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ABSTRACT

The wastewaters discharged from chemical industries which may
contain heavy metal ions have toxic effect on all the living organ-
isms. Because of this, disposal of them to the environment is a ma-
jor threat to both human health and ecosystem. So the development
of new technologies is required to treat wastewaters as an alterna-
tive to traditional physicochemical processes. Biosorption, the pro-
cess of passive cation binding by dead or living biomass, repre-
sents a potentially cost-effective way of eliminating toxic heavy
metals from industrial waste waters. While the abilities of mi-
croorganisms to remove metal ions in solution have been exten-
sively studied, fungi have been recognized as a promising class of
low-cost adsorbents for removal of heavy-metal ions from aqueous
waste streams. Algae, fungi and bacteria differ from each other in
their constitution, giving rise to different mechanisms of metal
biosorption. The paper reviews the biosorption capacities of vari-
ous fungi (free or immobilized or subjected to physical and chem-
ical treatments) and, chitin and chitosan, important fungal cell wall
components, in different reactor systems for heavy metal ions and
discusses the fungal biosorption mechanisms. To explore the
biosorption mechanisms, it is necessary to identify the functional
groups involved in the biosorption process. As single toxic metal-
lic species rarely exist in natural and waste waters, any approach
that attempts to removal heavy metals from multi-component sys-
tems using fungi would be more realistic. The effects of various
combinations of the metal ions on the biosorption capacity of var-
ious fungi are discussed and the actions of the metal ion combina-

32

32

32
34
35
35
37
40
42
43

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



16:26 30 January 2011

Downl oaded At:

ORDER REPRINTS

BIOSORPTION OF HEAVY METALS 3

tions synergistic or antagonistic are identified. Equilibria and ca-
pacity relationships for mono-component systems are well
established and quantitatively expressed by various types of ad-
sorption isotherms. In the case of multi-metal systems, models
should be modified in order to take into account all metals and
cover experimental data over a wide range of solution concentra-
tions. The researcher is often puzzled as to what are the basic dif-
ferences or similarities between the isotherms and what isotherm
to select for practical use to predict adsorption capacities or to in-
corporate it in predicting breakthrough of columnar operations.
The paper reviews the range of equilibrium sorption models, and
diffusion and sorption models in different reactor systems used by
different researchers to correlate experimental data for fungal
biosorption.

Key Words: Wastewater; Fungi; Heavy metal ions; Biosorption

INTRODUCTION

Although many biological materials bind heavy metals, only those with suf-
ficiently high metal-binding capacity and selectivity for heavy metals are suitable
for use in a full-scale biosorption process. The first major challenge for the
biosorption field was to select the most promising types of biomass from an ex-
tremely large pool of readily available and inexpensive biomaterials. Although
this task is not complete, a large number of biomass types have been tested for
their metal binding capability under various conditions. Some types of seaweed
biomass offer excellent metal-sorbing properties while activated sludge from
waste water treatment plants has not demonstrated high enough metal-sorbing ca-
pacities'®. High metal-sorbing biomass could be specifically propagated rela-
tively cheaply in fermentors using low-cost or waste carbohydrate-containing
growth media based on e.g. molasses or cheese whey. On the other hand, using
waste biomass for preparing new biosorbents is particularly advantageous. Fungi
can be of interest for biosorption because

1. Fungi are able to remove heavy metals from aqueous solutions in rather
substantial quantities. In certain instances the removal of heavy metal
ions by fungal biomass has been observed to be more than that by con-
ventional adsorbents such as activated carbon, ion-exchange resins,
even green algae, brown marine algae and seaweeds*”’,

2. Fungal biosorption has been studied more extensively because of the
availability of large amounts of waste fungal biomass from fermenta-
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4 SAG

tion industries and the amenability of the microorganisms to genetic
and morphological manipulation®,

3. Many species have low nutritional requirements and are versatile in
physical growth conditions,

4. Biomass separation from the growth liquid medium constitutes a sim-
ple operation,

5. Dead biomass can be subjected to physical and chemical treatments to
enhance its performance,

6. Particle size can be optimized®'!.

DISCUSSION
General

Fungi are a truly nucleate (eukaryotic), nonphotosynthetic group of mi-
croorganisms relying on organic substrates as their sole source of carbon and en-
ergy for growth and metabolic activities. Yeasts form one of the important sub-
classes of fungi. Yeasts are single small cells of 5 to 10 wm size. Molds are
filamentous fungi and have a mycelial structure. The mycelium is a highly
branched system of tubes that contains mobil cytoplasm with many nuclei. Some
molds reproduce by sexual means and form sexual spores. These spores provide
resistance against heat, freezing, drying, and some chemical agents. The typical
size of a filamentous form of mold is 5 to 20 pm. When grown in submerged cul-
ture, molds often form cell aggregates and pellets. The typical size of a mold pel-
let varies between 50 wm and 1 mm, depending on the type of mold and growth
conditions®'>!3. On the basis of their mode of sexual reproduction, the classifica-
tion of fungi start with four large groups:

1. The phycomycetes are algalike fungi; however, they do not possess
chlorophyll and can not photosynthesize. Aquatic and terrestrial molds
belong to this category. Rhizopus arrhizus which belongs to a large
class of phycomycetes is known for its strong metal-sorbent properties
which are common to the whole genus. Its name will be seen through-
out this review because it has become very prominent in the area of
biosorption.

