Korean J. Chem. Engl92), 277-284 (2002)

Biosorption Characteristics in the Mixed Heavy Metal Solution by Biosorbents
of Marine Brown Algae

Min-Gyu Lee', Jun-Heok Lim and Sang-Kyu Kam*

Division of Chemical Engineering, Pukyong National University, Busan 608-739, Korea
*Department of Environmental Engineering, Cheju National University, Cheju 690-756, Korea
(Received 8 June 2001 « accepted 23 November) 2001

Abstract—The biomass of nonliving, dried marine brown alghaginnatifidg H. fusiformis andS. fulvellumhar-
vested in the sea near Cheju Island, Korea were studied for their sorption ability of copper, zinc, and lead. The metal
uptakes by biosorbent materials increased with increasing initial metal concentration and pH in the rabg&-of C
10 mM. The higher metal uptakes were obtained in the range of pHs 4.0-5.3, 4.0-6.0, and 3.0-6.0 for copper, lead, and
zinc, respectively. The metal uptakes by biosorbent materials decreased in the following sefyg@nnatifida>
H. fusiformis>S. fulvellumThe maximum metal uptake valued.bfpinnatifidafor Cu*, PE*, and ZA" in the single metal
solution are 2.58, 2.6, and 2.08 meqg/g in the range of pHs 5.3-4.4, respectively. The metal uptakes by biosorbent
materials in the mixed metal solution decreased greatly in comparison to each metal uptake in the single metal solution.
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INTRODUCTION ies have indicated that the nonliving algal biomass may be even more
effective in sequestering and accumulating metallic elements than
There has been an increasing concern over dangerous levels thie living cells and tissues [Harssal, 1963; Rice, 1956] The major
heavy metals contaminating the aquatic environment and the sourceslvantage of the use of nonliving algae is that binding and recov-
of potable water. Environmental pollution by toxic heavy metals hasery of the metal ions can occur under conditions that are normally
been caused by many activities, largely industrial, although sourcetxic to living cells. Increased heavy metal selectivity of biosorbent
are agriculture wastes and sewage disposal [Yu and Matheickamaterials would be undoubtedly result in higher efficiency of heavy
1996]. The specific problem associated with heavy metals in thenetal concentration processes, which in turn, would positively af-
environment is their accumulation in the food chain and their persisfect the economics of the overall process [Kim, 1996].
tence in nature. Conventional technologies for the removal of heavy Marine brown algae contain multiple binding sites for metals such
metals such as chemical precipitation, membrane technology, ele@s phosphate, carboxyl and sulphydryl groups, none of which are
trolysis, ion exchange, evaporatory recovery, adsorption methodijkely to be specific for one type of metal [Hunt, 1986]. This has
biological treatment method, and flotation method using surfac-important consequences for any industrial process based on sorp-
tants [Thomas, 1989] are often inefficient and/or very expensivetion of metals to biomass. Industrial effluents are likely to contain
when used for the reduction of heavy metal ions to very low con-several different metals and metal binding components which may
centrations [Volesky, 1990]. This has led to a growing interest ininterfere with recovery of the metal of interest. However, many bio-
the application of biosorption technology for reducing the levels sorption studies are carried out on metal solutions containing a single
and accumulation of toxic metals in the environment. type of metals. Conclusions drawn from such studies may not be
Algae are photosynthetic microorganisms comprising thousandsalid when application of this technology to an actual industrial ef-
of genera and species, many of which have novel metal-bindindluent is considered.
properties. A number of workers investigated the feasibility of using The present work focuses on the sorption performance and selec-
cheaply available marine or fresh water algae for heavy metal remowivity of several heavy metals (copper, zinc, and lead) of three bio-
al [Lee and Suh, 2001; Yu and Kaewsarn, 1999; Kim et al., 1998sorbents of nonliving, dried marine brown alggaeinnatifidg H.
Darnall et al., 1986; Holan et al., 1993]. These studies revealed afusiformis andS. fulvellumThese biosorbents are abundantly avail-
interesting potential associated with certain algal species and thatble ubiquitous marine brown algae in the sea near Cheju Island,
biologically active (living) or inactive (nonliving) algal cells can Korea. Heavy metal uptake properties in the single and mixed heavy
reversibly bind significant quantities of metal ions from aqueousmetal solution were examined. The effects of co-existing cations
solutions [Yu and Matheickal, 1996; Darnall et al., 1988; Kuyucak on biosorption were also investigated. The biosorption performances
and \olesky, 1988; Volesky, 1987; Greene et al., 1987; Fergusoas functions of initial metal ion concentration and pH of the solu-
and Bubela, 1974]. However, the use of living algal culture in heavytions, biosorption isotherms, biosorption rate were also investigated.
metal-recovery operations give some great difficulties for the con-

