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Abstract-Heavy metal and A1 sorption capacities of Ca-Ioaded Sargassumfluitans biomass were studied by using 
eqtKIibrium methodology. An evaluation of sorption performance and modeling in a two-metal system was carried 
out with a modified multi-component Langmttir isotherm. The maximum uptakes of Cr, Pb, Cu, Cd, Zn and A1 cal- 
culated from the Langmuir isotherm were 1.74 nm:ol/g, 1.65 nm:ol/g, 1.61 nm:ol/g, 1.15 nm:ol/g, 0.81 llm:ol/g, and 
2.95 mmol/g at pH 4.5, respectively. The interference of AI 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, Z:~, Cd and Cr uptakes at its fmaI equilibi-imn concentrations of 1 mlvl at pH 4.5 was 78.4%, 82.7%, 85.1%, 89.8% 
and 51.2% in the presence of lmM A1 ion, respectively. The presence of AI ion greatly affected the uptake ofalI heavy 
metals tested except Cr. 
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INTRODUCTION 

Passive metal uptake, observed with a broad range of microbial 
biomass types, has been invesagated to remove resi&al toxic or 
valuable heavy metals fi-om induswiaI effluents. The pote:~aI of 
biosorption technology in the Ireatment of wastewater and e:~ad- 
ronmental pollution controI was outlined earlier by Volesky [1990]. 
Different dead biomass types , such as bacteria, fungi and algae, have 
bee:: screened for their capabilities of adsorbing heavy metals flora 
sokaons [Volesky and Holan, 1995; Lee et al., 1999; Yu and Kaew- 
sa~l, 1999]. Considerable work can-ied out with sea,reeds, espe- 
cially fi-om genera Sa~gc~sum andAscophyllum ~Kolan et al., 1993; 
Kuyucak and Volesky, 1988], showed high and even commercially 
ate-active sorbent potential of such o:gans for metal removal/ 
recovery fi-om dilute solutions. The presence of a large number of 
metals in industrial metal-beanng solutions makes it necessary to 
investigate the effect on the final metal uptake by individual bio- 
sorbent matenals. 

Although aluminum is not considered as a major envff-o:m:e:ltaI 
pollutant, its ubiquitous presence in solutions makes it an obvious 
target for investigation as to its effect on the biosorbent uptake of 
many other toxic metals such as cadmium, lead and chi-omium. 

Simple sorpaon isotherm c~m~es are usually constructed as a re- 
sult of st~ldying eqL/librium batch sorption behavior of different bio- 
sorbent materials. They enable quar~tative evaluation of sorption 
performance of these materials in conjunction (conventionally only) 
with one metal [de Carvalho et al., 1994; Lee and Moon, 2001]. 
However, when more than one metal is present in the sorlYaon sys- 
tem, the evaluation of biosorption results, their interpretation and 
representation become much more complicated With two metals 
in the solution, instead of a 2-dimensionaI biosolption isotherm c~rve, 
the system evaluation results in a secies of 3-dimensional so:ption 
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isothen-n surfaces [de Can:alto et al., 1995]. This representation of 
cadmium biosorpbon by Ascophyllum nodosum biomass in a two- 
metal system showed the competitive and inhibitive behavior of 
the metals present_ In order to facilitate such study, mathematical 
models bad to be proposed and examined for their suitability [Choug 
and Volesky, 1995]. Howevei; the sorption isotherm st~faces have 
not been smoothed and showed irregularities, which may or may 
not h~ly :-effect the behavior of the two-metal sorplion system Ivlore- 
over, the SOlption performance of the ~viigin' biosorbent studied 
then was affected by the aigrette leached fi-om it [de Carvalho et 
al., 1994] making it difficult to extrapolate the so:ption uptake values 
over the range of the biosorption studies conducted. 

