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I PRESENTATION 

""fTzis monography presents the results obtained by M.Sc. Antonio 
Carlos da Costa while participating in the bilateral programme between 
Brazil and Germany on heavy metaIs in the environment. 

The idea that originated this reporU~ qa§.ed upon a comparison 
between two technologies: solvent-extracfión,and biosorption, which is" 
the best suited for a given legisIation fratnéwork? 

Thus, we at CETEM pursued the biosorption route for cleaning 
heavy metaIs from solutions and KF A, the German counterpart,. 
followed the S-X route, for a more stringed final heavy metaIs contento 

Throughout the deveIopmentwork, however, it was found out that. 
the two technologies are not altematives per se, but rather, they 
complement each other, biosorption being used as a pre-cleaning stage' 
and solvent;'extraction for the ultimate stage, if thus required by the 
particular country legislation. 

This article will be enjoyed by the "clean technologist"f 
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ABSTRACT 

The main purpose of this publication ís to describe some 
technical goals obtained during the conduction of a part of the 
project ENV 36. This project is incfuded in the Science an 
Technology Cooperation Germany/Brazil, and started in March 
were KFAlIPC (Forschungszentrum Jülich GmbH, Institute für 
Angewandte Physikalische Chemie), and CETEM (Centro de 
Tecnologia Mineral). Regarding the biosorption process, here 
described, wefl defined steps including the selection of a 
suitable biomass to be used as metaIs biosorbent, conduction of 
continuous scale experiments with synthetic and real efffuents, 
studies about the most suitable conditions for metaIs desorption 
and also the scale-up and economic evaluation of a continuous 
unit for the treatment of heavy metaIs contaminated solutions 
were done. 

Key-words: heavy metaIs. biomasses, technology 

RESUMO 

o principal objetivo da presente publicação é descrever os 
principais resultados obtidos durante a condução do projeto 
ENV 36. Este projeto está inserico no Programa de Cooperação 
em Ciência e Tecnologia Brasil/Alemanha, com início em março 
de 1994. As instituições envolvidas na condução do projeto 
foram o KFAlIPC (Forschungszentrum Jülich GmbH, Institute 
für Angewandte Physikafische Chemie) e o CETEM (Centro de 
Tecnologia Mineral). Com relação à biosorção, aqui descrita, 
etapas bem definidas foram conduzidas, incluindo-se a seleção 
da biomassa mais adequada ao processo para emprego como 
material acumulador de metais, condução de experimentos em 
regime contínuo com efluentes sintéticos e efluentes reais, 
estudos sobre as condições ideais de dessorção dos metais, 
bem como escalonamento e avaliação econômica de uma 
unidade contínua de tratamento. 

Palavras-Chave: metais pesados, biomassa, tecnologia 
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1. INTRODUCTION 

Restrictive environmental legislations, ecological problems 
due to the dispersion of heavy metais in natural environments, 
and the high cost of technologies for treatment of effluents 
containing heavy metais have stimulated the development of 
technologies to compete with or complement conventional 
techniques. Among the technologies under development, much 
is being written about techniques involving the use of 
microorganisms (bacteria, fungi and microalgae), and, above 
ali, inactivated seaweeds (Volesky, 1994; Ting et aI., 1995; da 
Costa & de França, 1996). Several examples have proved the 
potential employment of microorganisms to accumulate heavy 
metais; the results, however, are still a bit far from a 
technological reality that could render the use of 
microorganisms technically and economically viable as 
biological metal sorbents. Nevertheless, employing other 
materiais of biological origin such as plants and seaweeds 
allows us to apply the knowledge available from conventional 
processes to the development of a technology for the treatment 
of solutions contaminated by heavy metais. 

The competitiveness of a new technology for heavy metais 
recovery deperíds upon a series of factors related to the 
characteristics of the biomass as well as those of the 
operational system. One such viable system would employ 
fixed-bed reactors such as conventional processes that use ion­
exchange resins or activated carbono This type of system 
permits treating great volumes of solution, although limited by 
the loading of the biomass by heavy metais. At this stage, 
desorption of the metais is necessary to be able to reuse the 
biomass in order to employ it in the largest number of 
sorption/desorption cycles. Other parameters, such as 
operational stability of the system, adequate flow-rate, and 
residence time compatible with the process, must be considered 
as well. As "regards the biomass, bed of the reactor, it should 
have high mechanical strength and metal uptake capacity and 
be available in large quantities at low cost. 

Série Tecnologia Ambiental, Rio de Janeiro, Il. 17, 1997. 
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4 Antonio Carlos Augusto da Costa 

R~search in this field of biohydrometallurgy has been 
seekmg to develop technologies employing biomasses with 
those characteristics to make viable the large-scale use of 
heavy metal biosorption. 

Marine algae have been used as biological indicators of 
~eavy me~al poll.ution in contaminated areas, and such property 
IS the basls of blotechnologies developed for residual metal ion 
reco:,ery (Ha.ug et aI., 1974; Melhuus et aI., 1978). Some 
studles descnbe the use of these organisms as passive heavy 
metal adsorbers, substituting for conventional resins (Kuyucak & 
VOlesky, 1988, 1989, 1990). However, the mechanism 
associated with this ~iosorptive uptake is not completely 
un~erstood: If one conslders that dead algae are not biologically 
actlve, thelr metal uptake can be regarded as a passive 
adsorption process and, thus, be correlated with mathematical 
sorption models, such as the Langmuir and Freundlich 
equations. 

Toxic metais are usually present at high concentrations in 
se~e.r~1 kinds.of effluents, especially those from metallurgical 
actlvltles. In vlew of their high toxicity, it is of interest to develop 
a recovery process which may prevent their discharge into water 
streams. 

The intensification of industrial activities during the last few 
years, is greatly contributing to an increasing dispersion of toxic 
compounds in natural environments, mainly in aquatic systems. 
In ':10st cases it is possible to reduce dramatically the levei of 
tOXIC substances through the use of conventional technologies, 
although th~ .cost associated to these processes is very high 
and the efflclency of the treatment not fully satisfied. When 
these cOfT;lpounds are associated to metallicions those 
technologies are not completely efficient and the non­
degradable nature of these elements, dictates that they must 
have suffered with additional treatments to fit environmental 
discharge patterns and legislations. 

Alt~ough these elements are not metabolized by biological 
o~gar:lsms, they can be incorporated by passive or active 
dlffuslon processes, as well as by simple adsorption 

Série Tecnologia Ambiental, Rio de Janeiro, n. 17. 1997. 
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phenomena onto cellular structural components (da Costa et aI., 
1994; Crist et aI., 1988; Macaskie et aI., 1987; Vole~ky et aI., 
1993). Diffusion processes (active or not) are a functlon of the 
incorporated ionic species, and it occurs due to ~he lack of 
spécificity .of cellular transport syste':1s. A?sorptlo~ occurs 
through several types of chemical reactlons wlth constltu~nts of 
the cells, usually negatively charged groups present.m the 
structural polysaccharides and surface proteins of the dlfferent 
biological organisms. 

The remarkable ability of biomasses to concentrate heavy 
metais, acting as a biological resins, is becoming an useful toei 
for treating industrial solutions contaminated with heavy meta~s 
(Awadalla & Pesic, 1992; Jeffers .et ~/., 1~91). Thls 
phenomenon, generally called bio~orptlo~, IS easlly handled 
conventional fixed-bed reactors deslgn. Thls reactor has a very 
sim pie operational mode, with a reduced co.st, in c.omparison to 
sophisticated treatment techniques. So, blosorptlon could be 
used as a complementary technology to treat effluents 
contaminated with heavy metais. 

The uptake of metais by biomasses (inactivated or n~t). is 
already used for the treatment of heavy metal çontammg 
effluents. Gale (1986) reports t~e use o~ n:icroalgae. as ~~ 
example of environmental protectlon, m~ntlonlng the 0ls~oun s 
New Lead Belt, where, in closed reservolrs for thecultlvatlon of 
microbial species, the heavy metal lead is recovered from 
contaminated solutions. 

The Bureau of Mines - United States Department of the 
Interior, developed a kind of bead, constituted. of a ~ertain ~pe 
of biomass dispersed in polysulfone matnx, wlth a hlgh 
mechanical strength and also a high uptake capacity, named 
BIOFIX (Biomass Foam Immobilized Extractant). The relevant 
parameters for the use of these bead~ in ind~strial processes 
were already investigated, and BIOFIX IS used m the secondary 
treatment of heavy metais loaded effluents (Jeffers et aI., 1991). 

The Advanced MineraIs Technologies developed the AMT­
BIOCLAIMTM, for the recovery of cadmium and other heavy 

Série Tecnologia Ambiental, Rio de Janeiro, n. 17, 1997. 
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metal ~Iements. This is a granulated product with a high 
a?sorptlon capacity, ranging from 86 mg metal/g granules for 
sllver, to 601 mg/g for lead. 

It is not known what kind of agent is responsible for the 
uptake, being described as biomasses discharged during 
fermentation processes (Awadalla & Pesic, 1992). 

Analogously, Environmental Protection Agency developed 
AlgaS~RB®, a natural algal-based product with a high uptake 
capaclty. 

It must be emphasized that the described experimental 
results should not be faced as definite and absolute values 
beinQ .obtained fo~ a spe?ific effluent, and for specific working 
condltlons. The Interactlon between anionic surfaces and 
~etallic i~ns is also driven by physico-chemical parameters, 
hlghly vanable for different solutions and highly dependent on 
the nature of the effluent. 

For the effectiv.e implementation of a biosorption technology 
for the accumulatlon of heavy metais, a series of conditions 
should be considered: 

. (i) the b.i.om~ss sh.ould accumulate around 100 mg metal/g 
bl~~ass; .Qi) blosorptlon and desorption should be rapid and 
efflcle~t; (I/i) th.ebi~logical material must be cheap and reusable; 
and, (IV) the blologlcal material should be adaptable to different 
reactors. -

Fundamentally two main groups of metais are studied: 
metais of economical interest and metais of a toxic nature 
(Kuyucak & Volesky, 1989b; da Costa et aI., 1994; Tsezos & 
VOlesky,1981). 

The wide diversity of biological materiais, with distinct 
structural compositions, stimulates the search for new materiais 
t~ be used as metais biosorbers, and, in this context, algal 
blomasses are being widely employed for such a kind of 
processo 
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Green, red and brown seaweeds are the most widely 
investigated; due to their variability and complexity of structural 
polysaccharides they possess carboxilated, sulphated a~d 
phosphate-rich compounds, that means, ali possess potentlal 
binding sites for the accumulation of heavy metais. 

One of the purposes of this cooperative research was to 
study the behavior of specific biomasses a~ biological re~ins f?r 
the accumulation of heavy metais. The maln results obtalned In 
preliminary investigations using Brazilian seawee~~, in ~~tch 
systems, for the treatment of an effluent from a Brazlhan f'!llnlng­
metallurgical company are presented. The study was carned out 
in a laboratory fixed-bed continuous reactor, using the algae as 
the bed of the reactor. Several other experiments are also 
described in this report by using synthetic metais solutions both 
in batch and continuous systems. 

1.1 A Brief Overview about Langmuir and Freundlich 
Adsorption Models 

Solid-liquid equilibrium can be easily described by adsorption 
isotherms. The Langmuir and Freundlich Equations. ~re t~e 
mathematical functions most commonly used to descnbe thls 
processo The Langmuir isotherm can be expressed as: 

q = kdc/(1 +kc) 

By plotting q versus c, a curve is obtained which is linear at 
low equilibrium concentrations, followed by a curvature 
(concave to the x axis) , and with an asymptotic te~dency to 
saturation corresponding to a monolayer covenng. The 
Langmuir equation can also be described by taking the 
reciprocal value of its terms. Thus: 

1/q = (1/kd)(1/c) + (1/d) 

From this form, by plotting 1/q versus 1/c, a straight line is 
obtained. Parameters k and d can be calculated from the 
angular and linear coefficients, respectively. The Langmuir 

Série Tecnologia Ambiental, Rio de Janeiro, n. 17, 1997. 



8 Antonio Carlos Augusto da Costa 

!sotherm assumes that the adsorption free energy is 
Independent of both the surface coverage and the formation of a 
monolayer when the solid surface reaches saturation. 

By analogy, a similar treatment can be applied to the 
Freundlich equation. Its general form can be expressed as: 

q = Kc1
/
n 

Constants K and n are characteristic of this model and are 
~epe~dent on different assumptions. This equation can also be 
hneanzed by plotting the logarithm of its terms, as follows: 

log q = (1/n)log c+ log K 

By plotting log q versus log c, a straight line is obtained. 
Therefore, parameters n and K can be predicted from the 
angular and linear coefficients. The Freundlich isotherm does 
not predict s~turation of the solid surface by the adsorbate, the 
surface covenng being mathematically unlimited. 

In this work, some experimental results obtained in 
I~boratory were expressed by adsorption isotherms, which were 
hnearized by sim pie linear regression to predict the respective 
constants for each model. The fitting of the models to the data 
was evaluated taking into account the range of cadmium 
concentrations tested. 

Notatíon: 

c Equilibrium concentration of solute ( mglL) 

d Constant that represents monolayer covering per unit weight of adsorbent 

(mg adsorbate/g adsorbent) 

k Equilibrlum constant ( L adsorbenV~g of adsorbate) 

K Constant related to the strength of the adsorptive bond 

n Constant related to bond distributi<)O 

q Weight of adsorbate/weight of adsorbent (mg/g) 

Série Tecnologia Ambiental, Rio de Janeiro, n. 17, 1997. 
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1.2 Immobilization Techniques and Cross-linking 
Reactions 

Several studies are being conducted to improve the stability 
and mechanical properties of biopolimeric materiais from ~Igae, 
bacteria and several other kinds of biomasses. Accordmg to 
Karel et aI (1985), immobilization can be define? as t~e physical 
confinement of. the intact biomass in acertam reglon of the 
space, being preserved the important characteristics and activity 
of the biomass. 

There are several immobilization techniques and the specific 
use of one or another will depend on the purpose of the 
immobilization and the purpose of the process to be conducted. 
An interesting approach of these immobilization methods has 
been mentioned by Karel et aI. (1985), inc\uding several 
immobilization mechanisms, mainly divided in four groups 
based on the type of physical action that promotes the 
immobilization of the material. 

In the case of seaweeds, a widely used method for 
immobilization is self-aggregation. This consists of a 
modification in the constitutive molecules of the biopplymers, 
with the main purpose of changing their physical-chemical 
characteristics. The idea is to promote cross-Iinking reactions in 
the structure of the biomass through the action of a proper 
chemical agent. The formation of cell aggregates, a~ificially 
induced through cross-Iinking treatment, are based, malnly on 
the surface constituents of the biomass. 

According to Tager (1978), cross-Iinkings can be defined as 
chemical reactions forming Iinks between macromolecules, 
resulting in the formation of polymers with reticulate 
tridimensional structure. Thus, the resulting molecules are of a 
stronger mechanical resistance making it insoluble some 
polymers. 

Several cross-linking agents were reported by Volesky 
(1995), and the c\assification of these agents is mainly based on 
the products formed. Studies were conducted by Leusch (1995) 
using brown seaweeds Ascophy/lum nodosum and Sargassum 

Série Tecnologia Ambiental, Rio de Janeiro, n. 17, 1997. 



10 Antonio Carlos Augusto da Costa 

fluítans previously treated with glutaraldehyde and 
formaldehyde. In that study the purpose was to treat different 
metal solutions, containing lead, copper, cadmium, nickel and 
zinco The results proved to be effective in the treatment af the 
metal solutions, using different chemical cross-linking reagents, 
and the best ones used were glutaraldehyde, formaldehyde and 
imine polyethylene. These reagents can improve the hardness 
of the biomass, but they can also inhibit the metal uptake 
capacity if binding sites are involved in the cross-linking 
reactions. 

