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Abstract: Nonliving biomass of Sargassum, a brown ma-
rine alga, is capable of binding more than 10% of its dry
weight in toxic cadmium ions. Although ubiquitous iron
interferes with Cd uptake, only approximately 4.5% of it
is sequestered (biomass dry weight). Biosorption of both
metals at pH 4.5 could be described by Langmuir-type
isotherms with b, the affinity-related coefficient (Cd: b =
0.015; Fe: b = 0.027). The interference of Fe with Cd up-
take, and vice versa, was assessed by deriving three-
dimensional equilibrium two-metal sorption isotherm
surfaces, smoothed and ““cut” to reveal the inhibition ef-
fect of Fe on biosorption of Cd: at the equilibrium con-
centration Cf[Cd] = 1.5 mM, the presence of Fe at 1.5 mM
equilibrium concentration suppressed the Cd uptake to
only 76% of the original value. For 50% Cd uptake reduc-
tion, a very high equilibrium Fe presence of 4.5 mM was
required. The Cd presence affected the uptake of Fe very
strongly. To obtain equal values of uptake for each metal
in the biosorbent, the ratio of equilibrium concentrations
of 0.42 Cd to 1 Fe is necessary in the liquid phase. © 1997
John Wiley & Sons, Inc. Biotechnol Bioeng 54: 344-350, 1997.
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INTRODUCTION

Biosorption of heavy metals by various biological materials

has been studied extensively in the last decade (Volesk
1990a) due to its potential particularly in wastewater treat
ment. Different dead biomass types, such as fungi, bacteri
and algae have been screened for their capability of adsor!

ing heavy metals from solutions (Volesky and Holan, 1995).
Considerable work carried out with seaweeds, especial%

from the genusSargassumhave shown their capacity to
bind gold selectively at low pH (Kuyucak and Volesky,

1989a, 1989b) and also cadmium, copper, nickel, lead, an
h

zinc cations up to 20% of the biosorbent dry weight (Leusc
et al., 1995).

The presence of a large number of metals in industriaf
metal-bearing solutions makes it necessary to investigat

their effect on the final metal uptake by individual biosor-

Correspondence toB. Volesky
Contract grant sponsors: CANMET; CNPqg/CAPES; FINEP
Contract grant number: PADCT 430/95

© 1997 John Wiley & Sons, Inc.

a
b-

bent materials. Considering the number of metals and dif
ferent biosorbent materials of interest, in the absence of
convenient methodology, experimental testing of these ef
fects requires tedious laboratory work. Although iron is not
considered a major environmental problem, its ubiquitous
presence in solutions makes it an obvious investigation tar
get because of its effect on the biosorbent uptake of man
other metals of interest. Among them, cadmium is of pri-
mary interest for its well-recognized acute toxicity and in-
creasing discharge into the environment.

Simple sorption isotherm curves are usually constructec
as a result of studying equilibrium batch sorption behavior
of different biosorbent materials. These curves enable quar
titative evaluation of (bio)sorption performance of these
materials for only one metal at a time (Volesky, 1990b).
However, when more than one metal is present in the sorp
tion system, the evaluation, interpretation, and represente
tion of biosorption results become much more complicated
With two metals in the solution, instead of a two-
dimensional biosorption isotherm curve, the sorption sys-
tem evaluation results in a series of three-dimensional sorf
tion isotherm surfaces (de Carvalho et al., 1995; Volesky
and Holan, 1995). This novel approach is very useful par-
ticularly because there is no control over the values of the
inal, equilibrium, residual concentration of the sorbate as it

results from standard (isotherm) sorption experiments ir
which the residual liquid is analyzed for the equilibrium
concentration of the sorbateC. Random experimental
ndings of bothC; values when two-sorbate systems are
tudied require such an approach. This approach was als
taken in the study of cadmium biosorption Bgcophyllum
raodosunbiomass in a two-metal system, which revealed the
competitive and inhibitive behavior of the metals present
(Chong and Volesky, 1995; de Carvalho et al., 1995). At the
ame time, to facilitate such a study, mathematical model.
o represent the experimental data and sorption surfaces h:
t0 be proposed and examined for their suitability (Chong
and Volesky, 1995).