trol and maintenance of algal growth in polluted waters. Some stud- EXPERIMENTAL
To whom correspondence should be addressed. 1. Biomass
E-mail: mglee@pknu.ac.kr The marine brown algaPlfaeophytaUndaria pinnatifida Hiz-
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ikia fusiformis andSargassum fulvellutnarvested in the sea near RESULTS AND DISCUSSION
Cheju Island. These materials were washed with distilled water sev-
eral time to remove excess salt. It was freeze-dried and stored th Metal Uptake in the Single Metal Solution
4°C refrigerator for further study. 1-1. Comparison of Metal Uptake Abilities for Biosorbents
2. Experimental Methods Fig. 1 compares each metal ion removal performance of the bio-
Analytical grades of Cu(NQ)-3HO, Pb(NQ),, Zn(NQ),-6H0, sorbents of nonliving, dried marine brown alghepinnatifidg H.
and Cr(NQ),;-9H0O, NaCQ,, HNQO,, and NaOH were used and fusiformis andS. fulvellum0.2 g of each biosorbent were used in
the solutions were prepared with deionized distilled water. The stocithe 50 mg/L metal ion concentration in 500 mL solution €20
solutions of metal ions were prepared as 1,000 mg/L and diluted as This figure shows that Cu, Zn, Pb and Cr metal ion removal per-
desired concentrations with water, respectively. formance were 46, 41, 70, and 50% in the caté pfnnatifidg
In the biosorption kinetics experiments in the solution contain-44, 39, 64, and 41% in the caseHoffusiformis 22, 23, 56, and
ing single metal ion, 500 mL of metal solution prepared as 50 mg/i36% in the case @&. fulvellum respectively. This finding demon-
L (Cu 0.787 mM, Zn 0.765 mM and Pb 0.241 mM) and 0.2 g of strates that different algal species exhibit different metal binding
biomass were added to 1L Erlenmeyer flask, and then batch excapacities at a given pH and is similar to the result of Greene et al.
periments were performed stirring with magnetic stirrer. The uptakg1987] and Gardea-Torresdey [1988]. Among the biosorbent mate-
capacity of biomass was determined by measuring the concentraials the metal biosorption capacity by each biosorbent decreased in
tion of the metal ion in the aqueous phase before and after contattte following sequencél. pinnatifida>H. fusiformisS. fulvellum.
with the biomass. Fig. 2 shows the variation of the metal ion uptake with time. As
The biosorption experiments in the solutions containing mixedshown in Fig. 2, the experimental results show that the higher metal
metal ions, were performed by the same method as the biosorptidsiosorption capacity as initial concentration was higher, and that
kinetics experiments in the solutions containing single metal ionabout 90% of the total uptake occurred in 30 minutes, irrespective
using the concentrations of metal ions prepared as each metal iamf metal concentration. This feature are caused by the increase of
concentration of 50 mg/L (Cu 0.787 mM, Zn 0.765 mM and Pb driving force of mass transfer as the initial metal ion concentrations
0.241 mM), respectively. rise. This is considered because all the metal ion is adsorbed to the
In order to investigate the effect of pH on the biosorptive capac-surface of biosorbent, similarly to the inorganic biosorbent but dif-
ity of metal ions by biosorbent materials, pHs 2, 3, 4, 5, and 6 werderently from living microorganism.
controlled with sodium carbonate (18) and HNQ or NaOH and
performed as above.