Good results were obtained during lead biosorption (370 mg 
lead/g dry biomass) with the seaweeds A. nodosum and F. 
vesículosus treated by different cross-linking agents (Holan et 
aI., 1993). In this study improved chemical and mechanical 
stabilities were obtained, not followed, however, by an increase 
in the uptake capacity. 

Série Tecnologia Ambiental, Rio de Janeiro, n. 17, 1997. 
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2. PURPOSE OF THE REPORT 

The main purpose of the present report is to present .the 
technical results obtained during the conduction of the project 
ENV 36. This project is included in the Science and Technology 
Cooperation Germany/Brazil, and started in March 1994. The 
partners involved in the develapment of the resea~ch we~.e 
KFAlIPC (Forschungszentrum Jülich GmbH, Instltute fur 
Angewandte Physikalische Chemie), and CETEM (Centro de 
Tecnologia Mineral). 

The target objective of this applied research. w,as. t~e 
separation of heavy metais from aqueous phase.s by hqUld/hqUld 
extraction (from the German partner) and/or blOS?rptl~n (from 
the Brazilian partner). The time-course of the proje.c~ Included 
the comparison af both methods as regards the efflclency a~d 
environmental impact, for the decontamination of industrial 
wastewaters and aqueous effluents from landfills and sites. 

As regards these objectives the obtained results will be 
presented and discussed in this final project reporto 

Série Tecnologia Ambiental, Rio de Janeiro, n. 17, 1997. 
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3. MATERIALS ANO METHOOS 

3.1 Cadmium Solutions 

A set of experiments has been done solely with the use of 
ionic cadmium solutions. Cadmium solutions were made with 
analytical grade 3CdS0

4
.8H O. Concentrations of the metal in 

solution were determined b~ atomic absorption spectrometry 
(Varian Techtron Spectrometer, Model AA6). 

3.2 Seaweeds 

Six different genera of seaweeds collected from the Brazilian 
Coast and making up a total of 15 algal samples were tested for 
their cadmium uptake capacities. Samples code, classification 
and site of collection are listed in Table 1. 

3.3 Processing of Seaweeds Samples 

The algal samples, Iisted in Table 1, were extensively 
washed with distilled water, to remove particulate material from 
their surface, and oven-dried at 70 oCo Oried biomasses were 
ground in a mortar with a pestle and then sorted by particle size 
through a series of Tyler sieves. Fraction [0.503-0.711 mm] was 
selected for use in the experiments. 

Série Tecnologia Ambiental. Rio de Janeiro, n. 17, 1997. 
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Table 1 - Marine Algal Samples - Genera, Sites of 
ColIection and Classification (Joly, 1970) 

Genus Site of collection Sample Classification (2) 
code 

Sargassum(l) Sepetiba Bay BS, D = Phaeophyta 

Sepetiba Bay BS
2 

C = Cyclosporeae 

Sepetiba Bay BS
3 

O = Fucales 

Grande Island IGr F = Sargassaceae 

Padina\l) Sepetiba Bay BS, D - Phaeophyta 

Sepetiba Bay BS
2 

C = Isogeneratae 

Gato Island IG O = Dictyotales 
F = Dictyotaceae 

UIva Sepetiba Bay BS D = Chlorophyta 

Guanabara Bay BG 0= Ulvales 

Vermelha Beach PV F = Ulvaceae 

Gelidium Itaipu Beach IP D = Rhodophyta 

Itacoatiara Beach IT C = Rhodophyceae 
O = Gelidiales 
F = Gelidiaceae 

Codium Vermelha Beach PV D = Chlorophyta 

Itacoatiara IT O = Siphonales 
F = Codiaceae 

Colpomenia Itaipu Beach IP D - Phaeophyta 

C = Heterogeneratae 

O = Chordariales 
F = Punctariaceae 

(1) Samples frem the same genus and site were collected during different 
seasons of the year 

(2) D = Division, C = Class, O = Order, F = Family. 

3.4 Cadmium Biosorption Experiments 

The 15 samples collected were tested for their capacity to 
sequester cadmium by evaluation of their adsorption isotherms. 
A series of cadmium solutions was prepared by dissolving 
cadmium salts in deionized distilled water, with concentrations 
ranging trom 10.0 to 3;50.0 mg Cd+2/L. The contact experiments 
were performed in 250-ml Erlenmeyer flasks (2.0 9 L of 
biomass, 50 mL of cadmium-bearing solution of known initial 

Série Tecnologia Ambiental, Rio de Janeiro, n. 17, 1997. 

I 



14 Antonio Carlos Augusto da Costa 

concentration, 30,~ 0.5 °c, 8 hours) on a rotary shaker (Ética, 
Model 500). Afte'r lncubation, the eluent solution was separated 
from the biomass by filtration through an in-Iine Millipore 
membrane filter (0.47 IJm pore diameter). Final cadmium 
concentrations were determined by atomic absorption 
spectrometry. The results presented correspond to the average 
values obtained. 

3.5 Release of Elements during Cadmium Biosorption 

Release of alkaline-earth elements during cadmium 
biosorption may indicate the involvement of an ion-exchange 
mechanism in the recovery of this metal from contaminated 
solutions. Using adsorption isotherms, the mg cadmium 
adsorbed/g dry biomass ratio can be estimated for each solid­
liquid equilibrium, and this ratio can then be associated with the 
release of alkaline-earth elements from the polysaccharide 
structure of some algal genera. These elements can act as 
linkers within the polysaccharide structure, connecting 
monomeric units or cross-linking adjacent complex molecules. 
One sample from each algal genus was used in this set of 
experiments. The alkaline-earth elements were also quantified 
by atomic absorption spectrometry. Due to the great number of 
experimental determinations, the data obtained were computer 
adjusted by power regression. 

3.6 Cadmium Adsorption and Acid Desorption Cycles 

In this set of experiments, 1.0 9 of algal sample was added 
to 250 mL Erlenmeyer flasks containing 50.0 mL of a 10.0 mg/L 
cadmium solution and incubated for 1 hour in a rotary shaker 
(30 ± 0.5 °C). The content of each flask was then filtered and 
the filtrate analyzed for its cadmium residual content. Cadmium­
laden biomasses were treated with 50 mL of 0.5 N HCI to strip 
the adsorbed metal. The stripped solutions were analyzed for 
their cadmium content to check the efficiency of the elution. 
Next, samples were oven-dried (70 °C; 24 hours) and re-used 
in successive sorption/desorption cycles, as previously 

Série Tecnologia Ambiental. Rio de Janeiro, n. 17, 1997. 

An Emerging Biotechnology for Metal Containing Waste Water... 15 

described. It is important to mention that the incubation time f?r 
this set of experiments was established as 1 hour on the basls 
of previous determinations of adsorption equilibrium kinetics 
carried out for ali the algal samples. 

3.7 Eftect of pH on Cadmium Biosorption 

Only Sargassum sp. (sample BS1) was used in this se~ of 
experiments, due to its outstanding performance as a cadml~m 
biosorbent. 50 mL aliquots of a 11.0 mg/L cadmium soluMn 
were placed into 250 mL Erlenmeyer flasks and the pH of 
individual aliquots then adjusted to the desired value with HCI or 
NaOH (pH range: 2.0 to 12.0). Next, the dried and pulverized 
biomass of Sargassum sp. (sample BS1) was added to the 
flasks at a concentration of 2.0 g/L. The flasks were placed on a 
rotary shaker at 30 ± 0.5 0C and incubated for 24 hours to 
ensure equilibrium. Biosorbent-free blanks were used ~s 
controls, to evaluate chemical precipitation (Hahne & Kroontje, 
1973). The genus Sargassum was also selected for its hi~h 
content of ionizable groups (carboxyl groups from mannuronlc 
and guluronic acids) on the cell wall polysaccharides, which 
makes it, at least in theory, very Iiable to the influence of the 
medium's pH. The experimental determinations reported here 
correspond to average values. 

3.8 Continuous Biosorption of Cadmium, Copper and 
Zinc with the Selected Sargassum sp. Biomass 

The seaweed used in this study is Sargassum sp. 
(Phaeophyta, Cyclosporeae, Fucales, Sargassaceae) , collected 
in the Atlantic Ocean, in the Northeast region of Brazil. For its 
use in the experiment, the biomass was dried in an oven at 60 
QC for twenty-four hours. 

The solution used was prepared from ZnS04·7H20 , 
3CdS04.8H20 , and CUS04.5H20 dissolved in distilled water, 
obtaining ,a solution with zinc, cadmium, and copper 
concentrations of 10.0 mg/L for each metal. The metal 
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concentrations were determined by means of an atomic 
absorption spectrometer Varian Techtron, Model AA6. 

The continuous system used was made up of three columns 
in series, each filled with 15.0 9 of the dry biomass. Each 
column was 25.0 em high, with a 3.5 em internai diameter. The 
system operated with a Masterflex peristaltic pump, the metal 
solution being fed to the first column in an upward flow, at a 
flow-rate of 10.0 mUmin. The working volume of each column 
was 150 mL, which corresponds to a residence time of 15 
minutes. The outlet solution from the first column was fed to the 
second column, the later's outlet solution in turn becoming the 
inlet solution of the third column. The final solution, coming from 
the third column, was then discharged. The outlet solutions of ali 
three columns were periodically evaluated as to concentration 
leveis of residual zinc, cadmium, and copper, by atomic 
absorption spectrometry. Data presented constitute average 
values from four replicates. Some hydraulic conditions such as 
pressure drop in the columns, channeling in the packing 
material, will also be briefly discussed. Even though hydraulic 
conditions constitute a key facto r in the operation of this sort of 
reactor, in the present work, metais concentration and flow rate 
were not changed. For future studies these parameters will be 
studied and optimized. 

3.9 Mathematical Treatment of the Data Obtained from 
the Continuous System 

The mathematical treatment of the data consisted initially in 
determining the polynomial equation which would best represent 
the experimental data of the system's saturation curve regarding 
the three columns. This procedure was realized for the three 
metais,· with the saturation profile related to the columns filled 
with the biomass, adjusted and determined through a sim pie 
computer programo The polynomial fit was carried out for the 
different curves, taking into account experimental results until 
the outlet concentration indicated saturation of the biomass by 
each metal (10.0 mg/L, initial metais concentration). 
Immediately thereafter, the different polynomials obtained were 
mathematically integrated for calculation of the metal uptake by 
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the different columns. This integration proved to be a sim pie and 
useful tool for a suitable estimation of the amount of metais 
recovered by the biomass. 

In this work, the variable y (residual metal concentration) was 
integrated as a function of x (volume of inlet effluent processed 
by the continuous system), in the limits of the function from x = 
O to x = volume of solution at the moment of biomass saturation 
by the metal. In this way it is possible to evaluate the quantity of 
metal not accumulated by the biomass, and based upon the 
difference from the total fed to the columns, the amount of metal 
adsorbed by the seaweed could be calculated. Mathematically: 

Y x f dy = f f(x,y)dx 

YO xo 

After integration of the results: 

x 

y = Yo + ff(X,Y)dX 

xo 

This kind of equation can be solved through a series of 
successive approximations, a very useful system used for 
differential equations. Analogously: 

x 

Y1 = Yo + f f(x,yo)dx 

xo 

and, 

x 

Yn=YO+ ff(x,Y(n-1))dX 

xo 
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3.10 Synthetic and Natural Effluents 

The effluent selected for future studies was the one from a 
zinc-producing plant, located in the city of Juiz de Fora, Minas 
Gerais State, in Brazil. Due to the high variability of metais 
concentration ali over the year for the effluent selected. Two 
different solutions were used in the experiments: a synthetic 
one, based on the average concentration of the effluent during 
summer time; and a true solution, collected during winter time, 
and with a different quantitative profile. Batch experiments were 
conducted using a multi-metais solution, prepared from sulphate 
salts of the following elements: Zn(II), Cd(II), Cu(II), AI(III), 
Ca(II), Mg(lI) and Na(I), simulating the average composition of 
the effluent collected during summer time. The composition of 
the synthetic effluent is described in Table 2 (summer time). 
The other experiments were conducted with a natural effluent 
collected during winter time (Table 3). 

Table 2 - Average composition of the synthetic 
effluent - summer time 

Metais Concentration (mg/L) 
Zinc 
Cadmium 
Copper 
Aluminium 
Calcium 
Magnesium 
Sodium 

Table 3 - Avera 

Metais 
Zinc 
Cadmium 
Manganese 
Copper 
Calcium 
Magnesium 
Sodium 

385±34 
18 ± 4 

10.1 ± 0.6 
1.2±0.3 
467 ±27 
90± 11 
26+ 1 

osition of the natural effluent* 

Concentration (mg/L) 

88.0 
1.4 

11.7 
0.35 

.444.0 
100.0 
37.0 

~ Samples collected and preserved for analysis according 
to APHA (1989). . . 
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3.11 Batch Experiments with Synthetic Effluent- Sunmer 
Time 

The biomass used in ali the experiments was a seaweed 
from the genus Sargassum (Phaeophyta, Sargassaceae), 
collected at the coast of Pernambuco State, in the Northeastern 
Region of Brazil. The biomass was oven-dried at 700 C before 
using it in the biosorption tests. The biomass was pulverized 
(mortar and pistil) and classified for particles size, from 0.841 to 
0.595 mm (+20-28 mesh Tyler), for the batch tests. The 
biomass was used without grinding for the continuous 
experiments. 

In this series of tests, the biosorption of every single metaIs 
(zinc, cadmium, copper, aluminium, calcium, magnesium and 
sodium), was evaluated; individually, in the concentrations 
described in Table 2. The tests were conducted in 250 mL 
Erlenmeyer flasks, containing 50 mL of each metal solution and 
0.1 9 of the dry and pulverized biomass (2.0 g/L). The flasks 
were incubated in a rotary shaker with internaI temperature 
adjusted to 300 C, and left overnight, to ensure equilibrium 
between solid and liquid phases. After that, the content of the 
flasks was filtered, in a vacuum filtration device using a Millipore 
membrane with 0.45 11m pore diameter. The filtrate was then 
acidified for analyzing residual metaIs concentration by atomic 
absorption spectrometry (Spectrometer Varian-Techtron, Model 
AA6). 

In a second set of experiments, biosorption was studied in 
solutions presenting higher ionic complexity, Le., solutions 
containing ali the heavy metaIs and solutions containing heavy 
metaIs plus alkaline and alkaline-earth elements. The 
concentrations of these elements are also Iisted in Table 2. 

Considering zinc as the main contaminating agent in 
solution, some tests were conducted in order to check the effect 
of alkaline and alkaline-earth elements on zinc uptake by the 
biomass. For this purpose, a solution containing ionic zinc, 
sodium, magnesium and calcium, individually added, was 
investigated, as well as a in combination. 
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In order to compare the performance of the biomass, an 
experiment was conducted with commercial activáted carbon, 
added to the metais solution in the same concentration and 
experimental conditions used for Sargassum sp .. The average 
metais concentrations used were those described in Table 2. Ali 
these experiments were carried out in triplicate. 

3.12 Kinetic Batch Studies with Natural Effluent - Winter 
Time 

The metais uptake kineties was evaluated in experiments 
performed in Erlenmeyer flasks. The biomass was added in the 
eoneentration of 2.0 g/L, in a 100 mL of the effluent. The flasks 
were ineubated in a rotary shaker, at 300 C, for 5 hours. 
Samples were taken for the determination of residual metal 
eoneentration. The experiments were carried out in triplieate. 