The objective of the present work was to evaluate the
biosorption behavior of a two-metal system involving cad-
mium, iron, and a generally better biosorbent material of

Sargassunseaweed.
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MATERIALS AND METHODS RESULTS AND DISCUSSION

Sargassunbiomass has been identified as a potent biosor:
Biomass Preparation and Chemicals bent of heavy metals, which it sequesters best in the slightl
acidic pH range, with pH 4.5 being the optimum for Cd
Particles (0.5 to 0.84 mm) of disintegrated raw biomass objosorption (Chong and Volesky, 1995; Volesky and Pra-
Sargassum fluitanspriginally collected and sun dried in setyo, 1994). Cadmium, known for its toxicity, is often ac-
Florida (Naples), were washed twice in 1.0N HCI solution companied by iron in industrial effluents and solutions. The
and distilled water for the release of common ions present iffect of iron on the biosorption of cadmium is of interest.
seawater. Biomass was dried at 60°C overnight and themhe concentrations of metals selected for this study repre
used in the experiments. sent a low to medium range of those often found in typical
Analytical grades of HCI, B50,, NaOH (Anachemia, industrial metal-bearing effluents either raw or pretreated
Montreal), CdSQ- 8H,0, and FeSQ- 7H,O (BDH, To-  The sorption performance &argassurbiomass was evalu-
ronto, ON) were used for all the experiments. Atomic ab-ated by determining the (bio)sorption isotherms for the ma-
sorption standards (1000 mg/L) for all metals were pur-terial with Cd and Fe, respectively, before examining it in
chased from Fisher Scientific (Montreal). solutions containing both metals together. As the mecha
nism of metal uptake by th8argassunbiomass was con-
firmed to be based on ion exchange (Fourest and Volesky
Sorption Isotherm Curves 1996; Schiewer et al., 1995), the single-metal sorption be

) ) . havior of the material was particularly well approximated
Biomass particles (0.1 g) were contacted with 50 mL Ofby a simple Langmuir-type isotherm model:

metal-bearing solutions of initial concentrations varying

from 0.1 to 10 nM of CcP* or F€* as sulfate salts. The q=(bGC /(1 +C)

contents of 125-mL Erlenmeyer flasks were adjusted to pH

4.5 and, because the suspension pH tended to decrease] fis equation allows easy expression of the maximum mete

was corrected (M NaOH) to that value every hour over the uptake {,,.,) and the Langmuir coefficienb, a ratio of the

3-h experimental contact period when shaking took place akdsorption rate constant to the desorption constant, recipre

3.3 Hz at room temperature. cally related to the affinity of the sorbent material for the
The final (equilibrium) metal concentratior;[M,] and ~ metal. ExperimentaC; andq data were used to evaluate the

C; [M,], in the supernatant were determined by AAS constantsg,,, andb, according to the least-squares fitting

(Thermo Jarrel Ash Model Smith Hieftje 11), leading to the method. Correspondingly, the values obtained for Cd were

respective calculated values for biosorbent metal uptgkes dmax = 1.041 mmol/g (standard deviation = 0.54%),

[M,] andq [M,] for the first metal [M] and for the second With b = 0.015 ¢ = 0.16%); for Fe, the maximum uptake

metal [M,] in each biosorption system using the generalwas calculated ag,,, = 0.99 mmol/g ¢ = 0.30%) ancb
definition: = 0.027 ¢ = 0.045%). These values indicate a decidedly

better biomass affinity for, and higher sorption of, Cd ions
g (mM/g) = V (G, - C;)IS versus Fe ions.

