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Abstract—Heavy metal and Al sorption capacities of Ca-loaBadjassunfiuitans biomass were studied by using
equilibrium methodology. An evaluation of sorption performance and modeling in a two-metal system was carried
out with a modified multi-component Langmuir isotherm. The maximum uptakes of Cr, Pb, Cu, Cd, Zn and Al cal-
culated from the Langmuir isotherm were 1.74 mmol/g, 1.65 mmol/g, 1.61 mmol/g, 1.15 mmol/g, 0.81 mmol/g, and
2.95 mmol/g at pH 4.5, respectively. The interference of Al in heavy metal biosorptive uptakes was assessed by ‘cutting’
the three-dimensional uptake isotherm surfaces at constant second-metal final concentrations. The reduction of Pb,
Cu, Zn, Cd and Cr uptakes at its final equilibrium concentrations of 1 mM at pH 4.5 was 78.4%, 82.7%, 85.1%, 89.8%
and 51.2% in the presence of 1mM Al ion, respectively. The presence of Al ion greatly affected the uptake of all heavy
metals tested except Cr.
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INTRODUCTION isotherm surfaces [de Carvalho et al., 1995]. This representation of
cadmium biosorption bjscophyllum nodosubiomass in a two-

Passive metal uptake, observed with a broad range of microbiahetal system showed the competitive and inhibitive behavior of
biomass types, has been investigated to remove residual toxic dhe metals present. In order to facilitate such study, mathematical
valuable heavy metals from industrial effluents. The potential of models had to be proposed and examined for their suitability [Chong
biosorption technology in the treatment of wastewater and envi-and Volesky, 1995]. However, the sorption isotherm surfaces have
ronmental pollution control was outlined earlier by Volesky [1990]. not been smoothed and showed irregularities, which may or may
Different dead biomass types, such as bacteria, fungi and algae, hamet truly reflect the behavior of the two-metal sorption system. More-
been screened for their capabilities of adsorbing heavy metals frorover, the sorption performance of the ‘virgin’ biosorbent studied
solutions [Volesky and Holan, 1995; Lee et al., 1999; Yu and Kaew-then was affected by the alginate leached from it [de Carvalho et
sarn, 1999]. Considerable work carried out with seaweeds, esp&., 1994] making it difficult to extrapolate the sorption uptake values
cially from gener&sargassurandAscophylluniHolan et al., 1993;  over the range of the biosorption studies conducted.
Kuyucak and Volesky, 1988], showed high and even commercially This work illustrates a quantitative approach to an evaluation of
attractive sorbent potential of such organisms for metal removalthe sorption capacity of a well-stabilized Ca-loa8efluitansbio-
recovery from dilute solutions. The presence of a large number o$orbent, prepared from the biomass of the brown marine algae, in
metals in industrial metal-bearing solutions makes it necessary t@onjunction with solutions containing two metals of interest: Al and
investigate the effect on the final metal uptake by individual bio- a heavy metal among Cu, Cd, Pb and Cr. The objective of the pre-
sorbent materials. sent work was to evaluate a two-metal biosorption system behav-

Although aluminum is not considered as a major environmentalior involving heavy metals, aluminum and a generally high metal-
pollutant, its ubiquitous presence in solutions makes it an obviousorbing biosorbent material S&argassunseaweed. We also as-
target for investigation as to its effect on the biosorbent uptake obessed the extent of the interference of aluminum ion for the up-
many other toxic metals such as cadmium, lead and chromiumtake of heavy metals coexistent with it.