3.13 Continuous Biosorption (Natúral Effluent) - Winter 
Time 

The eontinuous run was conducted in a laboratory acrylie 
column, 1 meter high, containing samplers, located at three 
different points of the system (10.0, 40.0 and 70.0 em from the 
bottom, samplers 1, 2 and 3, respeetively) and filled with the dry 
biomass. The system was operated with the help of a peristaltie 
Masterflex® pump, being the effluent pumped at a flow rate of 25 
mUmin. The continuous system operated for more than 70 
hours with periodical sampling to evaluate the efficiency of the 
treatment. The outlet samples were vacuum filtered through a 
Millipore® membrane with 0.45 ~m of pore diameter. The filtrate 
was acidified to check the outlet coneentrations of the different 
metais through atomic absorption speetrometry (Spectrometer 
Varian-Techtron, Model AA6). 
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3.14 General Remarks about Continuous Operation 

Figure 1 shows an schematic flow-sheet of the continuous 
biosorption proeess, as proposed in the present reporto 

Fixed-Bed 
Inlet Metais Reactor 

Solution 

L .... Treated 
S .1----1_-. Effluent 

Acid 

Elution 

s 
L 

Concentrated 
Metais 

Solution 
(Recovery) 

Re-usable 
Biomass 

Figure 1 - Schematic flow-sheet of the continuous 
biosorption of heavy metaIs 

The biomass, previously dry, is extensively washed to 
remove particulate materiaIs, usually done with distilled water. 

After this step, the biomass is oven-dried at 50-60. °C, for 
approximately 24 hours to be used in the processo At thls stage 
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the p~oces~ i!self .occurs. The biomass, through its structural 
che~lcal blndln.g sltes a~cumulate the heavy metais. The outlet 
solutlon from thls stage dlctates the efficiency of the processo 

~fter saturation of the biomass with the heavy metais, an 
elutlon shoul~ be made, in order to regenerate the biomass for 
futu~e use, wlth the production of highly concentrated solution, 
feaslble to recover the heavy metais. The regenerated biomass 
returns to the processo 

3.15 Desorption Experiments - Multi-ion Situation 

The biomas~ of Sargassum sp was previously exposed to an 
aqueo~s solutlon containing cadmium, copper and zinc, 
a?cordl~g to the previously mentioned methodology for the 
blo~orptlon of heavy metais. For the selection of a suitable 
elutlng. agent, a 3~ .. 0 mg/L metal solution was used (for each 
metal), for t~e addltlonal experiments a 200 mg/L concentrated 
metais solutlons was used. 

The metal loaded biomass was batchwis@ conducted in 
E.rlenmeyer flasks in a rotary shaker at 27 C. The loaded 
blomass ('!lg~ p~r vol.ume of eluting agent (mL) ratio was fixed 
as the sohd~hqUld ratlo, fixed as 5 for the whole experiments. 
~he ~epar~tlon of ~~e eluting solution was conducted through 
fl~tratlon uSlng a Mllhpore fHtration system using 0.45 )lm pore 
dlameter for the membranes. 

FO~ the se!ection of the most suitable eluting agent, the 
followlng solutlons were used: HCI (0.1 M), H2S0

4 
(0.1 M), 

CaCI2 (0',1 M/pH<3), MgS04 (0.5 M/pH<3), K2S04 (0.5 M/pH< 
3) and ~a2S04 (0.5 M/pH<3). After selection, the kinetics of the 
~esorptlon was done in order to define the minimum contact 
time ben.:'een the biomass and the metal solution. After that 
sever~1 blosorption/desorption cycles were conducted. Ali these 
expenments were conducted in duplicate. 
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3.16 Adsorption Studies with the Treated Sargassum sp. 
Biomass 

The biomass used was the seaweed Sargassum sp., 
washed with distilled water and dried at 50QC, during 24 hours. 
A particle size between -28# + 20# Tyler was selected for use in 
the experiments. 

The chemical treatment with formaldehyde was conducted 
by using a dry biomass of Sargassum sp., adding formaldehyde 
(37% v/v) as to produce a partial wetting of the biomass, in 
order to produce a partially dry reaction. The treated biomass 
was maintained at 50QC, for 1 hour to improve the rate of the 
reaction. Later, the biomaterial was washed with deionized 
water, HCI 0.1 N, NaOH 0.1 N and again with deionized water. 
This procedure was conducted until the final washing water 
reached a neutral pH. Later on the dry material was kept at 
50QC for 24 hours. 

The chemical treatment with glutaraldehyde included the 
addition of half of the molar concentration needed to treat the 
biomass (considering the biomass as composed of 100% 
glucose), in a 0.1 N HCI solution. The treated biomass remained 
in contact with this solution for three days, followed by filtration 
and washing with water, later with a 0.5 % w/v Na

2
C0

3 
solution 

and again with deionized water, until neutral pH. The treated 
material was kept drying overnight at 80QC. 

The synthetic cadmium copper and zinc solutions were 
prepared in a wide range of concentrations (from 10.0 to 250.0 
mg/L), ali the solutions being prepared from sulphate salts in 
deionized water. The flasks contained 0.1 9 of biomass added 
to 100 mL of the synthetic metal solution. The results presented 
correspond to average values from duplicate experiments and 
the evaluation of the results was as previously described. The 
adsorption isotherms were achieved for the virgin biomass of 
Sargassum sp., as well as' for formaldehyde and glutaraldehyde 
treated biomasses. The concentration of heavy metais were 
determined by atomic absorption spectrometry. 
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4. RESUL TS ANO OISCUSSION 

4.1 Cadmium Biosorption Experiments (Fitness to 
Langmuir and Freundlich Equations) 

The results on cadmium biosorption for each algal sample 
assayed are presented in Figures 2 to 7. Together with the 
experimental data, the corresponding theoretical adjustments of 
experimental determinations by the Langmuir and Freundlich 
equations were also plotted. 
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Figure 2 - Çd adsorption isotherri'is'of Sargassum sp. [B51-(A)], 
[B52-(B)], [B53-(C)] and [IGr-(D)] at 30 oCo Legend: FuI! square­

Experimental; fuI! line - Freundlich isotherm; doHed line -
Langmuir isotherm. 
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Figure 3 - Cd adsorption isotherms of Padina sp. [B51-(A)], 
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Figure 4 - Cd adsorption isotherms of UIva sp. [BS-(A)], [BG-(B)] 
and [PV-(C)] at 30 oCo Same key as in Figure 2. 
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Figure 5 - Cd adsorption isotherms of Gelidium sp. [IT-(A) and 
[IP-(B)] at 30°c. Same key as in Figure 2. 
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Figure 6 - Cd adsorption isotherms of Colpomenia sp. [IP] 
at 30 oCo Same key as in Figure 2. 
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Figure 7 - Cd adsorption isotherms of Codium Sp. [IT-(A)] and 
[PV-(B)] at 30 oCo Same key as in Figure 2. 

From the data for Sargassum sp. (Figure 2: B, C and O) it 
can be inferred that, according to experimental q values, the 
adsorptian process reached saturation in samples B82, B83 
and IGr. For Sargassum sp, sample B81 (Figure 2A), the 
experimental determinations indicate a pattem of increasing q 
values within the range of concentrations tested. 

8uch behavior shows that this particular sample is a better 
cadmium adsorber than the other Sargassum isolates tested. 
The constant q values observed for samples B82, B83 ànd IGr 
of this genus at equilibrium concentrations greater than 100.0 
mg/L suggest that, above this levei of so lute , solid-liquid 
equilibrium is probably limited by the diffusion of the cadmium 
ions towards the negatively charged metal-sequestering sites an 
the surface af the seaweed: that is, the algal surface does nat 
display free sites for metal uptake, being saturated. 
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There was a good fit between the experimental data for 
Sargassum sp. seaweeds and the Freundlich model, exception 
made for sample BS2 (Figure 2B), although multilayers of 
adsorbed cadmium ions are anyway expected to exist at 
equilibrium metal concentrations of around 100.0 mg/L. One 
possible explanation for this could be a variation in the chemical 
structure of surface polysaccharides, as their synthesis may 
differ between species and may also ch.ange as a function of 
environmental conditions. The Langmuir model, on the other 
hand, fitted well the experimental data in the case of sample 
BS2 (Figure 2B). With the other Sargassum sp. isolates, a good 
fitting of this model was restricted to low equilibrium 
concentrations, as expected. Alginates, the main structural 
polysaccharide of the Sargassum seaweeds, can sometimes 
make up extremely large polymeric chains that might have 
supplied enough carboxyl sites for cadmium sorption within the 
metal concentration range studied, thus allowing the formation 
of a solute monolayer. It must be emphasized that both models 
consider the solid adsorbing surface as a homogeneous 
structure with only one type of binding site. However, in complex 
structures like algal polysaccharides, distinct chemical groups of 
a diverse nature can make up a heterogeneous matrix and 
contribute differently to the adsorption processo 

For ali Padina samples, the Freundlich equation fitted the 
data less well than the Langmuir one (Figure 3). 

The Langmuir equation fitted almost perfectly the data for 
sample BS1 of Padina sp. (Figure 3A), indicating a c1ear 
tendency to loading stabilization (q) at around 42 mg cadmium/g 
biomass. This equation also fitted perfectly the data for sample 
BS2 of tl;lis genus (Figure 3B) at cadmium concentrations of up 
to 50.0 mg/L yet failed to do so at higher concentrations of the 
metal. Sample IG of Padina sp. (Figure 3C) could be described 
by the Langmuir model less well than the previous isolates, 
though still with a reasonable precision at equilibrium 
concentrations of up to 100.0 mg/L. 
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The sorption behavior of UIva sp., sample BS (Fig~re 4A), 
differently from the previously discussed patterns, was In g?od 
agreement with both equations in the range of cadmlum 
concentrations tested. 

However, samples BG and PV of this genus (Fig~res 4B a~d 
4C, respectively) followed the expected . behavlor for thl~ 
seaweed; that is, their experimental data fltte~ the Langmwr 
equation at low residual metal concentratlons . and the 
Freundlich model for the whole cadmium concentratlon range 

tested. 

Concerning the genus Ge/idium, sample IT s~ited well the 
Langmuir equation (Figure 5A) and sample IP (Figure ~B) the 
Freundlich equation. Structural factors may be responslble for 
this difference, also observed between other algal genera. 

Figures 6 and 7 (Colpomenia sp., sample IP and.Codium ~p., 
samples IT and PV, respectively) sho~ some. d~screpancl~s 
between experimental points and theoretlcal ~r~dlctlon~, ~esplte 
the obtention of linear regression coefflclents wlthln the 
confidence limits and correlation coefficients at acceptable 
values (Table 4). 

Variations in cadmium biosorption behavior among ~he 
various algae tested can be attributed to poly~acchand~ 
variability between the genera, between the specles or stlll 
between strains of a given species. In other w.ords, the degree 
of heterogeneity among structural polysacc~ande~ may be o~e 
of the underlying factors that d~termlne dlfferences In 

adsorption capacity between the algal Isolates. 
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Table 4 - Langmuir and Freundlich Parameters for the Algal 
Samples Assayed 

Alga assayed Parameters frem the Parameters frem the 
LanQmuir Equatien Freundlich Equatien 

Sample 
(1) (1) (3) (2) (2) (3) 

k d R K n R 

Sargassum (6S1) 131.8 49.3 0.978 18.4 0.29 0.992 

Sargassum (6S2) 15.4 69.4 0.962 7.6 0.46 0.897 

Sargassum (6Ss) 3.6 101.0 0.934 6.6 0.45 0.940 

Sargassum (IGr) 14.8 57.8 1.003 10.7 0.36 0.984 

Padina (6S1 ) 4.3 48.3 0.997 3.4 0.52 0.977 

Padina (6S2) 10.4 32.8 0.984 4.1 0.48 0.990 

Padina (lG) 7.2 32.4 0.929 4.7 0.39 0.965 

Uiva (6S) 1.3 28.6 0.996 0.7 0.64 0.991 

Uiva (6G) 2.3 32.4 0.995 1.3 0.64 0.984 

UIva (PV) 0.01 400(4) 0.988 0.6 0.73 0.979 

Gelidium (IP) 29.0 25.4 0.987 5.6 0.36 0.991 

Gelidium (IT) 12.3 25.7 ·0.998 4.6 0.35 0.941 

Colpomenia (lP) 0.8 144.9 0.991 3.2 0.53 0.927 

Codium (IT) 0.2 81.9 0.976 0.3 0.82 0.945 

Codium(PV) 0.9 6.8 0.927 0.1 0.97 0.932 

(1) Para~eters k and d were obtained by sim pie linear regression with an 
equatlon of the type y=a + a1x, where the coefficients a and a were 
calculated at statistically significant confidence intervals . 1 

(2) The same as in (1), for parameters K and n. 

(3) Correlation coefficients, calculated with a 95% confidence limit and 
corresponding to average values from the experiments. 

(4) Theoretical value, mathematically predicted by the Langmuir equation. 

. The values of the Langmuir and Freundlich constants for the 
dlfferent algal samples and the correlation coefficients of the 
curves used to calculate them are listed in Table 4. These data 
m.ust be discus~ed by gro~ps in order to evaluate the samples 
wlth best sorptlon potentlal on the basis of the screening 
conducted and on the information about the parameters of the 
models tested and their application to the system studied. 
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As previously mentioned, constant d of the Langmuir 
equation represents the maximum surface density and constant 
k the affinity between the adsorbing surf~ce and the .solute. 
Therefore, increasing values of k, obtamed from ~Ifferent 
samples for the same solute and with the same experimentai 
system, indicate increasing affinity for the solut~. It can be 
observed from T able 4 that the affinity of the dlfferent algal 
samples for cadmium was highly variable, as ~ values ran~ed 
from 0.01 to 131.8, indicating that the algae studled clearly dlffer 
in their cadmium biosorption behavior. To better iIIustrate this 
point, the algal samples from Table 4 may be grouped 
according to k values. Thus: k values smaller than 1 were 
obtained for 4 algal samples; k values ranging from 1 to 10 were 
observed for 5 samples; k values greater than 10 were 
observed, in increasing order, for the following samples: Padina 
sp. (sample B82)' GeJidium sp. (sample IT), Sargassum sp. 
(sample IGr), Sargassum sp. (sample 882)' GeJid~un: sp. 
(sample IP) and Sargassum sp. (sample B8Ü· The dlstlnct k 
values obtained for samples of the same genus can be 
attributed to the possible presence of different species or of 
different strains of the same species. An alternative explanation 
is that, depending on environmental conditions, di~erent surf:a?e 
structures may have been synthesized. Considenng the affm!ty 
constants calculated, it can be concluded that samples wlth 
k> 10 shol,lld be the most suitable cadmium adsorbers. 

Regarding the Freundlich equation, its consta~ts. de~cribe 
the adsorption power of the adsorbent and the dlstnbutlOn of 
linkages. Constant n is related to the distribution of bindings ?n 
the solid surface: if n<1, then the binding energies increase wlth 
surface density; if n> 1, the opposite behavior is observed; if 
n=1, the surface sites are equivalent. On analyzing the data 
from Table 4, it is possible to see that n<1 for ali the s~mples 
tested, an observation that seems to be in accordance wlth the 
proposed mechanism: as the surface de~sity. increase~, the 
value of n decreases. That is, the charged sltes mteract wlth the 
metais, increasing surface density - consequently, n values 
smaller than 1 are observed. It is interesting to mention the 
results obtained for Codium sp. samples: their n values are 
smaller than 1 yet they approach 1; this indica~es that. a mar~ed 
increase in the binding energies as a functlon of mcreasmg 
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surface density is not occurring. Such values are coherent with 
Codium sp. low performance on cadmium biosorption and are 
also in accordance with its k values, that indicate a low affinity of 
this algal genus for ionic cadmium. 