The correct and most illustrative way of representing the
whereC; andC; are the initial and final (equilibrium) metal biosorption equilibrium of a two-metal system is to con-
concentrations in the solution, respectivalyis the solution  struct a 3-D sorption isotherm plot whereby the metal up-
volume, andSis the mass of the biosorbent used. take is plotted as a function of the final equilibrium con-

Appropriate controls and blanks were examined througheentrations of the two metals. The computer program MAT-
out the sorption experiments to check the glassware sorptiobAB 4.0 is capable of plotting a 3-D diagram based on
of metals and other potential side effects. randomly generated experimental data, fitting a smooth sur

face to the data according to the appropriate input equatior
which represents the surface. The equation used was th
Three-Dimensional Sorption Isotherm Surfaces adopted by Chong and Volesky (1995) for expressing the

o ) _metal uptake byAscophyllum nodosuseaweed biomass in
The procedure for the equilibrium batch sorption experi-the study of biosorption:

ments was the same as just described. The biomass was

contacted with solutions containing Cd and Fe at concen- (Umax’ K1) C¢[M4]

trations varying from 0.1 to 10 M. The three-dlm_ensmnal qMy) = 1+ (1/Ky) C[M,] + (1/K,) C; [M,]

(3-D) sorption surfaces were obtained by plotting the ex-

perimentally determined final (equilibrium) metal concen-This relationship may resemble that used for describing
trations of both metals on theandy coordinates, respec- competitive inhibition in enzyme kinetics studies. The result
tively, against the Cd, Fe, or total metal uptakes, respeds a binary Langmuir-type equation, which created the sorp
tively, on the z-coordinate. The computer program tion isotherm surfaces seen in Figures 1la, 2a, and 3:
MATLAB (version 4.0) was used for this purpose. smoothed and fitted to randomly generated experimenta
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biosorption data. The quality of fit was reasonably good as
shown in Table I.

In Figures 1a, 2a, and 3a, the two (equilibrium) metal
concentrations are plotted against the Cd, Fe, and total metal 1.0
uptakes, respectively. When both Fe and Cd ions were pre-
sent in the solution together (two-metal experiments), some 0.5
reduction of the Cd uptake could be observed with increas-
ing Fe concentrations. It should be pointed out that the two
one-metal biosorption isotherms for Cd and Fe are, respec-
tively, seen on the sides of these 3-D plots in the corre-
sponding one-metal vertical planes. They are both seen in
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Figure 2. (a) A three-dimensional sorption surface for the Cd-Fe—
@ Cd Am Sargassunbiosorption system: iron uptake at pH 4(b) The effect of Cd

on the equilibrium uptake of Fe yargassunbiomass at pH 4.5c) The
summary of the effect of Cd presence on the Fe uptak&amgassum
biomass at pH 4.5. Equilibrium Fe concentrations arbitrarily selecliy: (
[Fe] = 1 mM; (A) [Fe] = 3 mM; (@) [Fe] = 6 mM; () [Fe] for Omax

the side one-metal end-planes in Figure 3a, showing th
total metal uptake bgargassunbiomass on a 3-D sorption

surface. In general, when biosorption equilibrium is estab-
lished in a two-metal system the following relationships
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old:
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Figure 1. (a) A three-dimensional sorption surface for the Cd-Fe— B+M, k‘__\ BM; Ky= kldeéklads
Sargassuntiosorption system: cadmium uptake at pH 415. The effect e

kzads
B+M, = BM, Kz = KagedKoads

k2des

of Fe on equilibrium uptake of Cd b8argassunbiomass at pH 4.5(c)

Summary of the effect of Fe presence on the Cd uptak&dmgassum
biomass at pH 4.5. Equilibrium Cd concentrations arbitrarily selecliy: (
[Cd] = 1 mM; (A) [Cd] = 3 mM; (@) [Cd] = 6 mM; () [Cd]forq,... = Where B stands for the biosorbent, BM for each biosorbent-
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Table I. Two-metal biosorption: Model fit.