This work illustrates a quantitative approach to an evaluation of 
the so:ption capacity of a well-stabilized Ca, Ioaded S. fluitans bio- 
sorbent, prepared fi-om the biomass of the brown marine algae, in 
conjunction with solutions containing two metals of interest: A1 and 
a heavy metal a-nong Ca, Cd, Pb and C: The objective of the pre- 
sent work was to evaluate a two-metal biosorption system behav- 
ior it~a~olving heavy metals, aluminum and a generally tfigh metal- 
sorbmg biosorbent material of Sargassum seaweed. We also as- 
sessed the extent of the interference of aluminL: ion for the up- 
take of  heavy metals coexistent with it. 

EXPERIMENTAL 

1. Materials 
Raw S.fluitans" biomass was collected and sun-di-ied on the beach 

near Naples, Florida. Dry raw biomass was ~eated by soaking in 
0.5 M CaCI2 soluhon in flasks shaken gently on an orbital shake: 
Two grams of raw biomass was added to 5(X) mL of 0.5 M CaC~ 
(100 rpm shaking ovemight at room teml:eraktre). Biomass was 
filtered off and washed with the same volume of distilled water and 
then dried ovemight at 60 ~ The weight loss of biomass was ap- 
proximately 37%. Biomass components such as salt, soluble algi- 
::ate, pigme:~ and water were removed during 0.5 M CaC12 treat- 
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2. Sorpfion Experiments 

Metal solutions were prepared by dissolving AI(NO3)3, Cd(NO02, 
P1XNO3)2, Zn('NO3)z, CI(NO3)2 and Cu(NO~)~ in distilled &ionized 
water to desired initial concentrations. All sorption expenments were 
perfomled by suspending 100 mg ofbiomass in 100 mL of the met, 
al-bearing solution and shaking on a gyratory shaker for 30 hours. 
0.1 N HC1 or 0.1 N NaOH was used for pH adjustment At the end 
of each expe~%nent, the sanples were filtered (ivliUipore membrane, 
0.18 btm) and the fiN-ate was analyzed by atomic absorption spec- 
trophotometer (Shimatsu AA 680) for the equilibrium metal con- 
tent. The filtered biomass was washed with distilled wate, and &-ied 
overnight at 60 ~ and then weighed for desorption expenments. 
All desorption ~xpeziments were peffomled by suspending 100 mg 
of metal-loaded biomass in 100 mL of 0.1 N HC1 (pH 1.1) and shak- 
ing on a gyratory shaker for 8 ho~trs. At the end of each desorption 
expez-iment, the sanples were filtered (Whahnan No. 1) and the 
filtrate was analyzed by AAS. The filtered biomass was washed 
with distilled water, dried ovemight at 60 ~ and then weighed. The 
metal wcrake was calcvilated fi-om the results of desorpfion experi- 
ments as q (mmoI/g)=V*QAvl where: C/is the final eluted metal 
concentration in tile solution 0rzaol/L), V is the solution volume 
(L), and M is the initial mass of the biosorbent used (g). 
3. Three-Dimensional Sorption Isotherm Surfaces 

The procedure for tile equilib:ium batch so~10tion ~xpe:~nents 
was the same as described above. The 3-D sorptton surfaces were 
obtained by plotting the expe:imentally deteaTnined final (equilib- 
i-ium) metal COllCellhatioi~s of both metals, respectively, oil the x 
and y coordinates against the AI, hea W metals (such as Cd, Pb, Cr 
and Cu) or total metal uptakes, respectively, on the z-coordinate. 
The compute, proga-am IvIATLAB 5.0 was used for this purpose. 
IvLATLAB (Version 5.0), a high performance interactive software 
package for sdentific and enginee:itg numeric computation, is capa- 
ble of p l o ~ g  a 3-D diagram based on randornly generated experi- 
mental data. It can either simply connect tile expe~5"nentaI data 
points using a 3-D mteq0olating mesh or it can fit a smoothed sur- 
face to data. The latter approac1% which is more desirable, requires 
tile MATLAB user to input an appropriate equation representing 
the surface. 