If we consider n values of up to 0.5, it can be observed that 
only 8 algal samples could be selected as biosorbents. These 
samples belong to the genera Sargassum (exception made for 
sample BS3' with k=3.6), Padina and Ge/idium, which are 
exactly the ones with high affinity coefficients predicted by the 
Langmuir equation. In summary, the experimental data can be 
mathematically correlated with either the Langmuir or the 
Freundlich equation. Both models were reasonably suitable for 
fitting the experimental data, even if their assumptions were not 
strictly respected. The solid surface affinity for the solute and 
the change in surface density could be predicted by constants k 
and n from the Langmuir and Freundlich equations, 
respectively. Based on this assumption, algal samples of the 
genera Sargassum, Padina and Gelidium were chosen as those 
with the highest affinity for divalent cadmium. This theoretical 
prediction was confirmed by the experimental results, that led 
exactly to the selection of these genera as the most promising 
adsorbers. 

Constants n and k, although with different meanings, led to 
the same conclusion about the correlation of the experimental 
data with the sorption models. 

The Langmuir and Freundlich equations impose some basic 
assumptions for their applicability, and the present experimental 
data seemed to suit them up to a limit. The Langmuir equation 
predicts the formation of an adsorbed solute monolayer with no 
side interactions between the adsorbed molecules/ions. It also 
assumes that the interaction takes place by adsorption of one 
molecule/ion per binding site, and that the solid surface is 
homogeneous and contains only one type of binding site. The 
Freundlich equation, on the other hand, does not predict surface 
saturation based on the adsorption process, but mathematically 
predicts the existence of a multilayered structure. This way, at 
higher solute concentrations, where multilayers are expected to 
be formed, the Freundlich model should fit the experimental 
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data with a greater degree of accuracy than the Langmuir 
model. 

Taking an overall view of the results obtained, it could be 
said that, in general terms, the Langmuir equation fits better the 
experimental data than the Freundlich equation, for the range of 
cadmium concentrations tested. However, it must be pointed out 
that there was a better fitting to the Langmuir equation at low 
equilibrium concentrations, as expected, whereas at higher 
equilibrium concentrations there was an increasing tendency to 
fit the Freundlich model. The same behavior would probably be 
predicted at even higher equilibrium concentrations due to the 
formation of a multilayered network. In the present work, 
cadmium biosorption was evaluated only within a concentration 
range representative of the actual cadmium leveis found in 
industrial effluents. 

According to the literature, cobalt adsorption has been 
investigated by uptake evaluation in inactivated algae, fungi, ion­
exchange resins and activated carbono The main goal of that 
work seemed to be the screening of biological and non­
biological materiais for the recovery of cobalt (Kuyucak & 
Volesky, 1989). The authors observed that some samples 
(Resin IRA-400 and the red alga Porphyra tenera and Chondrus 
crispus) suited well the Langmuir model while others (Brown 
alga Ascophy/um nodosum and Macrocystis pyrifera) the 
Freundlich one. 

Some researchers working with fungai and bacterial strains 
as well as with ion-exchange resins and activated carbon 
concluded that the Freundlich model described their 
experimental results with a higher degree of accuracy than the 
Langmuir model. However, the authors did not make theoretical 
considerations about the mechanism involved, only LÍsing the 
equations as mathematical functions that describe experimental 
results for a specific metal concentration range. 
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4.2 Release of Elements during Cadmium Biosorption 

Figure 8A presents the results for Sargassum sp. (sample 
BS1), which indicate that ion-exchange is probably associated 
with cadmium adsorption. 

The pattern of calcium and magnesium release as a function 
of q confirms the Glose relationship between these two 
parameters. The release of the alkaline-earth elements is 
probably related to the presence of calcium and magnesium 
alginates and also with cross-linked atoms between 
polysaccharide chains in brown algae. As observed, a likely ion­
exchange in the alginate, the structural macromolecule of these 
cells, has occurred; the present data allow the conclusion that 
cadmium replaced magnesium and calcium. Similar ion­
exchange properties have already been reported in the literature 
for alginic acid (Cozzi et aI., 1969). 

Padina sp. (BS1) showed a calcium release pattern similar to 
that observed for Sargassum sp. However, magnesium release 
was independent of cadmium uptake, probably indicating that 
the magnesium ions were totally replaced by cadmium ions, 
even at low equilibrium concentrations (Figure 8B). 

As observed for Padina sp. (sample BS1), the substitution of 
calcium and magnesium for cadmium was also complete, even 
at low concentrations, in UIva sp (sample PV). An explanation 
for this is probably found in the chemical structure of this algal 
genus; alkaline-earth elements might be present at very low 
concentrations, hence the detection of a complete exchange for 
cadmium within the whole range of metal concentrations tested 
(Figure 8C). 

The results shown in Figure 80 indicate that red algae of the 
genus Gelidium should have, to a lesse r extent than brown 
algae, an ion-exchange capacity associated with cadmium 
uptake. Finally, concerning Colpomenia sp., sample IP, a 
marked release of calcium and magnesium as q increases was 
observed (Figure 8E). 
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Fi ure 8 _ Release of alkaline-earth elements from Sarf1.a~sum sp. 
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Of alI the algae tested S 
were those with the low' argassum sp. and Gelídium sp. 
elements. Nevertheless th est release of total alkafine-earth 
uptake capacities if their e~ pres~!lted the highest cadmium 
considered. Therefore it can e;pec Ive k and n values are 
than one mechanism ' . e c~ncluded ~hat there is more 
those two genera. operatlng dunng cadmlum biosorption in 

As mentioned before the st ti' 
various alga/ divisions d'iff . r~c ~ra pol~sacchandes from the 
and type. The can b er In elr chemlcal composition, size 
different struciura' c;~~:~i:~~ car~XYlated or ~minated, show 
by mono and diva/ent metaIs u ,a In I aa/re. sometlmes stabilized 

, sua y c clum and magnesium. 

4.3 Cadmium Adsorption and Acid Desorption Cycles 

According to Volesky & H I ( 
for the use of a biomass as o '7-n 1 ~95), o~e. of the key factors 
using it in several sorPtionl~ blolo~lcal resln IS the possibifity of 
biomass, free of any heavy ~s~r~ on cycles. T~us, the eluted 
?apacity to be re-used, and e a, must. be asslg~ed as to its 
ItS uptake efficiency must b the e, ffect of ItS re-use In relation to 

e eva uated. 

This evaluation has been d 
sorptionldesorption cycles . d' .one by conducting ten 
gradual/y lost their ability to' a~~u~a~l~g thdat. some of them 
of the acid treatment u a e ca mlum, as a function 
chemica/ structure ot~~~rm~~, that markedly. affected the 
performed had diff mass. The aCld -washings 
different biomasseser:~~ ~~ects o~ the polysaccharide of the 
respective uptake efficiencie: :~esu ts rt°f t~ese cycles, with the 

repo ed In Table 5 below: 
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Table 5 - Cd uptake efficiency durin~ sorptio nI desorptlon cyc es 
Cadmium Uptake Efficiency (%) 

Sample Number of Cycles 

1 2 4 5 6 8 9 10 

Codium (IT) 30 66 37 20 27 14 15 10 

Codium(PV) 30 55 62 44 48 52 41 34 

Gelidium (IP) 6 70 76 75 77 64 54 60 

Uiva (BS) 5 99 68 86 96 57 66 37 

Uiva (BG) 7 93 64 83 75 63 60 64 

padina (BS,) 69 100 98 96 100 95 98 92 

padina (IG) 50 100 100 100 99 97 99 98 

Sargassum.(BS,) 93 100 100 100 100 94 100 98 

It was observed that the PV Codium sp. sample was more 
efficient than IP sample in the uptake of cadmium; however, 
both of them presented a marked decrease in their uptake 
capacities from cycle to cycle, probably as a function of the acid 
attack in their polysaccharide content, thus jeopardizing 
previously available metal binding sites. 

In the case of Padina sp. (B81), the ability of the seaweed in 
accumulating the metal was kept constant, even after ten 
cycles; however, Uiva sp. (B8 e BG) were not so efficient as 
Padina sp. samples, that presented only 37 and 64% uptake 
efficiencies in the tenth cycle, respectively. The sample IP of 
Gelidium sp. began to present a decrease in its cadmium 
uptake capacity from the seventh cycle, not so markedly as the 
decrease observed for Codium sp., however. 

Sargassum sp. was the seaweed to keep its structural 
integrity during the ten cycles, with an uptake capacity around 
100%, ali over the experiment. This fact, associated to its high 
uptake capacity and efficiency, gives to this brown seaweed a 
remarkable potential to be used as a biological resin for the 
accumulation of heavy metais. 

Overa/I, the results indicate that some algae kept their ability 
to recover cadmium for a great number of cycles, while others 
presented a decreased uptake efficiency from cycle to cycle, 
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probably due to some deleterious effects of acid washings on 
their chemical structures. 

-r:able 5 also shows that Sargassum sp. (sample BS1) and 
Padma sp. (samp'le BS1) were not affected by the acid 
treatment, as thelr uptake efficiencies remained constant 
~hr~ug~ ali the. sorptionldesorption cycles. This is a good 
mdlcatlon of thelr pote~tial as. biosorbe~t materiais, since they 
can be reused several times wlthout havmg to be discarded due 
to decreased uptake. 

. "The other algae tested, on the other hand, did not behave 
slmllarly. Samples of the genera UIva, Gelidium and Codium 
were gradually affected. by acid washings from cycle to cycle, as 
shown by a decreasmg cadmium uptake efficiency. Such 
decrease was som~how grad~al for Gelidium sp. and UIva sp., 
and less so f.or CodlUfT! sp. Stlll on these genera, it is interesting 
to note t~e mcr~ase In uptake efficiency from thefirst to the 
second blosorptlon cycle, with probable release of a greater 
number of c~dmium adsorbing sites. It may be that other metais 
~re present m these algae and that cadmium was not able, by 
Itself, to release them and be adsorbed into the free sites. HCI 
treatment c~n strongly affect ion-exchange properties of the 
polysacchandes as well as the polysaccharide structure. As the 
number of uptake cycles increased the acid washings affected 
~he alga~ structure, thus causing a detectable gradual decrease 
m. cadmlum biosorption from one cycle to the next. Based on 
thls tendency, it can be estimated, for example, that the use of 
UIva sp'. as a cadmium biosorbent would not last for many 
consecutlve cycles. 

Du:i~~ copper biosorption by the fungus Rhizopus arrhizus, a 
reverslblllty .of the process was observed after acid washing 
(Zho~ & Klff, 1991). However, the biomass maintained its 
sorptlon capacity for only two sorption/elution cycles. In another 
example reported in the literature, where the biosorption of 
cadml~m by a regenerated ~iofilm of Enterobacter aerogenes 
~m actlv~ted carb?n was studled, a decrease in the efficiency of 
ItS sorptlon capaclty from cycle to cycle was also detected (Séott 
& Karanjkar, 1992). 
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One of the main requirements for a biological material to be 
employed as heavy metal adsorption agent is its reuse in 
successive sorption/desorption cycles with no marked effect on 
structural characteristics; that is, throughout continuous cycles 
of metal uptake and acid elution, the biomaterial must be able to 
maintain its metal recovery capacity. 

4.4 Effect of pH on Cadmium Biosorption 

Based on preliminary results, sample BS1 of Sargassum sp. 
was selected for use in this set of experiments. Cadmium 
biosorption and cadmium precipitation could be predicted, on 
the basis of a wide pH range. 

Figure 9 shows that cadmium biosorption by Sargassum sp. 
is not markedly affected by pH at the tested values. 
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Figure 9 - Effect of pH on Cd biosorption by Sargassum Sp. 
(lnitial Ccl concentration =1.0 mg/L). 

For example, between pH 3.0 and 8.0, cadmium biosorption 
was not significantly different. In the alkaline range between pH 
8.0 and pH 10.0, the decreasing residual cadmium 
concentrations were not exclusively due to biosorption by the 
seaweed, chemical precipitation having been observed as well. 
The biosorbent-free control experiments revealed total cadmium 
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precipitation at pH values 11.0 and 12.0. This aftected the 
Sar9.assum sp. biosorption experiments within this extremely 
alkahne range ( pH 11.0 to pH 12.0), where low residual 
cadmium concentrations were not just due to metal uptake but 
also to cadmium precipitation as hydroxyl compounds. At pH 
2.0, the equilibrium cadmium concentration was the same as 
that of the initial solution, indicating the probable non­
applicability of the process following treatment with extremely 
aCi? solutions. In this situation, metal desorption through the 
actJon of the acid medium outweighs the interaction between 
anionic surface sites and the ionic species. 

These results corroborate other findings reported in the 
literature (Cozzi et ai., 1969), which describe that, for pH values 
up to 8.0, cadmium remains in solution in its ionic divalent state 
(Cd+~). As pH inc~eases, ionic divalent cadmium is gradually 
Substltuted by the lnsoluble hidroxylated forms (Cd(OH)+ and 
Cd(OH)2)' which precipitate out of solution. 

The results presented in this work emphasize the potential 
use of Sargassum sp. as cadmium biosorbent, suggesting its 
use in continuous units as a treatment system for cadmium 
contaminated complex metal solutions. 

4.5 Continuous Biosorption of Cadmium, Copper and 
Zinc with the Selected Sargassum sp. Biomass 

Figure 10 presents the results of the biological uptake of zinc 
during the processo 
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Figure 10 - Zn biosorption by Sargassum sp. 
- • Column # 1; • Column # 2; O Column # 3 

The results indicate an efticient metal uptake by the 
biomass, with accumulation taking longer in column 3, followed 
by column 2, then column 1. It is evident that column 1 no 
longer accumulated zinc after being fed 40 liters of solution, with 
zinc concentration in the outlet solution of this column the same 
as that of the inlet solution, thereby indicating saturation of the 
biomassby this metal. However, column 2 presented this profile 
only after being pumped with 60 liters of solution, and column 3 
after treatment with 95 liters of solution, these saturation profiles 
being compatible with the operation of a multi-column fixed-bed 
continuous system. The first column is fed by a heavy metal­
concentrated eftluent, whereas the second column is fed by a 
more diluted solution due to the parti ai biosorption eftected by 
column 1; column 3 receivesa much more diluted solution, 
consequently being able to support a greater volume of 
contaminated solution. It is worth mentioning that during the 
treatment of the initial 40 liters of solution, the column 3 biomass 
sorbed 100% of the metal fed to it, since it received from 
column 2 a much more diluted solution in zinco 
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In order to evaluate the quantity of ziné accumulated during 
operation of the system, the different polynomials that govern 
the curves were determined and mathematically integrated, until 
the saturation limit of each column, that is, until the columns 
were no longer capable of accumulating the metal due to 
saturation of the reaction sites. The adjusted curves related to 
the different columns are illustrated in Figure 11. 
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Figure 11 - Zn biosorption by Sargassum Sp., Up to saturation. 
- • Column # 1;. Column # 2; O Column # 3 

After adjustment of the different curves the respective 
polynomials were mathematically integrated within the limits 
defined by the saturation of the biomass, obtaining the following 
equations for zinc biosorption: 

Column 1: 

40 

J (4.66 * E - 7x
5 

- 4.66 * E - 5x4 + O.0013x3 + O.0015~ - O.044x + O.0089)dx 

o 

Column2: 

60 

J (-424 * E - 6x
4 

+ O.00046x3 - O.011x2 + O.062x + O.0042)dx 

o 
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Column 3: 

95 

J(-5.63 *E-7x4 +O.00011x3 -O.0052x2 +O.066x-O.1171)dx 

O 

The mathematical integration of these equations makes it 
possible to calculate the amount of zinc not adsorbed by the 
biomass, given that the dependent variable (.0 corresponds to 
the residual concentration of zinc in solution, that is, the amount 
of metal not accumulated by the biomass during operation of the 
system. The mathematical integration corresponds to the area 
under the outlined curve, which, based upon the difference from 
the quantity of metal fed to the different columns, permits 
determining the quantity of metal adsorbed by the biomass. 
Table 6 presents the results of the mathematical integration of 
the described equations. The quantity of zinc accumulated, until 
saturation of the system, is around 17.35±4.28 mg Zn/g dry 
biomass. 

