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Abstract

Seven species of brown, green, and red seaweeds were examined for their abilities to sequester cadmium ions from aqueous solution
Although all the seaweed types investigated were capable of binding appreciable amounts of cadmium, considerable variability in their
biosorption performance was observed. Maximum cadmium uptake capacities at pH 5 ranged from the highest value of 0.74 mmol/g for
the brown seaweeBargassum baccularito the lowest value of 0.16 mmol/g for the red seaw€edcilaria salicornia representing a
363% difference. In general, brown seaweeds were found to exhibit the best overall cadmium ion removal. Additional experiments were
conducted to evaluate the biosorption characteristics of the brown se&wlegctulariaThe equilibrium uptakes of cadmium were similar
within the pH 3-5 range but decreased significantly when the solution pH was reduced to pH 2. The presence of background cations such
as sodium, potassium, and magnesium and anions such as chloride, nitrate, sulphate, and acetate up to a concentration of 3.24 mmol/
was found to have no significant effect on the equilibrium uptake of cadmium. However, the biosorbent uptake of cadmium was markedly
inhibited in the presence of calcium ions at 3.24 mmol/l. Kinetic studies revealed that cadmium uptake was fast with 90% or more of the
uptake occurring within 30—40 min of contact time.
© 2003 Published by Elsevier B.V.
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1. Introduction sponsible for the sequestration of metal ions. Different
biomass types such as bacteria, fungi, and algae have been
The presence of heavy metals in the environment is screened and studied extensively in the last decade with the
of major concern because of their toxicity and threat to aim of identifying highly efficient metal removal biosor-
plant and animal life. Moreover, recovery of heavy metals bents.
from industrial waste streams is becoming increasingly im-  Recent investigations by various groups have shown that
portant as society realises the necessity for recycling andselected species of seaweeds possess impressive sorption
conservation of essential metals. Anthropogenic sourcescapacities for a range of heavy metal ions. Seaweeds are
of heavy metals include process waste streams from metala widely available source of biomass as over two million
plating, mining operations, and semi-conductor manufac- tonnes are either harvested from the oceans or cultured an-
turing operations. Increasingly strict discharge limits on nually for food or phycocolloid production, especially in
heavy metals have accelerated the search for highly ef-the Asia-Pacific regiofil]. Seaweeds are found throughout
ficient yet economically attractive treatment methods for the world’s oceans and come in three basic colours: brown
their removal. Biosorption is one such emerging tech- (Phaeophyta), red (Rhodophyta), and green (Chlorophyta).
nology that has attracted increased attention in recentBrown and red seaweeds are almost exclusively marine, but
years. Biosorption exploits the ability of microbial and the vast majority of green-coloured seaweeds are freshwater
plant biomass to sequester heavy metal ions from aque-and terrestrial. The brown colour of the Phaeophyta results
ous solution by physicochemical mechanisms. Chargedfrom the dominance of the xanthophyll pigment fucoxanthin
groups such as carboxylate and hydroxyl present in the which masks the other pigments while the red colour of the
biopolymers of biomass cell walls are believed to be re- Rhodophyta is due to the presence of the pigment phyco-
erythrin which reflects red light and absorbs blue light. The
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Table 1 Table 2
Biosorption of heavy metals by some reported seaweed species Seaweed species tested in this study
Seaweed species Metals Reference Phaeophyta

Sargassum siliquosum

Pachymeniopsisp. (red) Cr(VI) [2] Sargassum baccularia
Sargassum hystrigorown) Pb (3] Padina tetrastomatica
Sargassum natan@rown)

Padina pavonia(brown) Chlorophyta

Ulva lactuca(green) Chaetomorpha linum

Cladophora glomeratdgreen)
Gracilaria corticata (red)
Gracilaria canaliculata(red)
Polysiphonia violacedred)

Rhodophyta
Gracilaria changii
Gracilaria edulis
Gracilaria salicornia

Sargassum baccularigbrown) Cd, Cu [4-6]

Sargassunsp. (brown) Cd, Cu, Zn [7]