RESULTS AND DISCUSSION 

1. Single-Metal Sorption 
The total amount of light metals (such as Na, K, Mg and Ca) dis- 

placed by H + ions at pH 1.1 was approximately 2.27 mmol/g (6.96 
wt%) for ilative S.fluitans. Na + and K + ions bound to algmate were 
easily reIeased with it at pH 7. [Lee and Volesky, 1997]. In order to 
remove the effect of water-soluble algmate and raise the accuracy 
of sorption experiments, Ca-loaded S. fluitans biomass was pre- 
pared with 0.5 M CaCI> 

The sorption peffollnance of S. fluitans biomass was evaluated 
tl~ough detemlinmg the so~10tion isothen-ns for the mateaial with 
A1 and heaw metals, respec~ively, before examining it in solutions 
contffmmg both metals together. As the mechanism of metal up- 
take by the Ca-loaded biomass was confmmed to be based on ion 
exchange [Lee and Sub, 2000; Lee and Volesky, 1997], the sitgle- 
metal soiption behavior (Fig. 1) of the material was particulaziy well 
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Fig. 1. The amount of single-metal sorption for the Ca-loaded S. 
fluitans biomass at pH 4.5. 

Table 1. Single-metal sorption constants for Ca-loaded S. flu/tans 
biomass at pH 4.5 

Metal %~ (mmoI/g) K (mM) -~ 

A1 2.95 5.41 
Cr 1.74 4.52 
Pb 1.65 3.29 
Cu 1.61 2.32 
Cd 1.15 1.91 
Zn 0.81 1.16 

approximated by a simple Langmuir-type isotherm model: 

Cjq=C]q,,,o~+ 1/(K-cL, o~ ) (I) 

where C~ is tile equilihium metal concentration in tile sorption so- 
lution. Eq. (1) allowed the deten-nination of the maximum metal 
uptake (q,,,,) and the Langmuir ccetiicient K (k,d~o~ojk~,~o,), relat- 
mg to the ~affmity' of the biosorbent for the given metal, both cal- 
culated fi-orn fitting the Langmuir sorption model to the experimen- 
taI data. 

Results calculated by Eq. (1) for Ca-loaded S.fluitans are given 
in Table 1. The affinity of the metal ions towards the biomass shows 
a tendency to increase with increasing the maximum metal uptake. 
As shown in Fig. 1, tile biosorbent uptake of aluminum was higher 
than that of other hem~y metals. Tile total binding sites of light met- 
als displaced by H* ions when pH was brought dotal to pH 1.0 was 
approximately 3.4 meq/g for Ca-Ioaded S.fluitans [Lee and Volesky, 
1997]. Howevez; comidemg that the binding sites occupied by cap 
cium ion for tile cation exchange capacity were below 39% of %~ 
for A1 uptake, the binding site of A1 ion at pH 4.5 was about 1.2 
per AI molecule in spite of tri-valence ior~ It was probable that A1 
ion was bound to biomass in the form of polynuclear alv~inv~ 
spedes such as {Ala(OH)~2(H20)~2} ~+ [Hsu and Bate, 1964] and AI~3 
(OH)~ [Bottero et aI., 1980]. 
2. Metal Uptake in Two-Metal System at Fixed pH 

Crea~g an inteipolated sorption isothen'n surface without smooth- 
mg tile randomly generated expeis'nental data results in surface k- 
regularities. Smoothing of the sorption isotherm s~rface is possibIe 
through assigim-g a mathematical model to it that can represent tile 
randomly distributed expe~mentaI data [Chong and Volesky, 1995]. 
Tim approach makes it possible to even~uaUy derive two-dimen- 
sional sorption isotheml curves fi-om the 3-D sorption isothen'n sur- 
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Table 2. The model fit for the metal uptake in two-metal system 

A1-Cr system AI-Pb system AI-Ca system AI-Cd system AI-Zn system 

Totai Cr A1 Total Pb AI Total Cu AI Total Cd A1 Total Zn A1 

Standard deviation 1.79 1.85 1.71 0.96 0.88 0.99 0.92 0.87 0.94 0.86 0.82 0.93 0.82 0.79 0.85 

Standarden-or 0.62 0.55 0.67 0.53 0.49 0.58 0.49 0.45 0.52 0.42 0.37 0.48 0.37 0.29 0.41 

CorreIationcoeff. 0.84 0.81 0.88 0.89 0.93 0.86 0.92 0.95 0.90 0.93 0.95 0.91 0.95 0.97 0.92 

face image by curling with parallel iso-concenU-afion planes for one 
or the other metal selected concentration values, respectively. The 
resulting set of sorpfion isotherm c~rves depicts either the effect of 
the second metal on the biosorption of the f ~ t  one or vice versa in 
an easily understandable manner. These c~m~es then correctly reflect 
the aclzal equilih-ium biosoiption conditions as apla-Ol~-iate [de Car- 
valho et al., 1995]. 