Figure 12 presents the results of cadmium uptake with the 
outlet cadmium concentrations for the three columns. 
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Figure 12 -Cd biosorption by Sargassum sp. - • Column # 1; • 
Column # 2; O Column # 3 
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It is evident that the saturation profile of the three columns 
followed a pattem similar to that with zinc biosorption. In this 
instance, however, the columns reached saturation after being 
treated with 45, 80, and 115 Iiters of a solution containing 
cadmium for columns 1, 2, and 3, respectively. These results 
demonstrate that the biomass is capable of adsorbing cadmium 
more efficiently than it does zinc, with saturation of the system, 
on the whole, occurring only after pumping 115 liters of solution. 
A desorption of the metal after saturation was observed for 
cadmium, thereby indicating that a desorption equilibrium 
occurred after saturation of the columns. This seriously 
jeopardizes the stability of the continuous system, at least under 
the operational conditions established. Figure 13 follows with 
the adjustments obtained for cadmium biosorption up to the 
saturation limits for the three columns utilized. 
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Figure 13 - Cd biosorption by Sargassum Sp., Up to saturation. 
- • Column # 1; • Column # 2; O Column # 3 

The polynomials that govern these curves, as well as the 
limits of integration are following described: 

Coluna 1: 

45 f (-109' E _5x4 +0.00085x3 -0.013x2 + 0.082x- 0.069)dx 

o 
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Column2: 

80 f (106' E - 8x5 - 3.08 • E - 6x4 + 0.00031x3 - 0.01 Ox2 + 0.1 03x - 0.144 )dx 

O 

Column 3: 

115 f (-2.33' E - 7x4 + 5.94 • E - 5x3 - 0.0035x2 + 0.058x - 0.162)dx 

O 

Table 6lists the results of the mathematical integration of the 
polynomials derived from adjustment of the cadmium uptake 
patterns. The outcomes showed that uptake efficiency was 
equivalent for the three columns (19.98±1.88 mg Cd/g dry 
biomass), indicating that the fact that the solid/liquid equilibrium 
for more diluted solutions of ionic cadmium and the biomass 
can affect metal uptake, although the amount of accumulated 
metal is approximately the same per column. It is also observed 
that the quantity of adsorbed cadmium was larger than that of 
zinc, considering mean values, demonstrating that the first 
seems to be preferentially accumulated by the Sargassum sp. 
biomass when present in solution in the same concentration and 
the total amount of cadmium adsorbed by the biomass was 
approximately 13.19% higher in comparison to zinc uptake, 
which underscores the fact that cadmium is selectively 
accumulated when present in solution with ionic zinco 

Analogously, the longest operating time of the system was 
observed, in columns 2 and 3, and here the uptake capacities 
varJed from 18.24 to 21.99 mg cadmium/g dry biomass, showing 
that each of the three columns accumulated equivalent amounts 
of this metal. These results c1early suggest that cadmium 
uptake is strongly influenced by the presence of other divalent 
ions, since cadmium loading capacities by brown seaweeds 
present substantially higher values, in comparison to the 
obtained results. 

Série Tecnologia {l.mbiental. Rio de Janeiro, n. 17, 1997. 

I 
I .. 

! I 



46 Antonio Carlos Augusto da Costa 

Volesky (1994) reports that cadmium loading capacities are 
approximately 85-100 mg/g biomass for Ascophy/um no dos um, 
around 83 mg/g biomass for Sargassum natans, and about 50 
mg/g biomass for Fucus vesicu/osus. Da Costa and de França 
(1996) also observed high loading capacities for Sargassum sp. 
in a. batch system, using, however, solutions containing 
cadmlum only. It should be emphasized that these results 
described in the literature correspond to systems containing one 
metal only, from operational systems with different solid/liquid 
equilibrium conditions from those observed in the present study. 
Nevertheless, it is worthwhile emphasizing that even in the 
presence of other heavy metais, Sargassum sp. performed 
equally to a cadmium-selected ion exchange resin (Duolite IRA-
400), which presented a loading capacity of only 20 mg 
cadmium/g resin from a cadmium solution (single-ion situation). 
V?lesky and Holan (1995) mention the complexity of working 
wlth multi-metal solutions for biosorption of heavy metais, 
suggesting for the study of continuous systems, two types of 
reactors: fixed-bed or a CSTR-type reactor. The authors stress 
that fixed-bed reactors are more efficient; there are, however, 
very few studies on the former's use as a biotechnology for 
heavy metal uptake. In the present work, it was not our purpose 
deeply study the effect of hydraulic conditions on the efficiency 
of the processo However, it is important to mention that, during 
operatlon of the reactor, pressure drop in the reactor did not 
compromise its normal performance. As the metais solution was 
pumped upwards, no preferential channeling in the reactors was 
observed through the packing material. As well, no metal 
preci~itation was detected, indicating that the previously 
descnbed phenomena could not markedly affect the hydraulic 
conditions of the processo 

Figl.\re 14 shows the copper uptake by the biomass. 
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Figure 14 -Cu biosorption by Sargassum Sp. 
- • Column # 1; • Column # 2; O Column # 3. 

These results reveal a different uptake pattern from those 
observed for zinc and cadmium, indicating that c0l="per 
biosorption is not affected by the presence of the other divalent 
ions. Column 1 became saturated after treatment with only 160 
liters of synthetic effluent; column 2 after treatment with 185 
liters of solution and column 3 did not reach saturation even 
after being fed with 195 liters of solution, although the system 
saturated with zinc and cadmium, but not with copper. Figure 15 
presents the experimental data on copper uptake, these 
adjusted by computer-obtained polynomials. 
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Figure 15 -Cur biosorption by Sargassum sp. , up to saturation 
- a Column # 1; • Column # 2; O Column # 3 

The different curves followed the mathematical equations are 
presented: 

Column 1: 

160 

J<-4_93 *E-ax4 +113*E-5x3 -O.00016~ +O.0025x-O.037a)dx 

o 

Column2: 

185 f (-3.87 *E-10X5 +183 *E-7x4 -2.65 *E-5x3 +0.0014x2 -0.027x+ 0.094)dx 

o· 

Column3: 

195 

J<taO*E-ax4 -5.12 *E-6x3 +O.00044x2 -O.012x+O.064)dx 

o 
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Table 6 lists the results of the mathematical integration of the 
polynomials derived from adjustment of the copper uptake 
profile. 

1 

2 

3 

1 

2 

3 

1 

2 

3 

mass inlet 
metal up to 
saturation 

400.00 

600.00 

950.00 

450.00 

800.00 

1150.00 

1600.00 

1850.00 

1950.00 

mass outlet 
metal up to 
saturation 

192.91 

150.85 

169.19 
Cadmium 

154.16 

230.42 

250.52 
Copper 

625.00 

95.35 

36.12 

mass 
metal 

biosorbed 

207.09 

242.06 

331.66 

295.84 

273.74 

329.90 

975.00 

779.65 

159.23 

mg 
metal! 
gdry 

biomass 

13.81 

16.14 

22.11 

19.72 

18.24 

21.99 

65.00 

51.97 

10.62 

According to Table 6, the copper mass accumulated by 
column 1 was 470% and 329% higher than the zinc and 
cadmium masses adsorbed by the same column. Column 2 
accumulated 322% and 284% more copper mass than zinc and 
cadmium. As for the third column the comparison between 
copper biosorption and the other metais was not evaluated due 
to the fact that copper saturation was not observed in this third 
column. Kuyucak and Volesky (1990) affirm that the uptake of 
heavy metais by the Laminaria digitata (brown seaweed), 
follow.ed a sel~ctive order in the biosorption of copper, 
cadmlum, and zlnc (Cu>Cd>Zn), similar to the results obtained 
in the present study for the Sargassum sp.. The structural 
polysaccharides, especially calcium, magnesium, and sodium 
alginates are the primary components responsible for metal 
uptake, being the mechanism involved in the biosorption 
mediated by adsorption and reactions of ion-exchange with 
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elements constituting the biomass (da Costa & de França, 
1996). 

Copper uptake capacities for columns 1 and 2 were around 
56.94 and 58.00 mg copper/g dry biomass, showing that the 
tendency of the biomass probably would be to accumulate, also 
in the third column of the system, an equivalent amount of 
metal, although after treatment with a considerably larger 
amount of effluent. The larger loading capacities in comparison 
to zinc and cadmium, associated to the fact that copper was not 
desorbed from the system after metal saturation, as well as the 
fact that the presence of zinc and cadmium did not influence 
copper biosorption, demonstrate that the mechanism associated 
with the sorption of ionic copper should be different from the 
mechanism of cadmium and zinc uptake. 

It was ais o observed that until saturation of the whole 
system, the individual metal uptake efficiency was 82.19%, 
78.22%, and 98.14% for zinc, cadmium, and copper, 
respectively, even though different uptake patterns were 
observed. 

In quantitative terms, the principal structural polysaccharide 
of the brown algae is alginic acid, made up of blocks of ~-1,4 
linked D-mannuronic acid and a-1,4 linked L-guluronic acid, with 
variable quantities, depending upon the algal genera as well as 
envir~nmental conditions that stimulate its biosynthesis 
(Percival, 1979). Actually, alginic acid is present in the 
Phaeophyceae as calcium, magnesium, and sodium salts, 
these elements acting as ion-exchange compounds. The 
properties presented by these polysaccharides make the 
~xternal, structures of the Phaeophyceae potential heavy metal 
lon-exchange biological resins, this process occurring via 
alginate salts and divalent elements that stabilize the superficial 
structures. In this way, these polysaccharides would act as the 
main agents responsible for the uptake of heavy metais, through 
mechanisms of adsorption and ion-exchange. da Costa & de 
França (1996) performed an extensive screening including 
green, red, and brown seaweeds, showing that with rare 
exceptions, ali algae accumulated heavy metais; the 
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mechanism at work was well represented by the classical 
Langmuir and Freundlich isotherms. Similarities between the 
experimental data and the foreseen metal concentrations 
obtained using the Langmuir and Freundlich equations 
confirmed the fact that adsorption is the predominant 
mechanism, and that some of the algae showed release of 
alkaline and alkaline-earth elements during loading of the heavy 
metal, thus including the involvement of ion-exchange reactions 
with elements constituting the structural polysaccharides of the 
seaweeds. 

Especially in the case of copper, however, there may be 
other mechanisms at work in the accumulation process, such as 
complexation reactions followed by metallic nucleation. The 
latter process, not fully elucldated as yet, involves interactions 
between the metallic species with the formation of a central 
accumulating nucleus which is responsible for commencing 
nucleation. In this case, the mechanism complements 
adsorption, which by itself does not presuppose lateral 
interaction betweenthe adsorbed species. Sim pie adsorption 
foresees that each metallic ion should react with a binding site 
of the biomass, and that only one type of binding site is involved 
in the processo However, in certain cases, it is observed that 
with the formation of a central nucleus initiated by adsorption, an 
inter-elementary interaction becomes inevitable, thereby 
catalyzing in a growing manner the additional deposition of 
metais, not necessarily at this stage, mediated by components 
of the adsorbent material. 

The fact that Sargassum sp. biosorbed copper, despite 
saturation by zinc and cadmium, suggests that a process of 
nucleation may have begun in the biomass, thus accounting for 
the outstanding copper loading capacity of the biomass. 

Considering that mean loading capacities were around 
17.35, 19.98, and 58.48 mg metal/g dry biomass for zinc, 
cadmium, and copper, respectively, the total loading capacity of 
the biomass was about 95.81 mg metal/g dry biomass (taking 
into consideration average values, up to saturation), which 
shows that Sargassum sp. has great excellent potential as a 
biological resin for the uptake of heavy metais. Besides this 
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potential, it was observed that the biomass can be reutilized in 
various biosorptionldesorption cycles. These results associated 
to the fact that Sargassum sp. is easily available off the Brazilian 
coast, render this seaweed's use on a large scale very 
promising, although other pertinent parameters must still be 
determined and optimized. 

The total masses of biosorbed zinc, cadmium, and copper 
were 780.81,899.48, and 1913.88 mg respectively. Considering 
100 mL of a solution of mineral acid as capable of promoting 
complete desorption of these metais, solutions of 7.81 g/L zinc, 
8.99 g/L cadmium, and 19.15 g/L copper would be obtained. 
These results would correspond to very high concentration 
factors (concentration of metais in eluent solution/concentration 
of metais in the initial solution), thus rendering the recycling of 
metais technically and economically viable. 

4.6 Batch Experiments with Synthetic Effluent - Summer 
Time . 

. The uptake of zinc, cadmium, copper and aluminium by the 
blomass of Sargassum sp. was initially evaluated, in batch 
condition, for three distinct situations: (i) frem solutions 
containing individually the heavy metais; (ii) from a solution 
containing simultaneously the four heavy metais and, (iii) from a 
solution simulating the effluent described in Table 2. Figure 16 
displays the results obtained for the three sets of experiments. It 
can be observed that the individual heavy metais uptake was. 
markedly influenced by the presence of other elements in 
sOlutiôn, a fact that can be characterized by the decrease in the 
uptake capacities observed as the complexity of the solutions 
increase. 
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Figure 16 - Metais biosorption by Sargassum sp. - Individual 
metais uptake and multi-ion situation 

For solutions containing only heavy metais, this decrease is 
probably associated to the competition of different heavy metais 
for the binding sites in the biomass, and, for the solution 
containing ali the elements (including alkaline and alkaline-earth 
elements) this decrease is still more pronounced, due to the 
greater complexity of the solution, and not only due to 
competition, as the alkaline and alkaline-earth elements were 
not recovered by the biomass, as observed for the heavy metais 
(Figure 17). 

Specifically for copper biosorption the same behavior was 
not observed, as for the three different sorts of solutions. The 
recovery leveis were equivalent, indicating that the presence of 
other elements in solution does not stimulate the competition of 
the metais for the adsorption binding sites. This fact can be 
attributed to the presence of a selective binding site for copper 
or to a distinct mechanism for the recovery of this metal. 

Seaweeds from the genus Sargassum (and brown 
seaweeds, in general), have a very complex chemical structure. 
Alginic acid is the main structural polysaccharide of the brown 
seaweeds, being usually present as alginate salts, mainly 
sodium, magnesium, potassium and calcium alginates. 
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As shown in Figure 17, calcium, magnesium and sodium 
presented a negligible uptake by the biomass, in comparison to 
heavy metal elements. Probably, these elements were not 
adsorbed by the biomass due to their presence in the 
constitutive structural polysaccharides of the Sargassum 
seaweed, as alginate salts. This way, these elements are 
already stabilized in the surface structure of these algae, not 
favoring ion-exchange with these elements present in solution 
(Mautner, 1954). However, in presence of heavy metais, it could 
be observed that the final concentration of these elements in 
solution is slightly higher, due to ion-exchange reactions 
between structural elements and the heavy metais in solution, 
recovered by the biomass, responsible for the displacement of 
calcium, magnesium and sodium from the algae to the solution. 
Attempts to reinforce this hypothesis could be based in the ion­
exchange properties of alginic acid, previously described by 
other authors (Cozzi et aI., 1969; Gale, 1986; Haug et aI., 1974). 
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Figur;e 17 - Alkaline and alkaline-earth elements biosorption 
by Sargassum sp. 

The results obtained in the present work give an indication 
that calcium, magnesium and sodium do not compete with the 
heavy metais for the binding sites from the biomass, however, 
they affect the biological heavy metais uptake capacity, by 
altering the ionic equilibria of the different solutions. 
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To evaluate the extent to which calcium, magnesium and 
sodium influence the uptake of heavy metais, different solutions 
containing alkaline and alkaline-earth elements were evaluated 
against the biosorption of zinc, the main contaminating metal in 
the effluent (Figure 18). 

From Figure 18 it can be extracted that calcium imposes a 
negative effect on zinc uptake, while magnesium and sodium 
impose a positive effect on it. 