C|(F9+Cd)(mm0|lg) Standard deviation (%)

Equilibrium concentration
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0.5

4 6 8 to a higher ratio of desorption and adsorption rate constant:
2 4 2 4 This aspect of affinity also reflects the selectivity of the
C; (Cd)(mM) 0 C;(Fe)(mM) biosorbent material for a metal.
Some selective uptake of metals Byreptomycesvaste
biomass was observed by Mattuschka and Straube (1993
q(Fe+Cd)(mmol/g) Copper, silver, chromium, and lead were bound by biomas
L in large amounts from solutions with one metal as well as
(upper) from mixed-metal solutions and this was postulated to be
due to competition for biomass active sites, especially sulf-
hydryl groups.Sargassumbiomass in particular demon-
strated a very high specific affinity for gold at low pH
(Kuyucak and Volesky, 1989b). The metal-binding capacity
(lower) of Penicillium was observed to follow the series Fe > Cu,
Zn, Ni > Cd, Pb > UQ (Galun et al., 1987), showing that Fe
0 2 4 6 8 10 could present serious interference with biosorption of othel
Cf (Cd)(mM) metals. o o _
To assess quantitatively this interference, experimenta
3-D sorption isotherm plots need to be mathematically rep-
q(Fe+Cd)(mmoIIg) resented. The sorption model used for smoothing of the
sorption isotherm surfaces makes it possible to eventuall

1.0
0.8
0.6
0.4}

9.0

7.5

6.0

Ce(Fe)(mM)= 4.5

33

0.2 0.0

1.0 -—g/—/_ derive two-dimensional sorption isotherm curves from the

0.8 9.0 (upper) complex 3-D image by cutting through it by a series of

7.5 parallel “isoconcentration” planes for selected metal con-

0.6 C, (Cd)(mM) = 2(5) centrations of one or the other metal, respectively (Chonc
0.4} f 3:0 and Volesky, 1995; Volesky and Holan, 1995).

15 The mathematical form of these isotherm equations is

0.2 0.0 (lower) again based on the Langmuir-type adsorption of severs

metal ions competing for ion exchange or free sites in the

0 2 4 6 8 10 biomass. The resulting set of sorption isotherm curves de

C; (Cd)(mM) picts either the effect of the second metal on the biosorptior

of the first one or vice versa in an easily understandable
Figure 3. (a) A three-dimensional sorption surface for the Cd-Fe— manner. Thus, these curves reflect correctly the actual equ

Sargassurtnio_s_or_ption system: total metal uptake at pH 4t5.The effect librium biosorption conditions as appropriate (de Carvalho
of Fe on equilibrium total metg'l uptake I8argassuniomass at pH 4.5. et al., 1995: Volesky and Holan, 1995)_

(c) The effect of Cd on equilibrium total metal uptake Bargassum Th ffect of diff t | fE the bi bent
biomass at pH 4.5. € errect of airrerent levels of Fe on the biosorben

