully
immobilized in the calcium alginate beads. Additionally, the specific
metal uptake capacity of the cell-suspension immobilized beads
was larger than that of cell-free beads on the basis of volume of wet
biosorbents. The mechanism of metal uptalee by the cell suspen-
sion from the brewery was not clear in this study, but we believe
on the basis of our experimental results that the cell-suspension im-
mobilized beads can be used repeatedly for more than 30 cycles of
adsorptionydesorption without any loss of metal uptake capacity
and any decrease in the dry weight of beads. Tf there were any che-
lating agents in the metal sohution, the application of the cross-linking
method to the beads would prevent beads from dissolving during
biosorption.
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