2. The ascomycetes form sexual spores called ascospores, which are con-
tained within a sac. Some molds of the genera Neurospora and As-
pergillus and yeasts belong to this category.

3. The basidiomycetes reproduce by basidiospores, which are extended
from the stalks of specialized cells called the basidia. Mushrooms are
basidiomycetes.
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BIOSORPTION OF HEAVY METALS 5

4. The deuteromycetes (Fungi imperfecti) lack a sexual reproduction
mode. Some pathogenic fungi, such as Trichophyton, belong to
deuteromycetes”™!>'?,

The paper reviews the biosorption capacities of phycomycetes, ascomycetes ex-
cept yeasts and deuteromycetes for heavy metal ions and discusses the biosorption
mechanisms. The suitability of the various kinetic and equilibrium models for the
biosorption of heavy metal ions from waste waters on different fungal cells in dif-
ferent reactor systems is discussed.

Fungal Cell Wall Structure

The eukaryotic microorganisms are always of unicellular nature; however,
the vegetative phases of fungi and algae are frequently multicellular. The fungal
cells are protected by a true cell wall which is rigid as in bacterial cells. The se-
questering of metallic species by fungal biomass has mainly been traced to the cell
wall. The cell wall is not necessarily the only site where the sequestered metals are
located. Various polysaccharides are the main (up to 90%) constituents of the fun-
gal cell wall. They are often complexed with proteins, lipids, and other substances
(e.g., pigments). The fungal cell wall presents a multilaminate, microfibrillar
structure. Ultrastructural studies revealed two phases: i.) an outer layer consisting
of glucans, mannans, or galactans and ii.) an inner microfibrillar layer, the crys-
talline properties of which are conferred by the parallel arrangement of chitin
chains, sometimes of cellulose (a polymer of D-glucopyranose) chains, or, in cer-
tain yeasts, of noncellulosic glucan. There is a continuous transition between both
layers. Pigments, polyphosphates, and inorganic ions are also found in the fungal
cell wall. However, its chemical and structural characteristics are different. The
isolated cell wall of Aspergillus niger, for instance, consists of neutral carbohy-
drate (73 to 83%) and hexomine (9 to 13%), with smaller amounts of lipid (2 to
7%) and phosphorus (less than 0.1 % of wall weight). The acetyl content was 3 to
3.4%, which corresponded to 1 mol/mol of hexosamine. An interesting observa-
tion is the lack of chitosan in the Aspergillus cell wall. This may be one of the rea-
sons why the metal biosorbent performance of this fungus was inferior to that of
R. arrhizus which belongs to the Mucorales family possessing usually higher
chitin content in the cell wall. On the other hand, the best-known yeast Saccha-
romyces cerevisiae possesses a mannan-glucan cell wall which contains only 1%
chitin. This may suggest the involvement of other components beside chitin in the
metal sequestering. The structure of Mucorales cell walls containing positively
charged chitosan and negatively charged phosphate and glucuronic acid residues
is maintained at least in part by electrostatic interactions between ionizable
groups. Large quantities of phosphate and glucuronic acid and chitin-chitosan
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complex existing in these cell walls offer extensive possibilities for binding met-
als through ion exchange and coordination. In the fungal cell wall, several types
of ionizable sites affect the metal uptake capacity: phosphate groups, carboxyl
groups on uranic acids and proteins, and nitrogen-containing ligands on protein as
well as on chitin or chitosan®'?"13,

Industrial Fungal Biomass

Fungi are used in fermentation industries to produce varied metabolites
such as antibiotics (penicillin, gentamicin, cyclosporin, alamethicin, beauvericin,
ergot peptides, ferrichrome, enniantins, cephalosporin), steroids (progesterone to
11a-hydroxyprogesterone, compound S to 113-hydroxyprogesterone), industrial
chemicals (fumaric acid, kojic acid, gallic acid, gibberellins, carotenoids, citric
and gluconic acids, itaconic acid), enzymes (amylases, proteolytic, rennet prepa-
ration, proteases, glucose isomerase, pectinase, cellulases, lipases, esterases, glu-
canases, lactase), microbial insecticides, flavors and fragrances (methyl ketones,
lactones, mushroom flavors). Thousands of tons of residual biomass that are
produced each year contain poorly biodegradable biopolymers (cellulose, chitin,
glucans, etc.) and make bad fertilizers for agricultural use. To date, incineration
is the main way of destroying this by-product®!>!*1¢17 QOn the other hand,
some types of industrial fermentation waste biomass are excellent metal biosor-
bents. It is necessary to realize that some “waste” biomass is actually a com-
modity, not a waste.