100 

80 

;e 
~ 60 
4) 

.:.= 
<ti 
Õ. 40 
::l 

20 

o 
Zn zn+Na Zn+Ca+Mg+Na 

Figure 18 - Effect of alkaline and alkaline-earth elements on Zn 
biosorption by Sargassum sp. 

This different behavior is probably related to the ionic 
equilibria of the different solutions, because, as previously 
observed, these elements do not compete effectively with the 
heavy metais for the binding sites in the biomass. The combined 
effect of alkaline and alkaline-earth elements on zinc uptake, 
reinforces the previous observations, showing, once more, the 
positive effect of magnesium and sodium and the antagonic 
effect of calcium, on zinc uptake. 

The presence of divalent ions may alter the biosorption of 
heavy metais by algal biomass, specially if these ions are 
alkaline or alkaline-earth elements. According to Kuyucak & 
Volesky (1989) the presence of potassium ion improved cobalt 
biosorption by A. nodosum. Analogously, in the present work, 
the presence of sodium and magnesium contributed to the 
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increase in the uptake capacity for zinc by Sargassum sp. Thus, 
the presence of some alkaline or alkaline-earth elements may 
influence the biosorption of specific heavy metais. 

From Figure 19 it could be observed that the biomass, 
compared to a commercial activated carbon, presented a 
superior performance, in the same experimental conditions, and 
based in the metais concentrations Iisted in Table 2. These 
results emphasize the potential use of Sargassum sp. biomass 
as a biological resin for the biosorption of heavy metais, 
although a series of other parameters should be still evaluated 
to compare with conventional adsorbers regarding technical and 
economic leveis. 
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Figure 19 - Comparison between the biomass of Sargassum sp. 
and commercial activated carbon for the 

biosorption of heavy metaIs. 
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4.7 Kinetic Batch Studies with Natural Effluent - Winter 
Time 

Figure 20 shows the kinetics of copper, cadmium and zinc 
biosorption. In general, it can be observed that equilibrium 
between the solid phase (biomass) and Iiquid phase (effluent) 
was rapidly established for the three metais, simultaneously. 
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Figure 20 - Kinetic behavior of Cu, Cd and Zn during 
biosorption by Sargassum Sp. 

For cadmium and zinc the equilibrium was established 
around 25 minutes of contact between the biomass and the 
effluent, while for copper it was around 50 minutes. It ais o can 
be extracted from Figure 20 that zinc, cadmium and copper 
uptake efficiencies were around 30, 42 and 80%, respectively, in 
the solid/liquid ratio used. It must be emphasized that the above 
results were obtained for a natural effluent, containing high 
leveis of alkaline and alkaline-earth ions, that previously showed 
their competitive effect on the uptake of heavy metais by 
Sargassum sp. 
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Figure 21 indicates a similar behavior during biosorption of 
manganese, being this equilibrium reached in a very short 
period of time; one can consider manganese uptake as an 
instantaneous process, at least in the considered process 
conditions. 

1 
80.0 ! 

60 o 

40 o 

50 100 150 200 250 300 

Time (min) 

Figure 21 - Kinetic behavior of Mn during biosorption by 
Sargassum sp. 

However, its uptake efficiency was considerably lower, much 
lower than the ones previously described for the other heavy 
metais. Although different uptake efficiencies were observed, 
the uptake process could not be considered as a selective 
uptakf? process, because the metais concentrations in solution 
are considerably different; an approach to evaluate any kind of 
selectivity could only be envisaged if the elements were present 
at equimolecular ratio (da Costa & de França, 1994). 

A similar kinetic behavior was also observed for calcium, 
magnesium and sodium, if one only considers the aspect 
concerning the solid/liquid equilibrium (Figures 22, 23 and 24). 
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Figure 22 _ Kinetic behavior of Ca during biosorption by 
Sargassum Sp. 
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Figure 23 - Kinetic behavior of Mg during biosorption by 
Sargassum Sp. 
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Figure 24 - Kinetic behavior of Na during biosorption by 
Sargassum sp. 

Nevertheless, calcium was not recovered by the biomass, 
being constant its outlet concentration against time, in the 
presence of the biomass. Magnesium and sodium ions were 
released from the biomass, thus indicating a nega tive uptake 
efticiency. That means, the results presented indicated that their 
final concentrations in solution were higher than their tnitial 
ones, showing that some sodium and magnesium ions were 
displaced trom the biomass into solution, probably by ion­
exchange mechanisms associated to the presence of heavy 
metais. 

These results can be explained based in the chemical 
composition of the brown algae. The main structural 
polysaccharides trom these algae, as previously mentioned, are 
the alginates, a dimmer of mannuronic and guluronic acids, 
usually tound in these biological materiais as calcium, 
magnesium and sodium alginates,· depending on the 
environmental conditions that stimulate their biosynthesis. 
These polysaccharides are arranged as parallel chains, 
stabilized through cross-linked elements, such as alkaline and 
alkaline-earth metais, through reaction with carboxyl groups. 
The result of such reactions is a strong polysaccharide network 
that supplies mechanical strength to the algal surface. 
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Based on these assumptions, these elements were not 
recovered by the biomass, as previously demonstra!ed from the 
batch experiments, being ion-exchange reactlOns made 
possible only with other divalent ions, such as. the ~eavy metais 
present in solution. This way, ano effectl.ve lon-exchange 
between structural ions and metais In solutlOn promoted the 
negative efficiency values observed, due t? a partial 
displacement of calcium, sodium and magneslum, for the 
location of heavy metais in the algal structure. 

4.8 Continuous Biosorption (Natural Effluent) - Winter 
Time 

Figure 25 shows the results of cadmium biosorption obtained 
during the continuous operation of the laboratory system. 
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Figure 25 - Cd biosorption during continuous operation of the 
laboratory system (Legend - Square: 

Sampler #1; Dot: Sampler #2; Circle: Sampler #3) 
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By considering the different samplers of the column, it is 
observed that after pumping 20 L of solution, the outlet 
cadmium concentration measured from sampler 1 indicated 
that, up to this point, the column is no longe r able to treat the 
effluent (saturation). The outlet cadmium concentration 
measured from sampler 2, indicated that, after pumping 75 L of 
solution, the column was saturated. The system, as a whole, 
saturated after treatment of 82 L of effluent. That means the 
reactional sites from the biomass were no longer able to 
accumulate cadmium, indicating saturation of the system by this 
metal. From the breakthrough curve observed for sampler 3 it is 
possible to estim ate , mathematically, the expression that 
dictates the behavior of the experimental points, up to the 
saturation of the system. The mathematical integration of this 
equation, in the Iimits from zero to the saturation point can give 
an estimation of the amount of metais not recovered by the 
biomass (y axis indicates residual concentration, that means, 
outlet solution); by subtracting from the total mass of metal fed 
to the column it is possible, by difference, to determine the 
amount of cadmium recovered by Sargassum sp. This equation 
was computer obtained (Grapher, Golden Software Inc., Version 
1.09) and adjusted to fit the experimental points being as :follows 
for cadmium (Equation 1): 

Equation 1: 

82 

Y = f (-5.33e-6x3 +8.1ge _4x2 -1.47e -2x+ O.03)dx 

o 

An analogous behavior was observed during zinc biosorption 
(Figure 26). 
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Figure 26 - Zn biosorption during continuous operation of the 
laboratory system (Legend - Square: Sampler #1; Dot: 

Sampler #2; Circle: Sampler #3) 

The saturation leveis were earlier obtained in comparison to 
cadmium, indicating that the mechanism involved can be 
different for distinct metais, or, more reasonably, these 
differences can be associated to the ionic equilibrium of multi­
metais solution, where different ionic species are present at 
considerably distinct concentrations. 

The mathematical expression during of uptake by the 
seaweed, similarly as obtained for cadmium, is as follows 
(Equation 2): 

Equation 2: 

45 

Y = f (3.48e - 7x5 + 1.67e - 5x4 
- 6.38e - 3x3 + O.304~ -1.84x + 1.30)dx 

o 

The less effectively biosorbed metal was manganese (Figure 
27), specially if one considers that its concentration in solution is 
not so high, this fact being an indication that the mechanism 
involved in the uptake of this metal may be different from the 
ones involved in the biosorption of cadmium and zinco 
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Figure 27 - Mn biosorption during eontinuous operation of the 
laboratory system (Legend - Square: Sampler #1; Dot: 

Sampler #2; Cirele: Sampler #3) 

The experimental data, for manganese, are fitted 
following equation, considering the system, as a 
(Equation 3): 

Equation 3: 

32 

y = f (2.35e - 4x3 - 2.60e - 2~ + O.94x + 0.08)dx 

o 

to the 
whole 

Another point to be mentioned is that it was not detected . any 
copper in the solution collecte? fron; ~he s~mplers, Prevlous 
experiments indicated a very hlgh efflclency m th,e r~covery of 
this metal by the biomass of Sargassum sp., bemg ItS uptake 
probably mediated by nucleation of the metal, due to the very 
high efficiency observed (da Costa & de França, 1994). 

The next results (Figure 28), show the behavior of alkaline 
and alkaline-earth elements during the biosorption processo 
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Figure 28 - Ca, Mg and Na biosorption during eontinuous 
operation of the laboratory system 

As previously observed from batch experiments, these 
elements were not recovered by the biomass, and, at the 
beginning of the operation some peaks were observed, probably 
associated to ion-exchange reactions with heavy metal 
elements, generating outlet solutions at concentrations higher 
than the initial concentrations (alkaline and alkalille-earth 
elements present in solution plus elements displaced from the 
structure of the biomass). These higher values were not 
constant through the experiment, giving an indication that ion­
exchange reactions should be one of the mechanisms involved, 
serving only as the initial steps of heavy metais uptake. Other 
mechanisms involving inter-element interactions (not predictable 
in simple adsorption), should also be an acting process in the 
uptake. 

Table 7 summarizes the results obtained from the integration 
of the three mathematical expressions derived from the profiles 
of heavy metais biosorption, in the limits described. 
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Table 7 - Recovery of metais during biosorption 
in the continuous svstem 

Metal Total Mass (Inlet)* Total Mass Recovered 
(mq) (mq)/ Efficiency (%) 

Cadmium* 115 72/62 

Manganese* 374 113/30 

Zinc* 3960 1973/50 

Calcium** 36408 O/O 

Magnesium** 8200 O/O 

Sodium** 3034 O/O 

* Considering the saturation limits from the mathematical expressions. 

* * Considering extended cadmium saturation (82 L of effluent). 

The results show· that the efficiency obtained from the 
biosorption process seems to be compatible with the operation 
of the continuous system as designed, being, however, the 
presence of high concentrations of alkaline and alkaline-earth 
elements the limiting step of the biosorption. Other tests, 
conducted in the absence of alkaline and alkaline-earth 
elements in solution, presented much higher efficiency values 
(da Costa & de França, 1994). If one considers that the total 
mass of metais recovered can be eluted with 0.1 L of acid 
solution, it would be obtained a solution with a concentration of 
0.72 g/L cadmium, 19.73 g/L zinc and 1.13 g/L manganese, 
corresponding to concentrationfactors of 514, 224 and 96 for 
cadmium, zinc and manganese, respectively. 

4.9 Desorption Studies - Multi-ion Situation 
, 

In a first step it was our purpose to search for suitable eluting 
agents for cadmium, zinc and copper, biosorbed by the 
seaweed. This evaluation has been done based on the 
efficiency of the elution, re-Ioading capacity and loss of 
biological mass, after the elution cycle. The results are 
presented in Figures 29, 30 and 31, respectively. An analysis of 
Figure 29, efficiency of elution for a single cycle for cadmium, 
copper and zinc, indicates the remarkable ability of HCI 0.1 M 
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solution to desorb ali the metais, with elution efficiencies around 
90 % for ali the metais. K2S04 (0.5 M), MgS04 (0.5M), Na2S04 
(0.5M) solutions also proved to be very efficient in the 
desorption of cadmium and zinc, being the desorption of these 
elements also around 90 %. 

K2S04 MgS04 Na2S04 CaCI2 

Eluting Solution 

HCI H2S04 

Solutions: K2S04 (0.5 M), MgS04 (0.5 M), Na2S04 (0.5 M), CaCI2 (0.1 M), 
HCI (0.1 M), H2S04 (0.1 M). Contact time: 16 hours. 

Figure 29 - Cd, Cu and Zn desorption efficiencies. 

Even though the desorption efficiency is an important 
parameter to be considered, an evaluation a little bit more 
complex must be done, considering the loss of biomass due to 
the attack promoted by the different solutions, as well as the 
ability to reuse the biomass in additional biosorption/desorption 
cycles. Figures 30 and 31 show the results of the re-Ioading of 
the biomass and the loss of biomass, respectively. 

From the literature, HCI and H2S04 solutions are presented 
as excellent desorption agents for the recovery of cations 
sorbed by biomasses (Tsezos, 1984; Farrah & Pickering, 1978). 
However, these acids can damage the structure of the biomass, 
thus preventing its re-use in additional biosorption cycles. This 
attack is responsible, in general, for a partial degradation of the 
polysaccharides from the biomass, thus destroying some of the 
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binding sites. This fact is clearly iIIustrated in Figures 30 and 31. 
Even though cadmium, copper and zinc were efficiently eluted 
with HCI solution, the biomass presented a decreasing uptake 
capacity in a further cycle. This decrease corresponded to 63% 
and 50%, respectively for cadmium and zinc, in comparison to 
the first uptake cycle; beyond this a loss of 30% in the mass of 
adsorbent has been observed. 

. When the biomass was washed with H2S04 solution it kept 
ItS uptake capacity for copper, however, for zinc it was only 
20%; here also, a marked loss of adsorbent has been observed. 
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K2S04 MgS04 Na2S04 CaCI2 HCI H2S04 

Eluting Solutions 

Solutions: K2SO<t (0.5 M), MgS04 (0.5 M), Na2S04 (0.5 M), CaCI2 (0.1 M), 
HCI (0.1 M), H2S04 (0.1 M). Contact time: 60 mlnutes. 

Figure 30 - Cd, Cu and Zn biosorption by Sargassum sp. 
after the first cycle. Percent values correspond to the uptake 

from the first cycle. 
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Solutions: K2S04 (0.5 M), MgS04 (0.5 M), Na2S04 (0.5 M), CaCI2 (0.1 
M), HCI (0.1 M), H2S04 (0.1 M). 

Figure 31 - Loss of biomass after elution. 

The use of alkaline and alkaline-earth elements solution, 
such as Ca, K, Na and Mg is considered as a good alternative, 
as, from the literature, these elements can conduct ion­
exchange reactions during the biosorption process, thus, 
regenerating the biomass for future use. 

From Figures 30 and 31, the elution conducted with K2S04 
(0.5 M) and Na2S04 (0.5 M) solutions presented uptake leveis 
slightly higher (10%) after a first biosorption/desorption cycle. 
However, they also presented a marked loss of the biomass.ln 
the case of CaCI2 (0.1 M) solution, the biomass kept its uptake 
capacity for cadmium, a slight increase for copper (10%) and a 
slight decrease for zinc (15%). Among ali the solutions tested, 
this one presented the least pronounced biomass loss. 

The biomass, eluted with a MgS04 (0.5 M) solution, 
presented a similar behavior in comparison to CaCI2 (0.1 M) 
solution, however, with a great loss of biosorbent, 30%. 

Based on these results and in the costs of the reagents 
used, two solutions were' selected for desorption of the heavy 
metais: Na2S04 (0.5 M), with a high desorption efficiency, 
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aroun? 95% for al~ three metais, and also keeping the re-Ioading 
capaclty of the blomass; and, CaCI2 (0.1 M), which kept the 
uptake capacity and a smallloss of biosorbent seaweed. 