Simple sorption isotherm curves are usually constructed as a re-
sult of studying equilibrium batch sorption behavior of different bio- EXPERIMENTAL
sorbent materials. They enable quantitative evaluation of sorption
performance of these materials in conjunction (conventionally only)1. Materials
with one metal [de Carvalho et al., 1994; Lee and Moon, 2001]. RawsS. fluitansbiomass was collected and sun-dried on the beach
However, when more than one metal is present in the sorption sysiear Naples, Florida. Dry raw biomass was treated by soaking in
tem, the evaluation of biosorption results, their interpretation and).5 M CaCJ solution in flasks shaken gently on an orbital shaker.
representation become much more complicated. With two metal§wo grams of raw biomass was added to 500 mL of 0.5 M,CaCl
in the solution, instead of a 2-dimensional biosorption isotherm curve(100 rpm shaking overnight at room temperature). Biomass was
the system evaluation results in a series of 3-dimensional sorptiofiitered off and washed with the same volume of distilled water and
then dried overnight at 6G. The weight loss of biomass was ap-
*To whom correspondence should be addressed. proximately 37%. Biomass components such as salt, soluble algi-
E-mail: hslee@uou.ulsan.ac.kr nate, pigments and water were removed during 0.5 M, @a@t-
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ment. 3
2. Sorption Experiments

Metal solutions were prepared by dissolving AINGCd(NQ),,
Pb(NQ),, Zn(NO),, Cr(NO),and Cu(NQ), in distilled deionized
water to desired initial concentrations. All sorption experiments were
performed by suspending 100 mg of biomass in 100 mL of the met
al-bearing solution and shaking on a gyratory shaker for 30 hours
0.1 N HCl or 0.1 N NaOH was used for pH adjustment. At the end
of each experiment, the samples were filtered (Millipore membrane ‘ o L
0.18um) and the filltrate was analyzed by atomi.c z_a.bsorption spec 0 0 2 4 6 3 10
trophotometer (Shimatsu AA 680) for the equilibrium metal con-
tent. The filtered biomass was washed with distilled water and driea
overnight at 60C and then weighed for desorption experiments. Fig. 1. The amount of single-metal sorption for the Ca-loade8.
All desorption expetiments were performed by suspending 100 mg fluitans biomass at pH 4.5.
of metal-loaded biomass in 100 mL of 0.1 N HCI (pH 1.1) and shak-
ing on a gyratory shaker for 8 hours. At the end of each desorptioﬂ—ame 1. S_ingle-metal sorption constants for Ca-loade8. fluitans
experiment, the samples were filtered (Whatman No. 1) and the biomass at pH 4.5

25

2
1.5

1

Metals uptake, mmol/g

Equilibrium concentration, mM

fitrate was analyzed by AAS. The filtered biomass was washed Metal Orax (MMol/g) K (mM)*
with distilled water, dried ovemight at 80 and then weighed. The Al 205 5.41
metal uptake was calculated from the results of desorption experi- Cr 174 452
ments as g (mmol/g)=V*®1 where: Gis the final eluted metal Pb 1. 65 3' 29
concentration in the solution (mmol/L), V is the solution volume ' '
- - . Cu 1.61 2.32
(L), and M is the initial mass of the biosorbent used (g). cd 115 191
3. Three-Dimensional Sorption Isotherm Surfaces ' '
Zn 0.81 1.16

The procedure for the equilibrium batch sorption experiments
was the same as described above. The 3-D sorption surfaces were
obtained by plotting the experimentally determined final (equilib- approximated by a simple Langmuir-type isotherm model:
rium) metal concentrations of both metals, respectively, on the x _
and y coordinates against the Al, heavy metals (such as Cd, Pb, Cr CY4=C/tnait LK) @
and Cu) or total metal uptakes, respectively, on the z-coordinatavhere G is the equilibrium metal concentration in the sorption so-
The computer program MATLAB 5.0 was used for this purpose.lution. Eg. (1) allowed the determination of the maximum metal
MATLAB (Version 5.0), a high performance interactive software uptake (g,,) and the Langmuir coefficient Kk, iKaesomio relat-
package for scientific and engineering numeric computation, is capang to the ‘affinity’ of the biosorbent for the given metal, both cal-
ble of plotting a 3-D diagram based on randomly generated experieulated from fitting the Langmuir sorption model to the experimen-
mental data. It can either simply connect the experimental datal data.
points using a 3-D interpolating mesh or it can fit a smoothed sur- Results calculated by Eq. (1) for Ca-loa@eduitansare given
face to data. The latter approach, which is more desirable, requirda Table 1. The affinity of the metal ions towards the biomass shows
the MATLAB user to input an appropriate equation representinga tendency to increase with increasing the maximum metal uptake.