The concentrations of metals in solution with air-acetylene (copper 1.5 Cui _\J_
zinc, and lead) by an atomic absorption spectrophotometer (GB( = 12 g spsp—SF—F———— L F——— 1
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Hevy metal ian of U. pinnatifida at nonadjusted pH (biosorbent dry mass:
0.2 g, initial metal concentration: Cu (O: 0.157 mM, [1:
Fig. 1. Comparison of removal efficiency for biomass of nonad- 0.393mM, A: 0.787 mM, V: 1.574 mM), Zn (O: 0.153
justed pH in single metal ion solution (initial metal ion con- mM, [1: 0.382mM, A: 0.765 mM, V: 1.530 mM), Cu O:
centration: Cu 0.787 mM, Zn 0.765 mM, Pb 0.241 mM). 0.048 mM,[]: 0.121 mM, A: 0.241 mM, V: 0.483 mM).
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Fig. 3. Comparison of each metal ion uptake by each biomass at

pH 2, pH 5, and nonadjusted pH.

sent according to the biosorbents used [Haug et al., 1974; Strand-
berg, 1981].

Fig. 4 shows the effect of pH on the heavy metal ion uptake by
biosorbent materials in a solution containing each heavy metal ion
of 50 mg/L (Cu 0.787 mM, Zn 0.765 mM and Pb 0.241 mM). The
adsorption of heavy metals increased with rising pH of solution.
As shown in Fig. 4, a low pH of 2 resulted in a markedly lower me-
tal biosorption. A higher uptake was obtained in the pH range of
4,0-5.3, 4.0-6.0, 3.0-6.0, and 4.0-5.0 for copper, zinc, and lead, respec-
tively. These results show the suitability of the biosorbent even for
treatment of acidic waste waters, and were compared to those of
Aksu and Kutsal [1987] who also studied the heavy metal ions up-
take and found that pH 4.2, 2.2, and 3.9 were the optimum values
for copper, iron, and zinc uptake ©florella, respectively.

The pH dependence of metal uptake could be largely related to
the various functional groups on the algal cell surfaces and also on
the metal solution chemistry [Yu and Matheickal, 1996]. Crist et
al. [1981] demonstrated that mechanism of metal-ion binding to
nonliving algal cells may depend on the species of metal ion, the
algal organism, and the solution conditions. They presented evidence

Fig. 3 compares each heavy metal ion uptake of the biosorbenthat metallic cation binding ¥aucheriasp. occurred at least in part
of nonliving, dried marine brown algae. As shown in this figure, a by an ion-exchange mechanism and suggested that electrostatic at-
higher uptake was obtained in the pH5 and it was observed thdtaction plays an important role in metal uptake process. It is con-

the metal ion uptakes are highly affected by pH of solution.

1-2. Effect of pH on Heavy Metal Uptake

sidered that the pH dependence of metal-cation binding generally
occurs when the active metal-binding sites (such as carboxylate or