In order to propose the most suitable equation to represent the 
so~ption data in a 3-D space, the modified binary Langmuir model 
was investigated The model produced an equation with tt~-ee pa- 
rmnetei~. These parameters, related to each of the two-metal sys- 
tems studied, were evaluated by minimizing the sum of squared re- 
si&als (residual refers to the difference between experimental metal 
uptake and that predicted from the model). Again, the MATLAB 
5.0 program was used for this purpose. 

The modified binary form of Langmuir was derived as the fop 
lowing equations [Chong and Volesky, 1995]. 

When equilibrium is established: 

B+M/=>B-M~ K~=k~/k_~ (2) 

B+M~c=>B-M~ K~=!q/k_~ (:3) 

where 

B=biomass 
M~=metal 1; M~=metal 2. 

q(M~) %~ C,(M~) (4) 
I +K~C,[M~ ] +K~C,(M~) 

q,,,~* K~ C,(M~) (5) 
q(M~) = I +K~C,[M~ ] + K~C~(M~) 

where q,,,,~ is the maximum uptake of metaI sorbed, K~ and K 2 are 

the adsorption equilibrivrn constants (k~e,o,p~ojk~,,o,~,~o~), and q(M~) 
is the amount of metal M~ sorbed at the fu~aI equllibriva-n concen- 
tration (C~['IvI~] and C~[Ma]) of metals M~ and Ma. 

The fit of the model to the data was assessed by using the 
con-elation coefficient R whicb, indicates how good the fit is. 
The closer this mrnber is to 1, the better the fit. The correlation 
coefficient is defined as: 

R= { I - oJ/o~ }o, (6) 

where % is the standard deviation of  z given as 

o. = [{E(q,- q,.)' }/(n- 1)1 ~ (7) 

and ~ ,  is the standard enor given as 

%=[<Y(g- %)'}/(n- 1)1 ~ (8) 

The q, are the actual data points and the % are the calculated values 
from model for the same value of x and y. The n t ~ b e r  of ex- 
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perhnents ks n and the mean of the expeas"nental data ks denoted as 
%. The results of the error ax~alysis are tabulated in Table 2. The 
model fits for two-metal biosorption were well predicted since all 
the coiTelation coetticiei~ were greater than 0.81. These values 
were decreased as the uptake of heavy metals increased. In the case 
of A1-Cr system, Cr ion in addition to A1 ion is tri-valence and the 
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Fig. 2. A 3~limensional sorption sin-face for total metal uptake of 
the Cd-A1 biosorption system at pH 4.5. 
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model fits axe the worst. It seems that a part of Cr ion was bound 
to the biomass as mono-(Cr(OH)~) or di-ion (Cr(OH) ~+) valence. 
3. Interl%~nce of AI Ion in Heavy Metals Biosorpfive Up- 
take 

The total metal uptake sorpaon surface is the product of adding 
the two individual metal uptake surfaces. The modified Langmuk- 
model eq~katlon can be represented by 3-D sorption isotherm sur- 
faces presented in Fig. 2, 3(a), and 4(a). Fig. 2 shows that, with high 
levels of overall metal conce~-ation prese~t in the solutions, the bio- 
sorbent easily reaches the saturation level demonstrated by a wide 
plateau of the surface for the Cd-A1 biosorption system. When both 
AI and Cd ions were present in the solution together (2-metal ex- 
penments), some reduction of the Cd (or A1) uptake could be ob- 
served with increasing AI (or Cd) concentratiom This is well indi- 
cated in the series of simple isotherm curves generated as iso-con- 
cenlration cuts of the three<timensional plots whereby the two (equi- 
librium) metal concentrations are plotted against AI [Fig. 3(a)], and 
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Fig. 4. (a) A 3-dimensional sorption surface for Cd uptake of the 
Cd-AI biosorption system at pH 4.5. Co) Effect of AI on the 
equilibrium uptake of Cd by Cadoaded S..//u/tans biomass 
at pH 4.5. (c) Interference of AI ion on the Cd uptake by 
Ca-loaded S..fluitans biomass at pH 4.5. 