Sargassum siliquosutgrown) Cr(VI) [8]

Laminaria japonica(brown) Cd, Cu [9] 2. Materials and methods
Sargassum kjellmanianuiiorown)

Macrocystis pyrifera(brown) Cd, Pb [10,11]

Kjellmaniella crassiforia(brown) 2.1. Biomass preparation and chemicals

Undaria pinnatifida(brown)

Eckonia maximabrown) Cd, Cu, Pb, Zn, Ni  [12,13] The seven seaweed species collected from the west coast
Lessonia flavicangbrown) of Peninsular Malaysia are listed fable 2 Fresh samples
Durvillea potatorum(brown) of the seaweeds were washed thoroughly with distilled wa-
Sargassum asperifoliurgbrown) Cd, Cu, Ni, [14] . . _g y

Cystoseira trinodgbrown) co(ll), Cr(l ter, dried in an oven to constant wglght,_and ground to a
Turbinaria decurrengbrown) size range of 500-7%0m. The resulting biosorbent parti-
Laurencia obtusgred) ' cles were then stored in sealed containers in a desiccator.
Ascophyllum nodosurfbrown) Cd, Cu, Ni (15] All chemicals obtained from Fluka (Switzerland) including

Lessonia flavicangbrown)
Laminaria hyperboregbrown)
Durvillea potatorum(brown)
Sargassum vulgarébrown) Cd, Cu [16] 2.2. Biosorption equilibrium
Sargassum fluitanébrown)

Sargassum filipenduléorown)

the cadmium nitrate salt were of analytical grade.

Sargassum muticurforown) Batch equilibrium experiments were carried out by aning
Ascophyllum nodosurgbrown) Cd, Cu, Pb [17-19] a known amount of each of the seven seaweed species to a
Lessonia flavicangorown) series of flasks containing solutions of varying initial cad-
'I:eSS_O”'? ”_'gres?”s(tro""”) mium concentrations (0.45-3.56 mmol/l). The flasks were
Pl japonica(brown) agitated at 200 rpm and 28 in a constant temperature ro-
aminaria hyperbola(brown) . . . .
Eckonia maximabrown) tary shaker. The solution pH was maintained at 5. Suffi-
Eckonia radiata(brown) cient contact time (24 h) was allowed for the metal uptake
Durvillaea potatorum(brown) process to reach equilibrium conditions. After equilibration,
Padinasp. (brown) solution samples were filtered through 0p4% membrane

filters, acidified, and analysed for residual cadmium con-
centration by an inductively coupled plasma spectrometer
(Baird 2000, USA). The amount of cadmium taken up by
seaweeds have largely been restricted to various species ofhe seaweed particles in each flask was determined using the
brown seaweeds (s@able 1. On the other hand, green and following mass balance equation
red seaweed species have not been evaluated to any great C_cC
extent. Lee et al[2] screened 48 species of brown, green, ge= ——— (1)
and red seaweeds for their uptake capacities of hexavalent W
chromium while Jalali et al3] reported the biosorption of  wherege is the quantity of metal taken up by the biosorbent,
lead by eight species of brown, green, and red seaweedsC; is the initial metal concentration in the solution phasg,
This study investigated the biosorption properties of seven is the metal concentration in the solution phase at equilib-
different species of brown, red, and green seaweeds har+ium, andWis the biosorbent dosage (mass of biosorbent per
vested from tropical coastal areas using cadmium as a modelnit volume of solution). Cadmium-free and seaweed-free
metal ion. Potential variability in the biosorption behaviour blanks were used as controls.
of the seaweed species was evaluated on the basis of their Additional equilibrium experiments were conducted using
equilibrium cadmium uptake. Based on the results of this the brown seaweeflargassum baccularid he effect of pH
initial screening, the best-performing species was selectedon the equilibrium uptake of cadmium was investigated in
for further studies. the pH 2-5 range. To investigate the influence of background
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ions on cadmium uptake, nitrate salts of sodium, potassium,acid, in the cell walls of brown seaweeds is largely respon-
magnesium, and calcium and sodium salts of chloride, ni- sible for the higher metal sequestering ability of the three
trate, sulphate, and acetate were used to prepare a series dfrown seaweed species. Brown seaweeds contain 20-40%
cadmium solutions with background ionic concentrations in of alginic acid on a dry-weight basis. The negatively charged
the range 0.162-3.24 mmol/l. The initial concentration of carboxylate groups of alginate can bind metal cations
cadmium was fixed at 0.89 mmol/l. These solutions were through electrostatic interactions/ion exchange. Dealginated
used in batch equilibrium experiments, as described above.brown seaweeds have been shown to possess much lower
capacities for heavy metals compared to virgin seaweeds
2.3. Biosorption kinetics [15]. However, it should be noted that a red seaweed outper-
formed several brown and green seaweeds in sequestering
negatively charged hexavalent chromium if2is The max-