It is known that the pH of the solution is more sensitive than tem-amine groups) can also bind protons. At lower pH values, the con-
perature and heavy metal biosorption increases as pH approachesntration of protons is so high that many metal-adsorbent bonds
to neutral [Norberg and Persson, 1984] or the optimum pH is preare made labile and the protons effectively compete with metal ions

for the binding sites, thus resulting in a reduced metal uptake. At
higher pH, the metal ions become more competitive with hydro-

o gen ions resulting in an increased metal uptake.
= 03 - Cu i -—i::-!’_Lﬁ Experiments were not conducted beyond pH 6.0 to avoid heavy
7'-'35 N B "‘-f'-i metal precipitation because insoluble metal hydroxides start pre-
= ol e AN i cipitating from the solutions at higher pH values and making the
=01 | e s true sorption studies impossible.
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Fig. 4. Effect of pH on each metal ion uptake (BiosorbentJ. pin-

natifida (O), H. fusiformis ([1), S. fulvellum (A); Biosor-
bent amount: 0.2 g; Initial metal ion concentration: Cu
0.787 mM, Zn 0.765 mM, Pb 0.241 mM).

Equilirium conceniration [mid]

Fig. 5. Metal biosorption isotherms for U. pinnatifida at nonad-
justed pH (O: Cu, [1: Zn, A: Ph).
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Langmuir isotherm and the Freundlich isotherm [Kam et al., 1997;adsorption isotherm [Kuyucak and Volesky, 1987; Khummongkol

Lee et al., 1997].

A general form of the Langmuir model equation is

q = qmaxbc
1+bC

in solute concentration. One form of the equation is

g=KC"

also summarized in Table 1. Frohvalue in Table 1, it was found

etal., 1982].

The Langmuir parameter b reflects quantitatively the affinity be-

tween the sorbent and the sorbate. The maximum adsorption capac-
(€h) ities (q..) Were obtained by using the nonlinear regression method
of both adsorption equation. The,yalues forJ. pinnatifidafor
The Freundlich isotherm, which is an empirical formulation, fre- Cu#*, Pi3*, and ZA&" are 2.58, 2.6, and 2.08 /g, respectively. The cor-
guently will represent the adsorption equilibrium over a limited rangeresponding values féi. fusiformisare 2.29, 2.30, and 1.92 meqg/g,

respectively.

@ The comparison of the,g values of dried marine brown algae
U. pinnatifidg H. fusiformis andS. fulvellumwith those of other
The informative values for the Langmuir isotherm and the Fre-adsorbents is given in Table 2. Many of these adsorbents such as
undlich isotherm, which were obtained from experimental data, areactivated carbon, natural zeolite and ion exchange resins have been

used in many practical metal recovery applications [Blanchard et

that the metal ion biosorption by the biosorbent materials followedal., 1984; Arulanantham et al., 1989]. It is seen from the table that
the Langmuir isotherm better than the Freundlich isotherm. Thehe heavy metal uptake capacities of dried marine brown ldigae
adsorption of metals by microorganisms was observed to be a resinnatifida H. fusiformis andS. fulvellumexceed the uptake ca-
versible phenomenon and could be represented by the Langmupacities of activated carbon, natural zeolite, and other biosorbents

Table 1. Removal efficiency and uptake of each metal ions by biosorbent materials in the single metal solution

Langmuir parameters

Freundlich parameters

Biosorbent materials Weight basis Mole basis Weight basis Mole basis
Omax (MQ/Q) b Ghax (MMoI/Q) b f K n K n r’
Cu
U. pinnatifida
pH 3.0 65 0.044 1.023 2.796 0.992 8.65 2.833 0.818 3.198 0.926
pH 4.0 77 0.079 1.212 5.019 0.982 14.18 3.205 0.993 3.304 0.92
Nonadjusted pH 82 0.105 1.291 6.672 0.981 18 3.311 0.589 2.833 0.928
H. fusiformis
Nonadjusted pH 72 0.1 1.133 6.354 0.983 17.48 3.425 0.926 3.407 0.926
S. fulvellum
Nonadjusted pH a7 0.035 0.74 2224 0.999 5.96 2.809 0411 2811 9
Zn
U. pinnatifida
Nonadjusted pH 68 0.068 1.04 4.445 0.989 13.56 2.994 0.837 2.996 0.922
H. fusiformis
pH 3.0 50 0.053 0.765 3.465 0.985 8.1 3.096 0.478 3.094 0.904
pH 4.0 61 0.054 0.63 3.526 0.992 10.55 2.899 0.684 2.896 0.933
Nonadjusted pH 63 0.076 0.96 4968 0.984 13.37 3.096 0.793 3.115 0.936
S. fulvellum
Nonadjusted pH 44 0.043 0.673 2.811 0.987 5.73 2.762 0.397 2.766 0.89
Pb
U. pinnatifida
Nonadjusted pH 269 0.102 1.299 21.126 0.998 35.25 2.688 1.234 2.692 0.919
H. fusiformis
pH 3.0 189 0.0% 0.913 16.57 0.994 2294 2.656 0.787 2.72 0.94
pH 4.0 213 0.093 1.028 19.2620.994 27.31 2.717 0.939 2.717 0.918
Nonadjusted pH 238 0.992 1.15 20.298 0.992 30.89 2591 1.04 2.747 0.918
S. fulvellum
Nonadjusted pH 147 0.062 0.71 12.841 0.996 18.43 2591 0.696 2.593 0.933