Cd [Fig. 4(a)], respectively. While these 3-I) isothenn surfaces re- 
present the sL~nmary of the two-metal equilibrium results, the se- 
Iected cuts through the 3-D diagrams presented in Fig. 3(b) and 4(b) 
at pH 4.5, better reveal the quantit~ive ~ends observed in the two- 
metal systems. The uptake of Cd at pH 4.5 [Fig. 4(b)] was greatly 
reduced by the presence of A1, whereas the uptake of A1 [Fig. 3(b)] 
remained relatively constant when Cd was present. The effect of 
the presence of A1 ion on the uptake of the Cd ion can be sum- 
inaiized fi-om this plot as seen in Fig. 4(c) for Cd sorption. 

The Cd uptake reduction was much more pronounced at pH 4.5 
(uptake q=2.52 mmoI A1/g at C~.A,=1.0mM was taken as 100%; 
uptake q=0.58 zranol Cd/g was at C~,ca=1.0 n~vI was taken as 100%). 
Eqvmnolar fmaI eqLdJibrium concentrations of Cd and AI of 1 mM 
at pH 4.5 reduced Cd and AI uptakes to 10.2% and 96.5%, respec- 
tively. Itwas found that the maximum uptake ofAI atpH 4.5 ~Fig. 
3(b) and 4(b)] was much higher than that of Cd, 2.75 mmoI/g versus 
1.22 mmol/g These values differed from the ones (2.95 mmol/g 
for AI and 1.15 mmoI/g for Cd) obtained fi-om the respective sin- 
gle-meN systems. The n ~ b e r  of binding sites for AI was reduced 
only malrginally in the presence of Cd, while those for Cd slightly 
increased in the presence of A1. The A1 uptake was very sensitive 
to the pH of the solution as could be ~xpected if A1 was sorbed in 
the form of polynuclear aluminum species at pH 4.5 [Bottero et al., 
1980; Hsu and Bates, 1964]. 

The curves resul~g fi-om the cuts of the 3-D diagrams con- 
fro-ned well to the modified Langmuir model. The Langrn~ pa- 
rametea~, K~ for Cd and K2 for AI, the ratio of the a&oiption rate 
constant to the desoil0tion rate comt~lt, are an indication of the "re- 
lative affinity" of the biosorbent towards a metal. K~ and K2 values 
fi-om the modified Lazgmuir model axe as foIiows: 0.09 (n~vl-) -~ 
and 14.62 (n~I) -~ at pH 4.5. 

Comparing K values of Table 1 to K~ and K2 values of Table 3, 
the lower the K value of heavy metal in single-metal system, the 
higher was found the relative akLnity of AI ion and the lower was 
found the relative attinity of heavy metal ion in two-metal systean. 

In summary, they showed that when Sargass'um biosorbent be- 
came sa~rated in the system containing high concentrations of both 
metals of interest (A1 and Cd in this study), the common maxi- 
mum total metal uptake approached a value of 2.75 mmol/g The 
relative affinity of AI towmds the biosorbent in the 2-metaI (AI+ 
Cd) system also greatly increased in comparison with one-metal 
system, but that of Cd in the (AI+Cd) system oppositely decreased 

This competitive binding by Ca-loaded Sargassurn bion~ass at 
pH 4.5 was similarly observed in the (Al+Pb), (AI+CM), (AI+Zn) 
and (AI+Cr) system. The effects of the AI ion presence on the up- 
takes of the Pb, Co, Zn and Cr ions can be sua~m~aiized fiom those 
plots as seen in Fig. 5(a) for Pb, Fig. 5(b) for Cvg Fig. 5(c) for Zn, 