uptake of Cd is quantitatively much better demonstrated ir
metal complex, and M for the respective metal idgg.and  Figure 1b, showing how the biosorption uptake of Cd de-
kyesa@re the adsorption and desorption rate constants, respecreases in the presence of Fe. The curves in Figure 1
tively. represent series of Fe “isoconcentration cuts” of the Cd
The respectivek values, reflecting the affinity between sorption surface in Figure 1a. For example, whereas in th
the biosorbent and the metals examined, obtained for thene-metal Cd system the Cd uptake was 0.80 @d/g of
Fe—Cd system were 1.339\ifor Fe and 0.564 il for Cd.  biomass at equilibriun®[Cd] = 1.5 mM, when 1.5 nMl Fe
The overall total metal uptake,,,,, = 1.106 mmol/g, was was present in the system (final equilibrium Fe concentra:
just slightly higher than the respectigg ., values for these tion), the Cd uptake decreased to 0.6Mfg or 76% of the
metals individually. A higher value of thi parameter for original value. A significant reduction in the Cd uptake was
Fe than for Cd implies that the biosorbent has a higheobserved only at relatively high Fe concentrations. To reacl
affinity for Cd than for Fe. Higher values & correspond 50% Cd uptake reduction at the same Cd equilibrium con
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centration, a high equilibrium Fe presence of 4.6lwas  represent simple one-metal biosorption isotherms for Cc
required. and Fe, respectively. More detailed examination again con
Similarly and conversely, the effect of Cd on the biosor-firms the higher affinity of this biosorption system for Cd as
bent uptake of Fe is seen in Figure 2b showing the “iso-quantitatively expressed previously. Naturally, the unsatu:
concentration cuts” of the Fe sorption uptake surface fronrated biosorbent demonstrates itself in the low-
Figure 2a. The interference of Cd with the Fe uptake wasoncentration region of the plots by sharply lower metal
much more pronounced and was observed at much highemptake by the solid phase.
ratios of Fe:Cd concentrations. For instance, only 1M m  Analysis of the 3-D plots, which represent a very illus-
Cd caused a 55% reduction of the Fe uptak&¢) = 0.26  trative way of presenting a binary sorbate (metal) system
mM/qg] at the selected equilibriunGy(Fe) = 1.5 m\. would not be possible without an appropriate mathematica
Eventually, it is useful to present a summary of the effectmodel to incorporate all the randomly distributed sorption
of one metal on the uptake of the other. This is done in thalata points into a smooth surface. This approach also ar
third diagrams of the series (in Figs. 1¢ and 2c). Figure 1swers a question very important for the operation and over
summarizes the effect of Fe on the uptake of Cd in differentall optimization of the sorption system: Given the compo-
selected concentration regions. In the range of low equilibsition of the liquid phase, what would be the proportion of
rium Cd concentrations (1 W and 3 nM, the two lower sorbate species in the solid sorbent phase? This is partict
curves) the Cd uptake is more severely affected by the presarly relevant when the elution of the deposited species i
ence of Fe. The effect of Fe is less pronounced at higher Cdonsidered and their proportion needs to be established i
concentrations. For example, the,, for Cd decreases only the desorption liquid for downstream processing. In the cas
to 64% of its full value at 9.0 il Fe (equilibrium) concen- of metals, this may be the metal recovery from the elutant
tration present in the system. For the same Fe presence (QWith the 3-D sorption surface and its model available, this
mM), however, only 27% of the Cd full uptake is effected aspect can be easily handled.
when the Cd content in the sorption system is much lower For any ratio of the (two) metals in the liquid phase, their
(1 mm). ratio in the solid phase (and eventually in the elutant) can be
The summary of the Cd interference in the Fe uptake isletermined by cutting the sorption surface in yet anothel
presented in Figure 2c. Whereas Cd obviously interferesvay: using the vertical polar “isoratio” cutting planes.
with the Fe uptake, upon quantitative analysis it can beCloser examination of these cuts revealed that, for the givel
easily seen that it does so much more than vice versa. TheargassumCd—Fe biosorption system, there was no differ-
higher affinity of Sargassunbiomass for Cd than for Fe is ence in these cuts for different total metal concentrations
obvious and can be quantitatively evaluated from this serie$he results could, therefore, be conveniently summarize
of diagrams. Similar competition was observed in the two-by one relationship such as that seen in Figure 4. Thi:
metal biosorption performance of another biosorbent baserklationship can be used for determining the ratio of the twc
on theAscophyllum nodosuseaweed examined earlier (de metals on the sorbent when their concentration ratio in the
Carvalho et al., 1995). One type of the metal ion presentiquid phase is known and vice versa. Needless to say, th
interfered with the uptake of another one in the systemequilibrium concentrations in the case of a flow-through
although the overall total metal uptake was not necessarilgorption column apparatus usually deployed in the sorptior
lowered. process represent the feed to the column. Most of its sorbel
The total metal uptake sorption surface is the product omaterial content will eventually be saturated under these
adding the two individual metal uptake surfaces (Cd and Feonditions.
uptake). Figure 3a shows that, with high levels of overall An example of using the plot in Figure 4 demonstrates
metal concentration present in the solution, the biosorberthat an equimolar equilibrium concentration of Cd and Fe
easily reaches the saturation level demonstrated by a widgd:Fe = 1) would result in the molar uptake ratio of
plateau of the surface. It is worth noticing that, in this plot, Cd:Fe = 2.37 (the slope of the straight-line relationship).
the two main planesxtz andy—2 show the single-metal Similarly, equal molar amounts of the two metals seques.
sorption isotherms for Cd and Fe, respectively. When theered in the solid biosorbent (Cd:Fe uptakesl) would
total metal uptake sorption surface is analyzed and viewedesult when the equilibrium concentration ratio of Cd:Fe is
in two series of “isoconcentration cuts” by constant Cd and0.42. In fact, considering thK values obtained from the
Fe concentration planes, respectively, data of Figures 3btting of the experimental data, the ratio of equilibrium
and 3c were obtained. Figures 3a and 3b depict total metaloncentrations for which an equal uptake of each meta
uptake behavior as a function of the one-metal equilibriumwould result is 0.42 Cd:1 Fe in the liquid.
concentration with the other metal equilibrium concentra- The presence of anions in actual waste streams may re
tion as a parameter. These data reveal that, in the presedtice the biosorptive capacity of the biomass. As a result
study, wherSargassunbiosorbent becomes saturated in theeffects of the presence of both anions and competing catior
system containing high concentrations of both metals oghould be included in process design considerations. For
interest (Cd and Fe), the overall maximum metal uptake atomplex waste stream the biosorptive equilibrium can be
pH 4.5 approaches a value of 1.Mfy. It should be noted best described by the application of competitive adsorptior
that the lowest isotherm curves in Figures 3b and 3c agaimodels and chemical equilibrium models capable of simu-
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optimized, might well exceed the sorption performance in-
Molar concentration ratio dicated by the equilibrium studies.
Cd:Fe in biosorbent lon exchange has been revealed as the predominant sequ:
10 tering mechanism in algae-based (Crist et al., 1994) and pa