Cu: The starting pH of the solution with no pH adjustments was in the range of 5.3-4.8 and the final pH of those was iroffie 3ange
4.4,5.3-4.4, and 5.3-4.6 for. pinnatifidg H. fusiformis andS. fulvellumrespectively.

Zn®: The starting and final pH of the solution with no pH adjustments was in the range of 5.7-5.4.

Pb: The starting and final pH of the solution with no pH adjustments was in the range of 5.6-4.8 and 5.9-4.5, respectively.
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Table 2. Comparison of heavy metal uptake capacities of various adsorbents [Yu and Matheickal, 1996]

Adsorbents e (/) References

Pl* cuw
Natural zeolite 0.16 Matheickal and Yu [1995]
Powdered activated carbon 0.20 Matheickal and Yu [1995]
Saccharomyces cerevisae (yeast) 0.163 Volesky [1990a]
Rhizopus arrhizus (fungus) 1.00 0.50 Volesky [1990a]
Granular activated carbon, F-400 0.30 0.06 Muraleedharan et al. [1995]
lon exchange resin (Duolite GT-73) 2.74 Volesky [1994]
U. pinnatifida(marine algae based) 2.6 2.58 This study
H. fusiformis(marine algae based) 2.30 2.26 This study
S. fulvellum(marine algae based) 1.4 15 This study

and are however comparable with those of the commercial ion exby the above rate equation in the range of this experiment as shown
change resin. in Fig. 6, it is considered that more experiments, such as those on
1-4. Biosorption Rate the biosorption rate with biosorbent amount, should be performed
For biosorption, the biosorption rate should be considered as weknd verified in order to obtain more exact biosorption rate equation.
as the biosorption isotherms. Although it provides useful data or2. Metal Uptake in the Mixed Metal Solution
the maximum metal uptake capacity and biosorbent affinity for the Industrial effluents are likely to contain several different metals
metal, the biosorption isotherm cannot provide the information onand metal binding components which may interfere with recovery
the metal uptake of the biosorbent per unit time necessary for desf the metal of interest [Yu and Matheickal, 1996]. However, many
termining the contact time, which directly affects the design of equip-biosorption studies are carried out on metal solutions containing a
ment and operating costs when a biosorption process is used faingle type of metal. Conclusions drawn from such studies may not
water and wastewater treatments. be valid when application of this technology to an actual industrial
The biosorption rate was obtained from the results in Fig. 4 whicheffluent is considered.
showed the hiosorption kinetics for each metal ion with initial con-  Crist et al. [1981] revealed that metal ions could not only displace
centration (Q). Each initial biosorption rate,frat G was obtained  protons, both other already bound molecules, for instance, strontium
from initial rate method [Fogler, 1992]. The initial biosorption rates could displace zinc even though it was securely bound to the wall
on initial metal concentration for each metal ion were plotted in Fig.in studies with the alggaucheria
5. As shown in this figure, the adsorption rate increased with the It was investigated that the selectivity of the metals by biosor-
increase of initial metal ion concentration. The relationship betweerbents materials in the mixed metal solution. The biosorbents mate-
the initial biosorption rate and the initial concentration of metal ion rials were added to the solution containing 50 mg/L of copper, zinc,
can be expressed as follows: and lead (Cu 0.787 mM, Zn 0.765 mM and Pb 0.241 mM) at dif-
ke 3 ferent pH values, respectively and the respective metal uptake was
o examined. The biomass-metal system attained the final equilibrium
The values of k were found by applying the valueg,ahd G to
Eq. (3) using linear regression method. Data during the first 5 mir
of rate experiment was used for determination of biorption rate. The 1%
biosorption rate of each metal ion fdr pinnatifidacould be ex-
pressed as shown in Table 3. ] Zn
Khummongkol et al. [1982] developed a model for metal uptake
by microorganisms based on surface adsorption and then appliede 5 |
to the uptake of cadmium k. vulgaris They assumed a linear E P
equilibrium relationship between the metal in the solution and thars ¥ i d
adsorbed on the cell surface. However, this was confirmed for low & P
concentrations in short-term cadmium uptake experiments. E " ¥