the surface. As shown in Fig. 1, the biosorbent uptake of aluminum was higher
than that of other heavy metals. The total binding sites of light met-
RESULTS AND DISCUSSION als displaced by Hons when pH was brought down to pH 1.0 was
approximately 3.4 meg/g for Ca-loadgdiuitandLee and \blesky,
1. Single-Metal Sorption 1997]. However, considering that the binding sites occupied by cal-

The total amount of light metals (such as Na, K, Mg and Ca) dis-cium ion for the cation exchange capacity were below 39%,0f q
placed by Hions at pH 1.1 was approximately 2.27 mmol/g (6.96 for Al uptake, the binding site of Al ion at pH 4.5 was about 1.2
wt%b) for nativeS. fluitans Na and K ions bound to alginate were  per Al molecule in spite of tri-valence ion. It was probable that Al
easily released with it at pH 7. [Lee and Volesky, 1997]. In order toion was bound to biomass in the form of polynuclear aluminum
remove the effect of water-soluble alginate and raise the accuracgpecies such as {#DH),(H.0),,}** [Hsu and Bate, 1964] and, Al
of sorption experiments, Ca-load&d fluitanshiomass was pre-  (OH);; [Bottero et al., 1980].
pared with 0.5 M CagGl 2. Metal Uptake in Two-Metal System at Fixed pH

The sorption performance 6f fluitanshiomass was evaluated Creating an interpolated sorption isotherm surface without smooth-
through determining the sorption isotherms for the material withing the randomly generated experimental data results in surface ir-
Al and heavy metals, respectively, before examining it in solutionsregularities. Smoothing of the sorption isotherm surface is possible
containing both metals together. As the mechanism of metal upthrough assigning a mathematical model to it that can represent the
take by the Ca-loaded biomass was confirmed to be based on iaandomly distributed experimental data [Chong and Volesky, 1995].
exchange [Lee and Suh, 2000; Lee and \olesky, 1997], the singleFhis approach makes it possible to eventually derive two-dimen-
metal sorption behavior (Fig. 1) of the material was particularly well sional sorption isotherm curves from the 3-D sorption isotherm sur-
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Table 2. The model fit for the metal uptake in two-metal system

Al-Cr system Al-Pb system Al-Cu system Al-Cd system Al-Zn system
Total Cr Al Total Pb Al Total Cu Al Total Cd Al Total Zn Al

Standard deviation 1.79 185 171 096 0.88 099 092 087 094 086 082 093 082 0.79 0.85
Standard error 062 055 067 053 049 058 049 045 052 042 037 048 037 029 041
Correlation coeff. =~ 0.84 0.81 088 089 093 086 092 095 090 093 095 091 095 0.97 0.92

face image by cutting with parallel iso-concentration planes for onegperiments is n and the mean of the experimental data is denoted as
or the other metal selected concentration values, respectively. Thg,. The results of the error analysis are tabulated in Table 2. The
resulting set of sorption isotherm curves depicts either the effect ofnodel fits for two-metal biosorption were well predicted since all
the second metal on the biosorption of the first one or vice versa ithe correlation coefficients were greater than 0.81. These values
an easily understandable manner. These curves then correctly reflagere decreased as the uptake of heavy metals increased. In the case
the actual equilibrium biosorption conditions as appropriate [de Carof Al-Cr system, Cr ion in addition to Al ion is tri-valence and the
valho et al., 1995].