With the eluting solutions selected, some kinetic studies 
were done, as well as re-Ioading capacities tests with the 
biomass for a number of sorption/desorption cyc/es. In this step 
the loading of the biomass was done with a multimetal 
concentrated solution (200 mg/L for each metal). 

Th~ kinetics of the desorption is shown in Figures 32 and 33, 
revealJng that the desorption equilibrium is established in a few 
minutes for ali the metais. After 10 minutes of contact, the 
maximum desorption was achieved for copper, either by using 
Na2S?4 (0.5 ~) solution or CaCI2 (0.1 M) solution. For 
cadmlum and ZlnC, an extended period of contact was needed 
for both solutions. 
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Solution: CaCI2 0.1 M, pH < 3,0. 

Figure 32 - Cd, Cu and Zn desorption kinetics. 
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Figure 33 - Cd, Cu and Zn desorption kinetics. 

These results indicate that equilibrium is rapidly achieved, 
showing the possibility of doing the elution directly in a 
continuous system, without the need to stop the process to do 
so. An evaluation on the behavior of the biomass, regarding re­
loading with metais and desorption in several 
sorption/desorption cyc/es is presented in Figures 34 and 35. 
Figures 34 and 35 show the results of the CaCI

2 
(0.1 M) eluted 

biomass, during 20 cyc/es of biosorptionldesorption. !he 
contact time was reduced to 60 minutes, based In prevlous 
kinetic investigations. 

As can be observed from Figure 34, the desorption 
efficiency, regarding the three metais, increase after the first 
cycle, with a slight decrease trom the tenth cycle. It must be 
emphasized the substantial desorption of copper, whosé leveis 
were kept' between 80% and 100% trom the third to the 
twentieth cyc/e. 
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Eluting solution: CaCI2 (0.1 M/pH < 3.0). Contact time 60 minutes. 

Figure 34 - Cd, Cu and Zn desorption. 

The re-Ioading capacity (Figure 35) was decreased in the 
second and third cycles, being kept constant until the twentieth 
cycle: 21 mg Cu/ 9 biomass, 14 mg Cd/ 9 biomass and 9 mg 
Zn/ 9 biomass. 
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Figure 35 - Cd, Cu and Zn desorption cycles with CaCI2 (0.1 M1pH 
< 3,0) as eluting solution. Contact time: 60 minutes. 
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Figures 36 and 37 present simila: results with the use of 
Na SO (0.5 M) solution. Contact time was reduced to 30 
mi~ute: based on previous kinetic studies. 

From Figures 36 and 37 it can be detache? a similar 
behavior as observed with the use of CaCI2 solutlo~. Copper 
desorption leveis were substantially higher from the flrst cycle, 
reaching 95% in further cycles. 
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Figure 36 - Cd, Cu and Zn desorption effici:ncies. el~ting 
solution: Na2S04 (0.5 M/pH < 3,0). Contact time: 30 mmutes. 
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Figure 37 - Cd, Cu and Zn desorption efficien.cy with Na2S04 
(0.5 M1pH < 3,0). Contact time: 30 mmutes. 
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The loss of biosorbent during the cycles was also observed, 
and the results are presented in Figure 38. 

As can be observed, the biomass eluted with Na2S04 
presented a much higher loss, achieving 60% of loss in 
comparison to 17% of loss for the biomass eluted with CaCI2. 
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Figure 38 - Loss of Sargassum sp. biomass after twenty 
sorption/desorption cycles 

Beyond the remarkable loss of mass observed, the biomass, 
after elution with Na2S04 presented a paste-like aspect, 
?iffer~ntly from what was observed with CaCI2, whose structural 
mtegnty was kept. It can be concluded that CaCI2 solution is the 
most suitable metal desorption agent for the process, allowing 
the re-use of the biomass and with a reasonable loss, 
compatible with the operation. 

, 
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4.10.1 Adsorption studies with the treated biomass­
Cadmium adsorption isotherms with cross-linked 
biomass 

Cadmium adsorption isotherms, obtained with native and 
immobilized (formaldehyde and glutaraldehyde) Sargassum sp. 
are presented in Figure 39. 
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Figure 39 - Cd àdsorption isotherms, at 29°C, for native and 
chemically treated Sargassum sp. 

From Figure 39 it is observed that Sargassum sp. presented 
a cadmium uptake capacity around 90 mg metal/g biomass, for 
the native sample, demonstrating to be a good cadmium 
biosorber. However, when the biomass was treated with 
glutaraldehyde and formaldehyde, the seaweed presented a 
decreased cadmium uptake capacity, in comparison with the 
native biomass. Both isotherms, however, were closely similar 
for the treated biomasses. The maximum cadmium uptake 
capacity was around 60 mg cadmium/g biomass. This 
decrease, however, was associated to an enhancement in the 
mechanical strength of the Sargassum sp. biomass. 
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4.10.2 Copper adsorption isotherms with cross-linked 
biomass 

Copper adsorption isotherms for Sargassum sp., nativ~, 
formaldehyde and glutaraldehyde treated are presented In 

Figure 40. 
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Figure 40 - Cu adsorption isotherms, at 29°C, for native and 
chemically treated Sargassum sp. 

The results also reveal a decrease in copper uptake 
capacity, not so pronounced as previously observed for 
cadmium (70 mg copper/g biomass in comparison to 60 mg 
copper/g biomass). Again, an improvement in the hardness of 
the biomass was observed. 

4.10.3 Zinc adsorption isotherms with cross-linked biomass 

Accordingly, zinc adsorption isotherms are presented in 
Figure 41 for the same protocol of experiments. 

From this Figure 41 it is possible to check that the maxir:num 
uptake capacity, for zinc, decreased trom 50 to 36 mg zlnc/g 
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biomass, the same behavior previously observed for cadmium 
and zinco 

The extent to which the cross-linking treatments jeopardized 
the structure of the seaweeds deserves intensive investigation, 
in order to select, in the near future, cross-linking agents more 
suitable for the process, but with equivalent enhancement in the 
physical structure of selected biomasses. 
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Figure 41 - Zn adsorption isotherms, at 29° C, for native and 
chemically treated Sargassum sp. 
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5. SCALE-UPAND ECONOMIC EVALUATION 

The economic evaluation of the process will be performed 
based on the composition of the effluent from "Companhia 
Paraibuna de Metais", as most of the experiments previously 
done considered its composition. One has to have in mind that a 
wide variability in its composition is observed during summer 
and winter time, mainly due to evaporation and precipitation 
during summer and precipitation periods. These differences are 
reflected in their heavy metais content, being not so important 
their alkaline and alkaline-earth elements content in the different 
seasons. For the purpose of scale-up and economic evaluation 
the average composition of the effluent during summer will be 
considered, because it is much more concentrated in heavy 
metais than the equivalent winter effluent. 

The final solution to be treated by biosorption is placed in a 
stabilization lagoon and the treatment unit will consider the 
treatment of 1.0 m3/day, pumped from the stabilization pond to 
the heavy metais treatment Unit. For the design of a pilot unit for 
this purpose, several assumptions must be done, as not ali the 
information are readly available or easily obtained. 

Beyond some theoretical considerations, it will be designed a 
treatment unit consisting of fixed-bed reactors for the treatment 
of a heavy metal-containing effluent and the complete effluent 
from "Paraibuna de Metais"; that means, some calculations will 
be performed considering solely the presence of heavy metais, 
while some other will consider the whole spectrum of metais 
present in the effluent. 
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5.1 Case 1: presence of heavy metal ions only 

The first assumption to be done is that the concentration of 
heavy metais is the same as listed in Table 2, and, based on the 
adsorption results reported in Figure 19 (considering only 1 Liter 
of heavy metais solution): 

[Zn] = 385 mg/L, 25% adsorption, 96.2 mg Zn recovered 

[Cd] = 18 mg/L, 55% adsorption, 9.9 mg Cd recovered 

[Cu] = 10.1 mg/L, 92% adsorption, 9.3 mg Cu recovered 

[AI] = 1.2 mg/L, 68% adsorption, 0.8 mg AI recovered. 

It is important to remember that these adsorption rates were 
achieved for a 2 g/L fixed concentration of biomass. For other 
biomass concentrations, different solid/liquid equilibria will be 
stablished, but, for these preliminary calculations, these rates 
will be considered. 

From Figure 19, it can be calculated the loading capacity of 
the biomass, and this will be done considering 1 Liter of metais 
solution and the total mass of metal recovered, not· the 
individual rates of uptake. 

The total mass of heavy metais recovered was 116.2 mg (for 
1 Liter); so, the total loading capacity is equivalent to 58.1 mg 
heavy metals/g biomass. However, this loading capacity did not 
promote a complete removal of the heavy metais. As a matter of 
convenience for the calculation, the complete removal (or 
adsorption) will be considered as the ideal treatment. Thus, 
100% of heavy metais recovery will be the basis for the 
calculation. One liter of the heavy metais solution contains 414.3 
mg of heavy metais (for 1 Liter of solution); so: 

58.1 mg metais -- 1 9 biomass 

414.3 mg metais --x 

x = 7.13 9 biomass 
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The above value is the theoretical mass of Sargassum sp. 
needed to treat, with 100% efficiency, 1 Liter of heavy metais 
solution in the concentrations found in the summer effluent. 
Howev~r, the pilot unit will be designed to treat 1 m3/day, so: 

7.13 9 biomass -- 1 L solution 

y--1,OOO L solution 

y = 7,130 9 = 7.1 kg biomass 

The above value is the amount of bi~mass n~eded to 
accumulate the heavy metal content from 1 m of solutlon. 

If we consider that CaCI2 0.1 N will be used as the desorb~ng 
agent after the saturation of the bi~ma~s, it can ?e used dunng 
20 biosorption/desorption cycles, wlth a loss of blomass .aro~nd 
20% (Figure 38). 50, it is necessary to have an overestlmatl~n 
of the amount of sorbent to be used, taking into account thls 
loss, which gives an amount of 8.52 kg biomass. 

If, however, Na2504 0.5 M is use?, the loss of biomass 
during 20 biosorption/desorption cycles IS ~uch greater, around 
70%. Thus, 14.48 kg biomass must be used m the reactor. 

Another consideration must be done, regarding the ~fficiency 
of the elution; the elution rates obtained for the desorptlon o! the 
heavy metais are around 90%, so, from cycle to cycle 10 Yo. of 
metais remain on the biomass. That means that e<:tch sorptlon 
cycle starts with a pre-Ioa?ed bioma~s. 50,. It must be 
considered that a certain portlon of the blomass m the reactor 
will not participate in the processo It is thus advisable t~ have a 
10% increase in the amount of biomass due to pre-Ioadlng, and 
also a 10% increase to ensure any disturb in the processo 

This way, considering CaCI2 0.1 N as desorbing agent 10:22 
kg biomass are needed while for Na2504 0.5 N as desorbmg 
agent 17.37 kg biomass must be used. 

These amounts of biomass would be sufficient to .tre~t 1 
m3/day of the heavy metais solution, during 20 cycles takmg Into 
account partial desorption of the metais and also the losses of 
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sorb~nt. That means that in 24 hours of continuous operation 
the bloreactor would be saturated giving place to the desorption 
step. 

As the adsorption and desorption cycles are usually short­
term cycles, it is advisable to have more than one reactor for the 
adsorption, including a stand-by reactor for continuous operation 
of the treatment unit. 

In order to predict the design of the reactor, some variables 
must be considered, such as: 

(i) The amount of fluid per unit time; 

(ii) The amount of metais to be adsorbed; 

(iii) The uptake capacity of the adsorbent; 

(iv) The allowable pressure drop through the bed; 

(v) The duration of the adsorption cycle; and, 

(vi) The time required to reactivate the adsorbent. 

Even though ali these parameters markedly affect the design 
of the reactor (usually a flxed-bed column), parameters (ii), (iii) 
and (v) affect the amount of adsorbent to be used. On the other 
hand, parameters (i) and (iv) affect the diameter and depth of 
the adsorbing bed. 

The du:ation of the cycles of adsorption and desorption can 
be d.eter':lmed by an economical balance and mainly based on 
prevlous ~u~gement or experience in the processo In the present 
case, s~hd/hquid equilibria reported from batch experiments will 
be. consldered, even though it is known that different solid/liquid 
ratlos affect this parameter. 

As regards the desorption step, if the reactivation time is 
smaller than one adsorption cycle, then only 50% of the 
adsorbers. can be on stream in a continuous operation. 
~owever, . If the bed is reactivated in less than one-third of the 
tIme reqUlred for adsorption, then, 3 to 4 adsorbers can be on 
stream (supposing they are of the same design). 
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From previous experience, the desorption step is much 
faster than the adsorption step; thus, if one considers the 
operation of a bioreactor plus a stand-by reactor, just one can 
be used for adsorption. When the former saturates with heavy 
metais, then the operation is transferred to the stand-by reactor, 
while desorption of heavy metais is accomplished. 

Returnin~ to the calculations, it is the purpose of the scale-up 
to treat 1 m Iday of the stored effluent. This way: 

1,000 L effluent--24 hours 

z--1 hour 

z=41.6 L 

In order to achieve the goal of treating 1 m3/day, it is 
necessary to treat 41.6 Uhour. From laboratory results, it is 
known that 70 9 of the Sargassum sp. biomass can completely 
fil! in a bioreactor with a volume of 4.85 L, with a good packing 
and without the creation of preferential chanelling. In order to 
nave the dimensions of the reactor and the residence time in the 
reactor the following calculations must be done: 

70 9 biomass --4.85 L 

10,220 9 biomass* --w 

w=708 L 

* Considering CaC120.1 Nas desorbing agent 

So, the reactor must have a total volume of 708 L to support 
10.2 kg of the biomass. With this number, it is possible to 
estimate the radius and the Height of the column, keeping the 
same heightldiameter ratio previously used, equal to 5.0. 

V = 1t R2H, where 

V = Volume of the reactor 

R = Radius af the basis of the reactor 

H = Height of the reactor. 
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Thus, 

708 dm3 = 1tR2(1 OR) 

R = 2.8 dm G R = 28 em G O = 56 em (where O = internai 
diameter) 

As H = 50 G H = 280 em. 

However, the density of the biomass has to be considered, in 
order to estimate the working volume of the reactor. From 
previous experimentations it was observed that 18 9 of 
Sargassum sp. biomass displaced 1 L of solution inside a 
reactor, considering its very high swelling capacity. Thus: 

18 9 biomass--1 L 

10,220 9 biomass --k 

k=567 L 

Based on this displacement, that corresponds to the density 
of the biomass, the working volume of the reactor is: 

V = (708 - 567) L = 140 L 

As it is expected to have a flow-rate of 41.6 Uhour, and 
based on the working volume of 140 L, the residence time of the 
solution in the reactor is 3.36 hours. This is far beyond of what is 
needed for a contact time for an effective biosorption processo 

There are some viable alternatives for not misusing the 
uptake capacity of the biomass or not to have an overestimated 
energy consumption: Instead of 3.36 hours of residence time a 
10 min contact time can be used, based on previous 
experimentations with Sargassum sp. biomass. This means that 
a much higher flow-rate can be used, instead of 41.6 Uhour, 
predicted in the beginning of these calculationsn; another 
~Iternative is to treat a much higher volume of solution per day, 
I~stead of 1 m

3
/day. As a last suggestion, instead of using a big 

bloreactor, several smaller bioreactors could be used, 
performing together the total volume of 708 L and keeping the 
same working volume, for the whofe adsorption system. This 
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seems to be a feasible alternative that can decrease energy 
costs due to the need of less potent pumps to feed the effluent 
and also can help in the desorption step, while several 
adsorbing columns can continue the treatment operation. 

Ali these alternatives deserve further investigation, as well as 
a detailed study on the hydraulic conditions that will govern the 
system. However, this preliminary approach already considers 
accessory designs. 