—

Although the metal biosorption can be expressed relatively well 1.1 _

Table 3. Adsorption rate of each heavy metal ion as a function of =7
initial concentration

Heavy metal

Adsorption rate, fmmole/g - min]

0.0¢)

a0

Cu
Pb
Zn

0.157G
0.254G
0.139G

[vE-]

= 1 |

1.0

L

1.5

=0

Inilial metal concentratian [mid]

Fig. 6. Comparison of each metal biosorption rate fotJ. pinnati-
fida at nonadjusted pH.

Korean J. Chem. Eng.(Vol. 19, No. 2)



282 M.-G. Lee et al.

1.0 012 l
|2 single
[ i -
| I-_---: moied l: 1':' ' L
o] | ! =
i
= 2 noe -
a £ rt
g ooe | E oo
; 7 a -
o ] T g b= L]
=] ! 0
el | | 3
| { | Frit e
] | i
E oy | : 'y | |
g2 | fod | e e 0.00 | I i i i
fod T e o 3 L 8 12 i5 18
] ! | Bt MaCl [mi)
1} 1 ] 1
i s i { i ] Fig. 8. Effect of ionic strength on the lead uptake byJ. pinnatifida
(Initial lead concentration: 0.048 mM, biosorbent amount:

1] Fd i} 4] Bum
- Heawy matal ion 029).

Fig. 7. Comparison of each ion uptake in the single and mixed me-  metal solution irrespective of biosorbent materials. However, the
tal solution for each biomass (initial solution concentration: sum of each metal ion uptake in the mixed metal solution was higher
1.8mM, each ion concentration in the mixed metal solu- than that in the single solution. This feature is caused by the increase
tion: Cu 0.787 mM, Zn 0.765 mM, Pb 0.241 mM). o ) o ;

of driving force of mass transfer as the initial total ion concentra-
tion increase. The metal uptakes by biosorbents decreased in the
plateau at a contact time within 30 min. The starting pH of mixedfollowing sequencéJ. pinnatifide>H. fusiformisS. fulvellumThese

metal solution without pH adjustments was 3.4 and changed litleresults are identical to those in the single metal solution.

as biomass was added and after 2 hours of contact. The respecti@eEffect of lonic Strength

metal uptake in the mixed metal solution at different pH values was Industrial effluents contain large amounts of light metal ions such

obtained and the results are shown in Table 4, together with the vahs calcium, magnesium, sodium and potassium along with the heavy

ues obtained at; ©f 50 mg/L from the biosorption isotherm. As metal ions. These metal ions often reduce the binding capacity of
shown in Table 4, the metal uptakes except for lead in the mixedadsorbents such as commercial ion exchange resins. This effect can
metal solution, decreased greatly compared to those in the mixelde smaller in biosorption systems. Thus, the effect of ionic strength