Transient experiments were carried out to measure the X i .
kinetics of cadmium uptake b. baccularia Solution imum chromium(VI) adsorption capacity of the red seaweed

samples were taken at fixed time intervals for cadmium ~achymeniopsisp. was 225mg/g at pH 4{2] compared
concentration analysis from a continuously stirred vessel toa maximum adsorption capacity of 16 mg/g for the brown
containing a known amount &. bacculariaand cadmium  Seaweed. siliquosurat pH~ 4 [8]. These results suggest
solution. The pH and temperature of the solution were that red seaweeds have more cationic S|'te.s than brqun sea-
maintained at pH 5 and 2&, respectively. A series of weeds and thu_s have a relatively _Iow affinity for posmvely
batch kinetic experiments with a fixed biosorbent dosage charged metal ions such as cadmium. The cadmium uptake

but varying initial cadmium concentration were conducted. CaPacities of the brown and red seaweeds reported here are
therefore consistent with results presented elsewhere.

The experimental results were correlated with the
two-parameter Langmuir isotherm model

bCe
Yo

3. Results and discussion

de = (2

3.1. Biosorption equilibrium
whereqn is the maximum adsorption capacity abds an

(symbols) for the seven seaweed species at pH 5 af@ 25 affinity constant. Each experimental isotherm was fitted to
Eqg. (2)by a nonlinear regression analysis to obtain the pa-

low for pH effect). All of th ilibrium isoth .
(see below for pH effect) of the equilibrium isotherms rametersgy, andb. Table 3lists the values of the parame-

exhibited favourable isotherm behaviour, with a maximum ters. The isoth imulations f the L . del
capacity that depended on the biomass type. The three ers. The isotherm simufations from the Langmuir mode are

brown seaweeds exhibited the largest adsorption capacity,ShOWn as lines ifrig. 1 In all cases, very good agreement

followed by the green seaweed and then the three red sea’'2S obtained with the experimental measurements. It is well

weeds. Jalali et al3] also reported that brown seaweeds K1OWn that the Langmuir isotherm, originally developed to

outperformed green and red seaweeds in the biosorption Ofdes_cnpe gas adsorption, dOE’TS not reflec_t any mechanisms
lead. Note that for the three brown seaweeds there is quiteOf I|qu_|d-|£_)hase metal_ gdsorptlon ona solid adsorb_ent. The
considerable difference between the uptake capaciBads equation is used empirically as a functional expression capa-

ina tetrastomaticand those of the tw&argassunspecies. bleitofit3|n;#lﬁ:m%famo%rab:?neﬁuiltl|brt|#mLu$1tarI?]e ﬁuirviﬁ' Irjrs
The presence of alginic acid or alginate, the salt of alginic sprte Its ighly ldealistic simplicity, th€ Langmuir isothe
remains a useful and convenient tool for comparing results