Now, another set of similar calculations can be performed 
considering the use of Na2804 0.5 M as desorbing agent 

70 9 biomass --4.85 L 

17,370 9 biomass*--w 

w= 1203 L 

* Considering Na2S04 0.5 M as desorbing agent 

80, the reactor must have a total volume of 1203 L to 
support 17.37 kg of the biomass. With this number, it is possible 
to estimate the radius and the height of the column, keeping the 
same height!diameter ratio previously used, equal to 5.0. 

V = 1t R2H, where 

V = Volume of the reactor 

R = Radius of the basis of the reactor 

H = Height of the reactor. 

Thus, 

:1203 dm3 = 1tR2(1 OR) 

R = 3.4 dm c:> R = 34 cm c:> O = 68 cm (where O = internai 
diameter) 

As H = 50 c:> H = 340 cm. 
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However, the density of the biomass has to be considered, in 
order to estimate the working volume of the reactor. From 
previous experimentations it was observed that 18 9 of 
Sargassum sp. biomass displaced 1 L of solution inside a 
reactor, considering its very high swelling capacity. Thus: 

18 9 biomass--1 L 

17,370 9 biomass--k 

k = 965 L 

Based on this displacement, that corresponds to the density 
of the biomass, the working volume of the reactor is: 

v = (1203 - 965) L = 238 L 

As it is expected to have a flow-rate of 41.6 Uhour, and 
based on the working volume of 238 L, the residence time of the 
solution in the reactor is 5.72 hours. This is far beyond of what is 
needed for a contact time for an effective biosorption processo 

Analogously, alternative parameters must be considered 
such as an increase in the flow-rate or in the amount of solution 
to be treated daily. 

5.2 Case 2: presence of heavy metal ions and alkalinel 
alkaline-earth elements, in the concentration they 
are present in the effluent 

The first assumption to be done is that the concentration of 
heavy metais is the same as Iisted in Table 2, and, based on the 
adsorption results reported in Figure 19 (considering only 1 Liter 
of heavy metais solution). 
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Here, the adsorption rates were also achieved for a 2 g/L 
fixed concentration of biomass. These rates will be considered. 

[Zn] = 385 mg/L, 12,5% adsorption, 48.1 mg Zn recovered 

[Cd] = 18 mg/L, 47.5% adsorption, 8.5 mg Cd recovered 

[Cu] = 10.1 mg/L, 92% adsorption, 9.3 mg Cu recovered 

[AI] = 1.2 mg/L, 30% adsorption, 0.4 mg AI recovered. 

From Figure 19, it can be calculated the loading capacity of 
the biomass, and this will be dane considering 1 Liter of metais 
solution and the total mass of metal recovered, not the 
individual rates of uptake. 

The total mass of heavy metais recovered was 66.3 mg (for 
1 Liter); so, the total loading capacity is equivalent to 33.2 mg 
heavy metals/g biomass. However, this loading capacity did not 
promote a complete removal of the heavy metais. As a matter of 
convenience for the calculation, the complete removal (or 
adsorption) will be considered as the ideal treatment. Thus, 
100% of heavy metais recovery will be the basis for the 
calculation. 

One liter of the heavy metais solution contains 414.3 mg of 
heavy metais (for 1 Liter of solution); so: 

33.2 mg metais -- 1 9 biomass 

414.3 mg metais --x 

x = 12.47 9 biomass 

Tl;te above value is the theoretical mass of Sargassum sp. 
needed to treat, with 100% efficiency, 1 Liter of heavy metais 
solution, in the concentrations found in the summer effluent. 
However, the pilot unit will be designed to treat 1 m3/day, so: 

12.47 9 biomass --1 L solution 

y--1,000 L solution 

y = 12,470 9 = 12.47 kg biomass 
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The above value is the amount of biomass needed to 
accumulate the heavy metal content from 1 m3 of solution. 

If we consider that CaCI2 0.1 N will be used as the desorbing 
agent after the saturation of the biomass, it can be used during 
20 biosorption/desorption cycles, with a loss of biomass around 
20% (Figure 38). So, it is necessary to have an overestimation 
of the amount of sorbent to be used, taking into account this 
loss, which gives an amount of 14.96 kg biomass. 

If, however, Na2S04 0.5 M is used, the loss of biomass 
during 20 biosorption/desorption cycles is much greater, around 
70%. Thus, 21.19 kg biomass must be used in the reactor. 

Another consideration must be dane, regarding the efficiency 
of the elution; the elution rates obtained for the desorption of the 
heavy metais are around 90%, so, from cycle to cycle 10% of 
metais remain on the biomass. That means that each sorption 
cycle starts with a pre-Ioaded biomass. So, it must be 
considered that a certain portion of the biomass in the reactor 
will not participate in the processo It is thus advisable to have a 
10% increase in the amount of biomass due to pre-Ioading, and 
also a 10% increase to ensure any disturb in the processo 

This way, considering CaCI2 0.1 N as desorbing agent 17.95 
kg biomass are needed while for Na2S04 0.5 N as desorbing 
agent 25.43 kg biomass must be used. 

These amounts of biomass would be sufficient to treat 1 
m3/day of the complete effluent, during 20 cycles taking into 
account partial desorption of the metais and ais o the losses of 
sorbent. That means that in 24 hours of continuous operation 
the bioreactor would be saturated giving place to the desorption 
step. 

As the adsorption and desorption cycles are usually short­
term cycles, it is advisable to have more than one reactor for the 
adsorption, including a stand-by reactor for continuous operatiof,) 
of the treatment unit. 
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In order to prediet the design of the reaetor, some variables 
must be considered, such as: 

(i) The amount of fluid per unit time; 

(i i) The amount of metais to be adsorbed; 

(iii) The uptake capacity of the adsorbent; 

(iv) The allowable pressure drop through the bed; 

(v) The duration of the adsorption cycle; and, 

(vi) The time required to reaetivate the adsorbent. 

Even though ali these parameters markedly affect the design 
of the reactor (usually a fixed-bed eolumn), parameters (ii), (iii) 
and (v)affeet the amount of adsorbent to be used. On the other 
hand, parameters (i) and (iv) affeet the diameter and depth of 
the adsorbing bed. 

The duration of the eycles of adsorption and desorption can 
be determined by an economical balance and mainly based on 
previous judgement or experience in the processo In the present 
case, solid/liquid equilibria reported from bateh experiments will 
be considered, even though it is known that different solid/liquid 
ratios affect this parameter. 

As regards the desorption step, if the reactivation time is 
smaller than one adsorption cycle, then only 50% of the 
adsorbers can be on stream in a continuous operation. 
However, if the bed is reactivated in less than one-third of the 
time required for adsorption, then, 3 to 4 adsorbers can be on 
stream (supposing they are of the same design). 

From previous experience, the desorption step is much 
faster than the adsorption step; thus, if one considers the 
operation of a bioreactor plus a stand-by reactor, just one can 
be used for adsorption. When the former saturates with heavy 
metais, then the operation is transferred to the stand-by reactor, 
while desorption of heavy metais is accomplished. 
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Returnin~ to the ealeulations, it is the purpose of the scale-up 
to treat 1 m /day of the stored effluent. This way: 

1,000 Leffluent--24 hours 

z--1 hour 

z=41.6 L 

In order to achieve the goal of treating 1 m3/day, it is 
necessary to treat 41.6 Uhour. From laboratory results, it is 
known that 70 9 of the Sargassum sp. biomass can completely 
fil! in a bioreactor with a volume of 4.85 L, with a good packing 
and without the creation of preferential chanelling. In order to 
have the dimensions of the reactor and the residenee time in the 
reaetor the following ealeulations must be done: 

70 9 biomass --4.85 L 

17,950 9 biomass*--w 

w= 1243 L 

* Considering CaCI2 0.1 N as desorbing agent 

So, the reactor must have a total volume of 1243 L to 
support 17.95 kg of the biomass. Withthis number, it is possible 
to estimate the radius and the Height of the column, keeping the 
same HeightJdiameter ratio previously used, equal to 5.0. 

V = 1t R2H, where 

V = Volume of the reactor 

R = Radius of the basis of the reactor 

H = Height of the reactor. 

Thus, 

1243 dm3 = 1tR2(1 OR) 

R = 3.4 dm G R = 34 cm G O = 68 em (where O = internai 
diameter) 

As H = 50 G H = 340 em. 
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However, the density of the biomass has to be considered, in 
order to estimate the working volume of the reactor. From 
previous experimentations it was observed th~t 1.8 . 9 of 
Sargassum sp. biomass displaced 1 L of solutlon Inslde a 
reactor, considering its very high swelling capacity. Thus: 

18 9 biomass--1 L 

17,950 9 biomass--k 

k=997L 

Based on this displacement, that corresponds to the density 
of the biomass, the working volume of the reactor is: 

v = (1243-997) L = 246 L 

As it is expected to have a flow-rate of 41.6 Uhour, and 
based on the working volume of 246 L, the residence time of the 
solution in the reactor is 5.91 hours. This is far beyond of what is 
needed for a contact time for an effective biosorption processo 
The same alternatives previously proposed can be suited here. 

Now, another set of similar calculations can be performed 
considering the use of Na2804 0.5 M as desorbing agent 

70 9 biomass --4.85 L 

25,430 9 biomass* --w 

w= 1762 L 

* Considering Na2S04 0.5 M as desorbing agent 

80 the reactor must have a total volume of 1762 L to 
suppo'rt 25.43 kg of the biomass. With this number, it is possible 
to estimate the radius and the Height of the column, keeping the 
same Height!diameter ratio previously used, equal to 5.0. 

V = n: R2H, where: 

V = Volume of the reactor 

R = Radius of the basis of the reactor 

Série Tecnologia Ambiental, Rio de Janeiro, n. 17, 1997. 

An Emerging Biotechnology for Metal Containing Waste Water... 91 

H = Height of the reactor. 

Thus, 

1762 dm3 = n:1J2(1 OR) 

R = 3.8 dm ó R = 38 cm ó D = 76 cm (where D = internai 
diameter) 

As H = 5D ó H = 380 cm. 

However, the density of the biomass has to be considered in 
orde: to estimate the working volume of the reactor. Fr;m 
prevlous experim~ntations. it was observed that 18 9 of 
Sargassum sp. blomass dlsplaced 1 L of solution inside a 
reactor, considering its very high swelling capacity. Thus: 

18 9 biomass--1 L 

25,430 9 biomass --k 

k=1413L 

Bas~d on this displa~ement, that corresponds to the density 
of the blomass, the workrng volume of the reactor is: . 

v = (1762 - 1413) L = 349 L 

As it is expec~ed to have a flow-rate of 41.6 Uhour, and 
base.d o~ the workrng volume of 349 L, the residence time of the 
solutlon rn the reactor .is 8.38 hours. This is far beyond of what is 
needed for a contact time for an effective biosorption processo 

Analogously, alternative parameters must be considered 
such as an increase in the flow-rate or in the amount of solution 
to be treated daily. 
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6. COSTS 

The associated costs include the construction of the column 
reactors (main column and a stand-by column), pump, 
desorbing agents and acquisition of the biomass. These costs 
constitute just a preliminary evaluation; costs associated to 
construction, maintenance as well as interests due to the 
possible recycling of the metais will not be here considered. 

When made possible the costs were based on international 
prices. Costs associated to the acquisition of the reactors and 
biomass will be described based on the costs estimated by 
Brazilian companies. 

Tables 8 and 9 present the estimated costs for the scaled-up 
unit using CaCI2 0.1 N or Na2S04 0.5 M as desorbing agents, 
respectively, and considering the sole presence of heavy metais 
in solution, without the presence of alkaline and alkaline-earth 
elements in solution. For ali the calculations, it was considered 
that the volume of desorbing solution is equal to two working 
volumes of the reactor, and considering that the biomass is 
going to be used for twenty times. 

Investments Costs 
Column acrylic reactor 
Pump* 
Pump drive modo H-07591-00 
Tubing size 73, Tygon 
CaCI2 solution** 
Biomass (seaweed) 

Total 

1,000 

1,070 
200.00 
O.121L 
1/kg 

2 

1 
1 set of 15.2 m 

140 L 
10.22 kq 

2,000 

1,070 
200.00 
336.00 
10.22 

3,616.22 
• Variable-flow modular pump system. Model Masterflex IIP, 0.2 to 131pm .* This value can reach USO.50/Kg depending on the season of the year 
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Investments Costs 

Column acrylic reactor 1,000 2 2,000 
Pump * 
Pump drive modo H-07591-00 1,070 1 1,070 
Tubing size 73, Tygon 200.00 1 set of 15.2 m 2QO.00 
CaCI2 solution** 1.03/L 238 L 4,902.80 
Biomass (seaweed) 1/kq 17.37 kq 17.37 

Total 4,920.17 

* Variable-flow modular pump system. Model Masterflex I/P, 0.2 to 131pm 

** This value can reach USO.50/Kg depending on the season of the year 

Tables 10 and 11 present the estimated costs for the scaled­
up unit using CaCI2 0.1 N or Na2S04 0.5 M as desorbing agents, 
respectively, and considering the whole effluent solution, that 
means, including alkaline and alkaline-earth elements. 

Item Amount Total Cost 
(US$) 

Investments Costs 

Column acrylic reactor 1,000 2 2,000 
Pump* 
Pump drive model 1,070 1,070 
H-07591-00 
Tubing size 73, Tygon 200.00 1 set of 15.2 m 200.00 
CaCI2 solution** 0.12/L 246 L 590.40 
Biomass (seaweed) 1/kg 17.95 kg 17.95 

Total 3,878.35 

• Variable-flow modular pump system. Model Masterflex I/P, 0.2 to 131pm 

*. This value can reach USO.50/Kg depending on the season of the year 
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Investments Costs 

Column acrylic reactor 1,000 2 2,000 
Pump* 
Pump drive modo H-07591-00 1,070 1 1,070 
Tubing size 73, Tygon 200.00 1 set of 15.2 m 200.00 
CaCI2 solution*· . 1.03/L 349 L 7,189.40 
Biomass (seaweed) 1/kg 25.43 kg 25.43 

Total 10,484.83 

- Variable-flow modular pump system. Model Masterflex IIP, 0.2 to 13 Ipm 

-. This value can reach USO.50/Kg depending on the season of the year 

From the previous calculations it can be seen that, when 
using CaCI2 0.1 N as desorbing agent, the increase in the price 
of the treatment is around 7% for treating heavy metais solution 
and the complete effluent. However, when using Na2S04 0.5 N 
as desorbing agent, this increase is around 113%, for the same 
operational conditions. 

From these preliminary calculations it can be estimated the 
annual costs for the operation of a small treatment plant. The 
possible recycling of metais, that would markedly reduce the 
costs of the treatment plant, will not be here considered, 
deserving, however, special attention in order to reduce the 
costs of the treatment plant to close the circuit in order to reach 
a completely c1ean technology. 
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7. GENERAL CONCLUSIONS 

The technique of biosorption able to separate heavy metais 
present in waste waters from other compounds in a reasonable 
manner. The exceptions are waste waters with high contents of 
alkaline-earth elements. 

The enrichment factors observed indicate the possibility of 
integrating the process to a further step with a view of recycling 
the metais, for instance by electrochemical methods or selective 
precipitation. However, some drawbacks must be overcome, 
such as the deleterious effect of non-toxic elements on the 
uptake of heavy metais by the biomass and the need to improve 
the hardness of the biomass to support a greater number of 
biosorption and desorption cycles. 

An important feature of the method is that there is no need 
for any pre-treatment, except, in certain cases, the need to 
adjust the pH. However, the possibility of recycling the metais 
gives the choice for a real decontamination of the environment. 
The "group selectivity" of the extraction permits a heavy metal 
recycling by electrochemical methods or selective precipitation. 
The advantages of electrochemistry is the missing of addition of 
any chemicals. Some preliminary work on electroprecipitation is 
done, but deserves a much deeper investigation to be linked at 
both methods. 
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