ticularly seaweed-based metal biosorption systems (Foure
and Volesky, 1996; Schiewer et al., 1995). However, there
could also be other factors such as electrostatic attraction ar
some covalent bonding to specific groups in the biomass (Cris
et al., 1994), depending on the metal involved. More sophis
ticated mathematical models have recently been proposed f
theSargassurbiosorbent (Schiewer et al., 1995; Schiewer and
Volesky, 1995, 1996), which are essential and perhaps eve
more suitable for the purpose demonstrated in this work. Thei
validity will be examined in further studies.

Two-metal biosorption studies are particularly important
for assessing the degree of interference with a biosorptio
process of common metal ions such as, for example, iron o
aluminum. Although this work has outlined a suitable meth-
odology for the purpose, more specific data for other sys-
tems will be presented elsewhere. Two-metal biosorptior
studies can lead to assessing the behavior or more comple
(ternary) systems (Chong and Volesky, 1996). Overall, re-
r liable and well-interpreted equilibrium metal-uptake studies
provide an essential basis for two lines of further investi-

} } } } J } t gation: elucidation of the metal biosorption mechanism(s),
0 0561 15 2 25 3 3.5 4 and optimization of dynamic flow-through (bio)sorption
column application systems.

©
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Molar concentration ratio Cd:Fe in solution

Mr. J. Yang of McGill University contributed substantially to the

Figure 4. The general relationship between the sorbate molar concentra- MATLAB-based part of this work
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