In order to propose the most suitable equation to represent th

sorption data in a 3-D space, the modified binary Langmuir mode 5 4
was investigated. The model produced an equation with three pe 3 3
rameters. These parameters, related to each of the two-metal sy E
tems studied, were evaluated by minimizing the sum of squared re = 2
siduals (residual refers to the difference between experimental met g 1 RN
uptake and that predicted from the model). Again, the MATLAB S ey
5.0 program was used for this purpose. 4 ® ‘\\\‘\\
The modified binary form of Langmuir was derived as the fol- 2 4
lowing equations [Chong and Volesky, 1995]. C (A (mM 1 0o 1
When equilibrium is established: o(AD) (M) C.(Cd) (mM)
“ R _ Fig. 2. A 3-dimensional sorption surface for total metal uptake of
B+M, = B-M, K=k, @ the Cd-Al biosorption system at pH 4.5.
B+M, < B-M, K,o=ko/k, )
where 4
_ =)
B=biomass 3z 3
M,=metal 1; M=metal 2. E 2 s ‘::.‘:“:3:‘
— O K1 Co(M ) = STTROAR \
q(M,) = @) g 1 SN
1+K,C[M,] +K,C(M,) 5 \ﬁﬁqﬁ‘\\\\\\\\\\\ “\\\\
e S I
M) = o CIMLT +K.C.OM) © s
. . 1 L
where ¢, is the maximum uptake of metal sorbedald K are C.(Al) (mM) 00 C,(Cd) (mM)
the adsorption equilibrium constant$uidKaesomioy: and q(M)
is the amount of metal Msorbed at the final equilibrium concen- 3.0 (b)
tration (G[M,] and G[M,]) of metals M and M. 25
The fit of the model to the data was assessed by using th ) C,(Cd) (mM)= 0.0 (upper)
correlation coefficient R which, indicates how good the fit is. 3 20 0.1
The closer this number is to 1, the better the fit. The correlatior 15 0.5
coefficient is defined as: g ;-g
R={1-070%}°° ®) s 10 3.0
. o . 0.5 5.0 (lower)
whereg, is the standard deviation of z given as )
0.={ Z(a-g)Y(n -1’ ) % 2 4 5 8 10
andg,, is the standard error given as C.(Al) (mM)
0,=[{ Z(q- ) (n-1)]°° ) Fig. 3. (&) A 3-dimensional sorption surface for Al uptake of the
) Cd-Al biosorption system at pH 4.5. (b) Effect of Cd on the
The qare the actual data points and tharg the calculated values equilibrium uptake of Al by Ca-loaded S. fluitans biomass
from model for the same value of x and y. The number of ex- at pH4.5.
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model fits are the worst. It seems that a part of Cr ion was boune€d [Fig. 4(a)], respectively. While these 3-D isotherm surfaces re-

to the biomass as mono-(Cr(QHr di-ion (Cr(OHJ") valence. present the summary of the two-metal equilibrium results, the se-
3. Interference of Al lon in Heavy Metals Biosorptive Up- lected cuts through the 3-D diagrams presented in Fig. 3(b) and 4(b)
take at pH 4.5, better reveal the quantitative trends observed in the two-

The total metal uptake sorption surface is the product of addingnetal systems. The uptake of Cd at pH 4.5 [Fig. 4(b)] was greatly
the two individual metal uptake surfaces. The modified Langmuirreduced by the presence of Al, whereas the uptake of Al [Fig. 3(b)]
model equation can be represented by 3-D sorption isotherm suremained relatively constant when Cd was present. The effect of
faces presented in Fig. 2, 3(a), and 4(a). Fig. 2 shows that, with higthe presence of Al ion on the uptake of the Cd ion can be sum-
levels of overall metal concentration present in the solution, the biomarized from this plot as seen in Fig. 4(c) for Cd sorption.
sorbent easily reaches the saturation level demonstrated by a wide The Cd uptake reduction was much more pronounced at pH 4.5
plateau of the surface for the Cd-Al biosorption system. When both{uptake gq=2.52 mmol Allg at.G;=1.0 mM was taken as 100%;