Table 3. The relative aff'mity calculated from the modified Lang- 
muir model in two-metal system (KI: hea,~, metal, K2: AI) 

2-metal system q,~, (mmol/g) K~ (mM)-~ K2 (raM)- 

AI-Cr 2.92 3.73 6.14 
AI-Pb 2.84 0.99 8.20 
AI-Cu 2.81 0.58 10.05 
AI-Cd 2.75 0.09 14.62 
AI-Zn 2.72 0.06 19.38 
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Fig. 5. (a) Effect of AI on the equilibrium uptake of  Pb by Ca-loaded S. f/u/tans biomass at pH 4.5. (b) Effect of AI on the equilibrium 
uptake of Cu by Ca-loaded ,~ flu/tans biomass at pH 4.5. (c) Effect of AI on the equilibrium uptake of Zn by Ca-loaded S. flzdtans 
biomass at pH 4.5. (d) Effect of A1 on the equilibrium uptake of Cr by Ca-loaded S. fluitans biomass at pH 4.5. 

Fig. 5(d) for Cr sorption. K~ (heavy metal) and K2 (A1) values, the 
relarve affinity of the metal towards the biosorbent, fi-om the mod- 
ified Langmuir model in a two-metal system are summarized in 
Table 3. 

Eq~nolm- fmaI equilibz-ivan conce:~aatio:~s of Pb and A1 of 1 mlvl 
at pH 4.5 reduced Pb and AI uptakes to 21.6% and 90.5%, respec- 
tively. Fig. 5 showed that the reduction of Pb, Cu, Zn and Cr up- 
takes at its final equilibrium concentrations of 1 mlvl at pH 4.5 was 
78.4%, 82.7%, 85.1% and 51.2% on the presence of A1 ion of 1 mlvl, 
respectively. 

The uptakes of heavy metals except Cr at pH 4.5 were greatly 
reduced by the presence of A1. Eq~anolar fmaI equilibri~rn con- 
centrations of Cr and AI of 1 mM at pH 4.5 :-educed Cr mad A1 up- 
takes to 48.8% and 80.7%, respecrvely. As described previously in 
single metal sorption, A1 ionwas sequestered to the biomass in the 
fore: of polynuclem- alt~::inu::: species such as {A16(Ot-I):2(H20):2} 6+ 
[Hsu and Bate, 1964] and AI~3(OH)~ ~ [Bottero et al., 1980], and 
these polymezized alv:ninum ions prevented other hea W metals flora 
accessing to the binding sites. Cr ion represents N-valence like A1 
ion at a low pH, but it seems that a part of Cr ion was bound to the 
biomass as mono- (C:~OI-I~ § or di-ion (C:~OH) > ) valence at pH 4.5. 

Future work should investigate these phenomena, which are ap- 
parently related to the mechanisms of metal biosorption. However, 
one has to realize the complexity of it~a~estigating the mechanisms 
of biosorption, which could be any or a combination of these pro- 
cesses: complexatio:l, ion exchange, physical adso~ptio:l, or inor- 
ganic microprecipitaron of metals. Sorption preferences obsel~ed 
with Ca-loaded S. fluitans biomass and the results of the competi- 
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tion aspects obsel~ed will likely have repercussions in the cor~_lnu- 
ous-flow dynamic sorpron coltrnn system. A net sorption pre- 
ference for A1 uptake over heavy metals in the relevant concentra- 
tion range studied (0.0 to 5.0mM) indicates the possibility of its 
use in a flow arrangement as a selective filter for enrichment of given 
metallic species. 