form different sources on a quantitative badiable 4lists

Fig. 1shows the experimental cadmium uptake isotherms

0.8 .
o S. siliquosum (brown) some reportedy, andb values for cadmium uptake by brown _
W S. baccularia (brown) seaweeds. In general, the three brown seaweeds tested in
A P. tetrastomatica (brown) . .
0.6 - S gﬂg,'{'g,(?{r%%'}) this study exhibitedyy, andb values comparable to those
=) O G. edulis (red) reported elsewhere for various brown seaweed species. One
% A G. salicornia (red)
€ 044
£ Table 3
o Langmuir parameters for cadmium biosorption on seven species of sea-
o weeds
0.2
Seaweed species gm (mmol/g) b (/mmol)
0 Sargassum baccularigbrown) 0.74 4.67
(') 1 2 3 ;1 Sargassum siliquosuigbrown) 0.73 6.60
c v Padina tetrastomaticgbrown) 0.53 4.65
e (MmollL) Chaetomorpha linunfgreen) 0.48 1.43
Gracilaria changii (red) 0.23 9.65
Fig. 1. Biosorption isotherms for cadmium on seven different species Gyacilaria edulis (red) 0.24 4.82

of brown, green, and red seaweeds at pH 5. Lines are Langmuir model Gyacilaria salicornia (red) 0.16 9.04
curves.
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Table 4 50
Comparison of Langmuir parameters for cadmium biosorption on some g - - - - S. baccularia (brown)
reported brown seaweed species =) i
~ 404 — — C. linum (green)
Brown seaweed species  pH gm b Reference = G. changii (red)
(mmol/g)  (I/mmol) o 30 -
(@)] -—
Sargassunsp. 6 1.40 6.52 7 o
Ascophyllum nodosum 4 0.9 42 [15] _8 20 A
Lessonia flavicans 0.8 73 =
Laminaria hyperborea 0.9 86 8 -
Durvillea potatorum 1.0 49 5 101 -
Sargassum vulgarie 45 0.79 5.33 [16] i PP -
Sargassum fluitans 0.71 5.19 m g r r r r r
Sargassum filipendula 0.66; 0.70 5.20; 17.4 0 2 4 6 8 10
Sargassum muticum 0.68 16.1
Sargassunsp. 0.78;0.90  7.63; 21.5 Initial metal concentration Ci (mmol/L)
Ascophyllum nodosum 5 0.93; 1.03 4.2; 4.5 [17]
Lessonia flavicans 1.16 5.9 Fig. 2. Biosorbent dosage required to remove 90% of available cadmium
Lessonia nigresense 1.10 6.0 as a function of initial metal concentratioEd. (4).
Laminaria japonica 1.11 5.0
Laminaria hyperbola 0.82 5.4
Eckonia maxima 1.15 6.0 3.2. Effect of pH
Eckonia radiata 1.04 4.4
Durvillaea potatorum 1.18 5.6 Fi T
) ig. 3 shows the effect of pH on the equilibrium uptake
Durvillaea potatorum 54 112 6.15 [18] . .
Padinasp. 5 0.53 537 [19] of cadmium by one of the two best-performiSgrgassum

seaweedsS. baccularia. As can be seen from this figure,
o ) i the equilibrium uptakes were similar in the pH 3-5 range
exception is the study by Malik et &l15] which reported  gyer the entire range of the solution phase equilibrium con-
significantly largetb values. centration of cadmium. However, the equilibrium uptakes

It should be noted that the maximum adsorption capacity of cadmium at pH 2 were much smaller than the uptakes at
Om is not the only parameter that should be considered in pH 3-5. At low pH levels protons can compete effectively
the sc_reening _Of different biomass species. The performanceith cadmium for the binding sites in the biomass. The pro-
of a biomass is likely to be determined by baj andb. tonated binding sites are thus no longer available to bind
CombiningEgs. (1) and (2pives the following equation cadmium ions from solution.