Table 4. Comparison of the uptakes of heavy metals in the mixed metal solution and those in the single metal solution at irgbalcen-
tration of 50 mg/L (Cu 0.787 mM, Zn 0.765 mM and Pb 0.241 mM)

q (mg/g) d (mmole/g)
Heavy metals U. pinnatifida H. fusiformis S. fulvellum U. pinnatifida H. fusiformis S. fulvellum
Single Mixed Single Mixed Single Mixed Single Mixed Single Mixed Single Mixed

Cu
pH 2.0 - 4.5 - 15 - 1.0 - 0.071 - 0.0234 - 0.016
Nonadjusted pH 40.4 15.8 - 13.8 - 10.5 0.636 0.249 - 0.217 - 0.165
pH 5.0 57.0 24.6 55.5 22.8 27.4 18.5 0.897 0.387 0.873 0.359 0.431 0.291
Zn
pH 2.0 - 6.6 - 5.8 - 55 - 0.101 - 0.076 - 0.084
Nonadjusted pH 35 9.9 38.9 7.1 - 6.9 0.535 0.151 0.595 0.109 - 0.106
pH 5.0 51.4 12.8 49.1 12.7 28.6 9.3 0.786 0.196 0.751 0.194 0.437 0.142
Pb
pH 2.0 - 275 - 30.0 - 145 - 0.133 - 0.145 - 0.070
Nonadjusted pH 72 52.0 75.6 53.0 - 42.0 0.347 0.251 0.365 0.256 - 0.203
pH 5.0 88.0 75.7 80.0 68.5 70.0 545 0.425 0.365 0.386 0.331 0.338 0.263

*The uptakes of heavy metals at nonadjusted pH in the mixed metal solution was compared with the average values of tlansk at pH 3

pH 4 in the single metal solution, because pH value of the former was 3.6.
*The uptakes of heavy metals at pH 5 in the mixed metal solution was compared with those at nonadjusted pH 4 in the sisigle metal s

tion, because pH value of the latter was around 5.
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on the metal uptakes by biosorbent materials, the lead uptake byl  : biosorbent weight [g]

U. pinnatifidawas examined in the presence of NaCl (0-17 mM). n : Freundlich constant

The pH of the solution was kept constant at 5.0 during this study. Ag) : heavy metal ion uptake (amount of heavy metal ion ad-
shown in Fig. 8, the lead uptake decreased at higher ionic strengths sorbed per unit weight of adsorbent) [mmole/g]

over 1.68 mM. This result can be explained by considering the comg,.., : maximum heavy metal uptake (amount of heavy metal ion
petitive effect of Naions for lead binding [Lee et al., 1998]. The adsorbed per unit weight of adsorbent) [mmole/g]

ion exchanger tends to prefer the counter ion of higher valance ang; : initial biosorption rate of heavy metal [mmole/g-min]
Cu* ion is selective than Naon for cation exchangers. Therefore V' :volume of the solution [mL]

U. pinnatifidamay prefer Cli ion to N4 ion for lead removal by

lead removal byJ. pinnatifidawill be low, especially at low ionic REFERENCES
strength.
Asku, Z. and Kutsal, T., “The UsageGiilorella vulgarisn Waste Water
CONCLUSIONS Treatment Containing Heavy Metal lons; in Proc. 4th Eur. Cong. on
Biotechnology, Neijessel, O. M., van der Meer, P.R. and Luyben,
Using the biomass of nonliving, dried marine brown aldae A. M., Eds., Elsevier, Amsterdam, 80 (1987).

pinnatifida H. fusiformis andS. fulvellumharvested in the sea near Arulanantham, A., Balasubramanian, N. and Ramakriishna, T. V., “Co-
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