CONCLUSION 

The interference of A1 in heavy metals biosorption was assessed 
by deriving a three dimensional sorption strface with a modified 
multi-component Langmuir isotherm. The Langmuir parameters, 
K~ for heavy metals and K2 for AI, the ratio of the adsozption rate 
constant to the desorption rate constant, are an indicaron of the ~176 
larve affinity" of the biosorbent towards a metal. The reduction of 
Pb, Ca, ZI1, Cd and Cr uptakes at its fmaI equllihium concentrations 
of 1 mM at pH 4.5 was 78.4%, 82.7%, 85.1%, 89.8% and 51.2% 
on the presence of A1 ion of 1 mlvl, respectively. The uptakes of 
heavy metals except Cr at pH 4.5 were greatly reck:ced by the pre- 
sence of A1. AI ion was sequestered to the biomass in the form of 
pol3amclear aluminum species such as {AI~(OH)~2(H20)~2} 6* and 
AI~3(O1-I)3~, and these polymerized ahrninum ions prevented other 
heavy metals fi-om accessing to the binding sites. It is important to 
stress that a change in the pH of the so:ption system could signifi- 
cantly alter the SOl-prim capacities and preferences in the two-metal 
sozption system studied. 

REFERENCES 



Interference of AI in Heavy Metal Uptake by Algae 697 

Bottero, J. Y, Cases, J. M., Fiessingea; E and Poiiiez; J. E., ~176 of 
Hydrolyzed Almrmlum Chloride Solutions. I. Nature of Aluaimlum 
Species and Composition of Aqueous Solutioz~s~' .Z Phys. Chem, 
s4, 2933 (1980). 

Chong, K. H. and Volesky, B., ~Description of%vo-Metal Biosorption 
Equilibzia by Lan~nuir-Type Model:' BioteehnoZ Bioeag., 47, 451 
(1995). 

de Carvalho, R. R, Chong, K. H. and Volesky, B., ~%ffects of Leached 
Alginate on Metal Biosozptioz~' Biotechno[ Lett., 46, 875 (1994). 

de Carvalho, R. E, Chong, K_ H. and Volesky, B., ~%valuation of the 
Cd, Cu and Zn Biosozptionin Two-Metal Syste~r~s using Biosorbe~l~' 
Bioteehnot. Prog., 11, 39 (1995). 

Holan, Z. R., Volesky, B. and Prasetyo, I., ~Biosorption of Cadmium by 
Biomass of Marne Algae," Biotechnof Bioeng., 41, 819 (1993). 

Hsu, P H. and Bates, Z F., "Folmation of X-my Amorphous and Crys- 
talline Alumimtm Hydroxides;' Mineral. Mag., 33, 749 (1964). 

Kuyucak, N. and Volesky, B., "Biosorbe~lts for Recovery of Metals fi-om 

Industrial Solutiozg' Biotechno[ Lett., 10, 137 (1988). 
Lee, D H. and Moon, H., ~176 Equilibzium of Heavy Metals 

ozl Natm-al Zeolites:'Korean,L Chem. Eng., 18, 247 (2001). 
Lee, H. S. and Suh, J. H., ~176 Biosorption of Heavy Metal Ioz~,s 

by Ca-IoadedLaminariajaponiea in Fixed Bed Columr~' Korean,L. 
Chem. Eng., 17, 477 (2000). 

Lee, H. S. and Volesky, B., ~176 of Li~t  Metals and proton with 
Seaweed Biosorbent~' Water Research, 31, 3082 (1997). 

Lee, S. H., Shon, J. S., Chang, H., Lee M. Y and Yang, J. W, ~176 of 
Chemical Modification of Carboxyl Groups in Apple Residues on 
Metal Ion Bindmg:" KoreanJ. Chem. Eng., 16, 576 (1999). 

Volesky, B., ~176 and Biosorbe~lts~' Biosozption of Heavy Met- 
als, Volesky, B., ed., CRC Press, Boca Ratol~ Florida (1990). 

Volesky, B. and Hola~, Z. R., ~176 of Heavy Metals:' Biotech. 
Prog., 11,235 (1995). 

Yu, Q. and Kaewsmn, R, ~A Model for pH Dependent Equilibrium of 
Heavy Metal Biosozptioz~' Korean,~ Chem. Eng., 16, 753 (1999). 

Korean J. Chem. Eng.(Vol. 18, No. 5) 