Al and Cd ions were present in the solution together (2-metal exuptake g=0.58 mmol Cd/g was at.&1.0 mM was taken as 100%).
periments), some reduction of the Cd (or Al) uptake could be obEquimolar final equilibrium concentrations of Cd and Al of 1 mM
served with increasing Al (or Cd) concentrations. This is well indi- at pH 4.5 reduced Cd and Al uptakes to 10.2% and 96.5%, respec-
cated in the series of simple isotherm curves generated as iso-cotively. It was found that the maximum uptake of Al at pH 4.5 [Fig.
centration cuts of the three-dimensional plots whereby the two (equid(b) and 4(b)] was much higher than that of Cd, 2.75 mmol/g versus
librium) metal concentrations are plotted against Al [Fig. 3(a)], and1.22 mmol/g. These values differed from the ones (2.95 mmol/g
for Al and 1.15 mmol/g for Cd) obtained from the respective sin-
gle-metal systems. The number of binding sites for Al was reduced
only marginally in the presence of Cd, while those for Cd slightly
increased in the presence of Al. The Al uptake was very sensitive
to the pH of the solution as could be expected if Al was sorbed in
the form of polynuclear aluminum species at pH 4.5 [Bottero et al.,
1980; Hsu and Bates, 1964].

The curves resulting from the cuts of the 3-D diagrams con-
firmed well to the modified Langmuir model. The Langmuir pa-
= rameters, Kfor Cd and K for Al, the ratio of the adsorption rate

C.(Al) (mM) "0 ! constant to the desorption rate constant, are an indication of the “re-
o C.(Cd) (mM) . L i
e lative affinity” of the biosorbent towards a metal.akd K values
2.0 from the modified Langmuir model are as follows: 0.09 (fM)
E (b) and 14.62 (mM} at pH 4.5.
16 | Co(Al) (mM) = g:g (upper) Comparing K values of Table 1 tq Knd K values of Table 3,
the lower the K value of heavy metal in single-metal system, the
higher was found the relative affinity of Al ion and the lower was
found the relative affinity of heavy metal ion in two-metal system.

In summary, they showed that wHeargassuniiosorbent be-
came saturated in the system containing high concentrations of both
metals of interest (Al and Cd in this study), the common maxi-
mum total metal uptake approached a value of 2.75 mmol/g. The
relative affinity of Al towards the biosorbent in the 2-metal (Al+
Cd) system also greatly increased in comparison with one-metal
system, but that of Cd in the (Al+Cd) system oppositely decreased.
C.(Cd) (mM) This compgtit.ive binding by pa—load@iirgassunh)iomass at
pH 4.5 was similarly observed in the (Al+Pb), (Al+Cu), (Al+Zn)
and (Al+Cr) system. The effects of the Al ion presence on the up-
takes of the Pb, Cu, Zn and Cr ions can be summarized from those
plots as seen in Fig. 5(a) for Pb, Fig. 5(b) for Cu, Fig. 5(c) for Zn,

2.0
1.5
1.0

q(Cd) (mmol/g)

q(Cd) (mmol/g)

C,(Cd) (mM)

100 & (c)

0.5
-1
-2

—-—4

% Uptake of Cd

Table 3. The relative affinity calculated from the modified Lang-
& — muir model in two-metal system (K: heavy metalK ,: Al)

3 4 5 6 2-metal system . g.(mmol/g) K, (mM)* K, (mM)*

Al concentration, mM
Al-Cr 2.92 3.73 6.14
Fig. 4. (&) A 3-dimensional sorption surface for Cd uptake of the Al-Pb 284 0.99 8.20
Cd-Al biosorption system at pH 4.5. (b) Effect of Al on the )
equilibrium uptake of Cd by Ca-loadedS. fluitanshiomass 2:23 ;3; 8(5)2 iggg
at pH 4.5. (c) Interference of Al ion on the Cd uptake by ) : )
Ca-loadedsS. fluitansbiomass at pH 4.5. Al-Zn 2.72 0.06 19.38
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2.0 2.0
(a) - (b)
C.(Al) (mM) = 0.0 (upper) C(Al) (mM) = 0.0 (upper)

16 0. 1.6 0.
2 )
g 1.2 3 12
E £
g 08 5 08
5 5

0.4 0.4

0 0

i} 1 2 3 4 5 0 1 2 3 4 5
C.(Pb) (mM) C.(Cu) (mM)
2.0 2.0
(c) C.(Al) (mM) = 0.0 (upper) (d) C.(A) (mM)= 0.0