(Ci — Ce)(1+ bCe)
W= 3
f]mbce ( )

Eqg. (3) may be used to estimate the biosorbent dosage re- ) o ] _
quired to achieve a specified level of metal removal in a Industrial application of a biosorption process must deal

batch system. For example, the biosorbent dosage required"’ith the fact that heavy metal-bearing waste streams often

to remove 90% of available cadmium as a functiorCpfs contain other ions that may interfere in the uptake of the
given byEq. (4) heavy metal ions of interest. Equilibrium experiments were

9 0.9 conducted to evaluate the effect of common cations such

W=—+—"—¢ (4) as sodium, potassium, magnesium, and calcium and anions
qmb dm

Using the Langmuir parameters listed iable 3 for S. 0.8

baccularia (brown), Chaetomorpha linum(green), and

Gracilaria changii (red), the relationship betweeW and

C; for each biomass type can be calculated frem (4)

The calculated results are shownHiy. 2 As expected, the

brown seaweed with high values @f, andb is the most ef-

ficient biosorbent, requiring the least amount of biomass to

achieve 90% removal. However, although the red seaweed 0.2 g

has agm value half of that of the green seaweed, it outper- A <& <

forms the green seaweed whéqis less than 4.5 mmol/| <o

(=500 mg/l) because of its much highkrvalue. The red 0 T T T T

seaweed is therefore a more efficient biosorbent for pro- 0 0.5 1 15 2 25

cessing dilute cadmium solutions compared to the green C. (mmol/L)

seaweed. This conclusion is not apparent if one compares

the red and green seaweeds purely on the basig, of

3.3. Effect of background cations and anions

0.6 - ¢ 0% A
2 a OpH2
ApPH3
» OpH 4
epHS5

0.4 -

ge (mmol/g)
»al

Fig. 3. Effect of pH on cadmium uptake I8. baccularia
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100 —
P = =
< 80 4 = — Initial concentration
E = — (mmollL)
E - — —
- 60 = = m0.162
= — — ]
8 40 = = 0.324
= — — o1.62
@ — —]
[X] — —]
5 20 = = 23.24
= = =

0 b E T E T T

Sodium Potassium Magnesium  Calcium

Fig. 4. Effect of background cations on cadmium uptakeSbybaccularia Initial cadmium concentratios= 0.89 mmol/I.

such as chloride, nitrate, sulphate, and acetate on cadmiunby the presence of calcium. Desorption studies reported by
uptake by the brown seawe&d bacculariaFig. 4 displays Lee and \olesky[22] showed that sequestered cadmium
cadmium uptakes by th®argassunbiomass obtained from  and copper ions were successfully eluted from brown sea-
experiments with the same initial cadmium concentration weed biomass using calcium-salt solutions. The results of
and biosorbent dosage at several initial light metal concen- this study confirm these previous observations. It can there-
trations. The bars ifig. 4represent cadmium uptakes given fore be concluded that calcium could present serious inter-
as a percentage of the original uptake when no backgroundference with the biosorption of various heavy metal ions by
ions were present in the cadmium solution. Within the con- brown seaweeds.
centration range examined, it is evident that the cadmium The influence of common anions such as chloride, nitrate,
uptake was not greatly affected by the presence of the ni- sulphate, and acetate on cadmium uptakesbypaccularia
trate salts of sodium, potassium, and magnesium. By con-was investigated. Overalkig. 5 shows that the cadmium
trast, when both cadmium and calcium ions were presentuptakes were not greatly affected by the presence of the four
in the solution together, some reduction of the cadmium anions up to the maximum concentration of 3.24 mmol/l
uptake was observed with increasing calcium concentra-examined in this study. Nevertheless, the presence of ac-
tion. The presence of calcium at an initial concentration of etate at an initial concentration of 3.24 mmol/l suppressed
1.62 mmol/l suppressed the cadmium uptake to only 80% of the cadmium uptake to 90% of the original uptake. It is
the original uptake. Increasing the calcium concentration to well known that metal ions in water undergo hydroly-
3.24 mmol/l caused the cadmium uptake to drop to less thansis and complexation reactions with some anions which
65%. may influence the binding of the metals to solid surfaces.
The inhibition effect of calcium on cadmium uptake is Under the experimental conditions employed here (ini-
indicative of calcium competition with cadmium ions for tial cadmium concentratior= 0.89 mmol/l; initial acetate
the available binding sites in the cell walls $f baccularia concentration= 3.24 mmol/l; pH 5) the major cadmium
Williams and Edyvearj20] demonstrated an ion exchange species in the presence of acetate are the divaleAt Cd
relationship between nickel ion uptake and calcium release (88.4%) and monovalent Cd(acetate)11.1%) according
for a brown seaweed. de Franca et[2l] reported that the  to a computer program (CHEAQS) for calculating chem-
uptake of zinc by a brown seaweed was adversely affectedical equilibria in aqueous solutions. The 10% reduction

100 — —
£ g0 E E Initial concentration
[:] —] —
E = = {mmoliL)
£ 607 = = m0.162
£ a0 = = @0.324
o 1 = =
= = 01.62

g = = 53.24
5 201 = = '
e = -

0 - T = T = T

Chloride Nitrate Sulphate

Fig. 5. Effect of background anions on cadmium uptakeSbybaccularia Initial cadmium concentratioa: 0.89 mmol/l.
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1.2 Table 5
Parameters of kinetic model&ds. (5) and (§)from regression of transient
1.0 4 2 f:' o © B8 n uptake data obtained at different initial cadmium concentrations
]
08 =98 Gi (mmolll)
- e 0.44 0.89 1.78 3.56
(o)
T o6{2 _
o n o Ci=0.44 mmol/L ki (min~1) 0.140 0.157 0.236 0.257
044° e Ci=0.89 mmol/L kz (min) 3.796 3.140 1.850 1.738
e o Ci=1.78 mmol/L
0.2 1 m Ci=3.56 mmol/L
0.0 The first model, a first order kinetic model known as the
0 20 0 60 80 100 Lagergren equation, takes the fofg#]
. . t
Time (min) 1 exp(—kit) (5)

qf

Fig. 6. Kinetics of cadmium biosorption . bacculariaat four different Whereqt andqf are the metal concentration in the biosorbent

initial | i 1 he i final . . . .

initial 'meta concentrgtlon_s(z), (o gndqf are the mstantanequs and final phase at time and at eqU|I|br|um, respectlvely and is a

cadmium concentrations in the biosorbent phase, respectively. . . . . .
rate constant. The second kinetic model considered in this
work is given aq24]

in cadmium uptake seems to suggest that the complex?t _ _r (6)

Cd(acetate) does not bind toS. baccularia The other qf t+kz

anion that is expected to form complexes with cadmium is \yherek; is a rate constant. The experimental transient data
sulphate. The major cadmium species in the presence ofyresented irFig. 6 were fitted by both models using a non-
sulphate at an initial concentration of 3.24 mmol/l are the |inear least-squares method to determine the rate constant
divalent Cd* (76.7%) and nonionised Cd$®(22.3%).  of the two models. The minimisation algorithm is based on
Because the presence of sulphate did not lower the up-3 combination of Gauss—Newton and Levenberg-Marquardt
take of cadmium, it may be concluded that the nonionised methods. The fitted values & and k, are tabulated in

complex CdS@P is able to bind tcS. baccularia Table 5
Both models were capable of closely simulating the four
3.4. Biosorption kinetics experimental transient profiles presenteéig. 6. Note that