1.6 0.1 1.6
5 0.5 S
E 1.2 10 -g 1.2
£ 2.0 E
E 0.8 ; 0.8
= 3.0 g 04

0.4 5.0 (lower) ’

0 g 0

0 1 2 3 4 5 0 1 2 3 4 5
C.(Zn) (mMm) C.(Cr) (mM)

Fig. 5. (a) Effect of Al on the equilibrium uptake of Pb by Ca-loaded. fluitansbiomass at pH 4.5. (b) Effect of Al on the equilibrium
uptake of Cu by Ca-loadedS. fluitansbiomass at pH 4.5. (c) Effect of Al on the equilibrium uptake of Zn by Ca-loade8. fluitans
biomass at pH 4.5. (d) Effect of Al on the equilibrium uptake of Cr by Ca-loade®. fluitansbiomass at pH 4.5.

Fig. 5(d) for Cr sorption. K(heavy metal) and J{(Al) values, the  tion aspects observed will likely have repercussions in the continu-

relative affinity of the metal towards the biosorbent, from the mod-ous-flow dynamic sorption column system. A net sorption pre-

ified Langmuir model in a two-metal system are summarized inference for Al uptake over heavy metals in the relevant concentra-

Table 3. tion range studied (0.0 to 5.0 mM) indicates the possibility of its
Equimolar final equilibrium concentrations of Pb and Al of 1 mM use in a flow arrangement as a selective filter for enrichment of given

at pH 4.5 reduced Pb and Al uptakes to 21.6% and 90.5%, respemetallic species.

tively. Fig. 5 showed that the reduction of Pb, Cu, Zn and Cr up-

takes at its final equilibrium concentrations of 1 mM at pH 4.5 was CONCLUSION
78.4%, 82.7%, 85.1% and 51.2% on the presence of Al ion of 1 mM,
respectively. The interference of Al in heavy metals biosorption was assessed

The uptakes of heavy metals except Cr at pH 4.5 were greatlypy deriving a three dimensional sorption surface with a modified
reduced by the presence of Al. Equimolar final equilibrium con- multi-component Langmuir isotherm. The Langmuir parameters,
centrations of Cr and Al of 1 mM at pH 4.5 reduced Cr and Al up- K, for heavy metals and,Kor Al, the ratio of the adsorption rate
takes to 48.8% and 80.7%, respectively. As described previously iconstant to the desorption rate constant, are an indication of the “re-
single metal sorption, Al ion was sequestered to the biomass in thitive affinity” of the biosorbent towards a metal. The reduction of
form of polynuclear aluminum species such ag(@H),(H,0),.}* Pb, Cu, Zn, Cd and Cr uptakes at its final equilibrium concentrations
[Hsu and Bate, 1964] and AOH);, [Bottero et al., 1980], and of 1 mM at pH 4.5 was 78.4%, 82.7%, 85.1%, 89.8% and 51.2%
these polymerized aluminum ions prevented other heavy metals froran the presence of Al ion of 1 mM, respectively. The uptakes of
accessing to the binding sites. Cr ion represents tri-valence like Aheavy metals except Cr at pH 4.5 were greatly reduced by the pre-
ion at a low pH, but it seems that a part of Cr ion was bound to theence of Al. Al ion was sequestered to the biomass in the form of
biomass as mono- (Cr(ORpr di-ion (Cr(OHJ") valence at pH4.5.  polynuclear aluminum species such asy{@H),,(H,0),,}* and

Future work should investigate these phenomena, which are apAl,;(OH);;, and these polymerized aluminum ions prevented other
parently related to the mechanisms of metal biosorption. Howeverheavy metals from accessing to the binding sites. It is important to
one has to realize the complexity of investigating the mechanismstress that a change in the pH of the sorption system could signifi-
of biosorption, which could be any or a combination of these pro-cantly alter the sorption capacities and preferences in the two-metal
cesses: complexation, ion exchange, physical adsorption, or inosorption system studied.
ganic microprecipitation of metals. Sorption preferences observed
with Ca-loadedS. fluitanshiomass and the results of the competi- REFERENCES
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