the rate coefficientl; andky presented ifable 5are a func-
Information on the kinetics of metal uptake is re- tion of the initial metal concentration witky increases with
quired for selecting optimum operating conditions for increasing initial metal concentration akgldecreases with
full-scale batch metal removal process€sy. 6 depicts increasing metal concentration, reflecting the different math-
the concentration-time profiles for cadmium uptake®y  ematical forms oEgs. (5) and (6)Given that metal biosorp-
bacculariaat various initial metal concentrations. The rates tion may involve a range of mechanisms such as chelation,
of cadmium uptake were similar in the initial metal con- ion exchange, and physical adsorption, it was considered ad-
centration range of 0.44-3.56 mmol/l and the biosorption equate for the purpose of this study to use semi-empirical
process reached the equilibrium state after approximatelyrate models, such as those illustrated herein, for description
30-40 min of contact time. of biosorption transient data. However, an important obser-
Mathematical models that can describe the transient be-vation from this exercise is that the rate coefficients of sim-
haviour of a batch biosorption process operated under dif- plified rate models must be properly correlated with major
ferent experimental conditions are very useful for scale-up system variables such as initial metal concentration before
studies or process optimisation. A number of models with the models can be used for process design and optimisation
varying degrees of complexity have been developed to de-studies.
scribe the kinetics of metal biosorption in batch systems. For
example, a model incorporating biosorption equilibrium and
kinetics as well as intraparticle diffusion has been used to 4. Conclusions
describe cadmium uptake I8argassum fluitan23]. How-
ever, such models are cast in the form of nonlinear par- Comparison of the biosorption behaviour of seven dif-
tial differential equations and a numerical method must be ferent species of brown, green, and red seaweeds indicated
applied to solve the complicated equations. Application of that the brown seaweeds, especially Baggassunspecies,
these models in modelling biosorption kinetics is therefore showed excellent cadmium sequestering capabilities. The
tedious and time-consuming. As a result, an attempt hasfollowing ascending order of their Langmuir maximum ad-
been made to simulate batch transient uptake data using twasorption capacitydy) at pH 5 was observed: red green<
relatively simple rate models. brown. However, it was demonstrated that the performance
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of a biosorbent is dependent upon the two Langmuir equi- [6] K.H. Chu, M.A. Hashim, Desorption of copper from polyvinyl
librium parameters|n, andb. A biosorbent with a lowgm alcohol-immobilized seaweed biomass, Acta Biotechnol. 21 (2001)
and a highb could outperform a biosorbent with a high 295-306. o

d a lowb ially i h th tal ion t [7] E. Valdman, S.G.F. Leite, Biosorption of Cd, Zn and Cu by
Om and a OW » especially In cases where the m_e. a. lon to Sargassumsp. waste biomass, Bioprocess Eng. 22 (2000) 171-
be removed is present at trace levels. The equilibrium up- 173.
takes of cadmium by one of the two best-performing brown [8] L.K. Cabatingan, R.C. Agapay, J.L.L. Rakels, M. Ottens, L.A.M. van
seaweedss. baccu|aria were similar within the pH 3-5 der Wielen, Potential of biosorption for the recovery of chromate
range but decreased significantly when the pH was reduced g‘g(‘)gdus”'a' wastewaters, Ind. Eng. Chem. Res. 40 (2001) 2302—
to pH 2. The extent of cadmium uptake 8y baccularia [9] J.L. Zhou, P.L. Huang, R.G. Lin, Sorption and desorption of Cu
appeared t_o be unaffected by the presence of common ba}Ck' and Cd by macroalgae and microalgae, Environ. Pollut. 101 (1998)
ground cations such as sodium, potassium, and magnesium  67-75.

and anions such as chloride, nitrate, sulphate, and acetate uft0] H. Seki, A. Suzuki, Biosorption of heavy metal ions to brown

to the examined concentration level of 3.24 mmol/l. How- a!gae Macrocystis pyriferaKjeII.manieIIa crassiforia and Undaria

. S . pinnatifida J. Colloid Interf. Sci. 206 (1998) 297-301.
eyer, .the blosorbenF uptake dggr_eased _W'th '”Creas'”g Cal'[11] H. Seki, A. Suzuki, Kinetic study of metal biosorption to a brown
cium ion concentration. At an initial calcium concentration alga, Kjellmaniella crassiforia J. Colloid Interf. Sci. 246 (2002)
of 1.62 mmol/l, the cadmium uptake was 80% of the original 259-262.

uptake and dropped to less than 65% when the initial cal- [12] C.J. Williams, R.G.J. Edyvean, Optimization of metal adsorption by
cium concentration was increased to 3.24 mmol/l. The rates ~ Séaweeds and seaweed derivatives, Trans. IChemE 758 (1997) 19—
of ca(_jmlum “Ptake could be successfully Slmu.lated using [13] C.J. Williams, D. Aderhold, R.G.J. Edyvean, Comparison between
two different single-parameter rate models provided the re- biosorbents for the removal of metal ions from aqueous solutions,
lationships between the rate coefficients and initial metal Water Res. 32 (1998) 216-224.
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