Use of Immobilized Fungi for Heavy Metal Biosorption

For industrial application, a freely suspended fungal biomass has several
disadvantages which include low density and mechanical strength, which may
make biomass/effluent separation difficult. The principle reasons of employing
immobilization techniques are summarized as follows'®:

To permit recovery of a metal-laden adsorbent,

To permit biosorbent usage in fixed columns or fluidized bed reactors,
To enhance chemical and physical stabilities of biosorbents,

To improve metal adsorption and desorption characteristics of an
biosorbent,

5. To alter or extend the range of metal selectivity of an biosorbent.

bl e

Fungal biomass has been immobilized using gelatin, casein, and other polypep-
tidic materials or mixing the mycelium with a nonpolar medium such as xylene
and then cross-linking using reagents such as formaldehyde, formaldehyde-resor-
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cinol solutions, formaldehyde-urea solutions, or polyvinyl acetate®'®'°. A propri-
etary technical biological origin adsorbent (MSR) has been developed by M. Tse-
zos et al*®*!, Inactive cells of R. arrhizus have been immobilized into the form of
particles of particle size 0.5-1.2 mm. The immobilized biomass particles have
been reported to have high porosity and good wetting ability. In recent studies, the
long term uranium biosorptive uptake capacity of the immobilized R. arrhizus
(MSR) has been studied in a continuous packed-bed laboratory pilot scale pilot
plant reactor. The immobilized R. arrhizus recovered all of the uranium from the
dilute (less than 500 mg U dm™) solutions and maintained its uranium biosorptive
uptake capacity over 12 successive sorption-elution cycles when synthetic uranyl
nitrate solutions were used (Tsezos et. al., 1997)%%. Adsorption on inert supports
has been used as immobilization technique. In this technique, support materials
are introduced into the batch-stirred tank reactor or tower fermenter prior to ster-
ilization and inoculation with starter culture and are left inside the batch or con-
tinuous culture for a period of time, after which a film of microorganisms is ap-
parent on the support surfaces. This technique has been used by Ileri et al** and
Zhou and Kiff® for the immobilization of R. arrhizus in reticulated (polyurethane
or polyester) foam biomass support particles (BSPs). Polyvinyl formal (PVF) im-
mobilized R. arrhizus (laboratory cultured) has been tested for capacity to adsorb
copper from solution in batch and continuous-flow column systems. The PVF was
polymerized by dichloromethane. After solidification the resultant discs with
biomass loadings of 60% (w/w) were reduced to particle sizes of 0.5-1.0 mm in
diameter. Immobilization of R. arrhizus in PVF did not diminish metal uptake lev-
els?*.

Despite the advantages listed, biosorbent immobilization may constitute an
additional and significant economic cost which may prevent its use under certain
conditions. Treatment of the highly acidic effluent may lead to complications with
organic and polymeric matrices. The major limitation of immobilization is that
immobilization of cells may cause extra diffusional limitations as compared to
free cultures. Diffusional limitations lead to a more dispersed breakthrough curve,
with a decrease in column utilization for a given breakthrough concentra-
tion'*>52%_ Cultivating Aspergillus oryzae in pellet form is an effective means of
mycelium immobilization. The method established by Huang and Huang?’ pro-
vides the high yield, uniformly-sized particles (2-3 mm in diameter), which are ef-
fective in solid-liquid separation. To investigate simultaneous biosorption of
Cr(VI) and Cu(II) on R. arrhizus in a packed column reactor, a surface-attached
R. arrhizus (NRRL 2286) was grown at a very low stirring rate, and free-dead cells
were used in the packed column. To use surface- attached R. arrhizus in a column-
type reactor without immobilization, it can be obtained in an appropriate diame-
ter based on the method used to grow, kill, and homogenize the cells. The diame-
ter of thermally killed R. arrhizus in the biosorption medium was determined to
be in the 150-200 pm size range as the result of wet measurement®®. Obtained as
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a waste of the enzyme fermentation industry, biocide-treated Mucor miehei
biomass was prepared to biosorbent particles 0.1-0.6 mm in diameter®®. This pow-
dered biomass has been used for the biosorption of Cu(Il) ions in continuous-flow
column systems>*.

Comparison of Metal Biosorption Capacities of Various Fungal
Cells

Biosorption of heavy metal ions on various free and immobilized fungal
cells in different reactor systems are compared in Table I. The uptake is usually
measured by the parameter q (mmol or mg of metal accumulated per g of biosor-
bent). Within the table the highest experimentally observed value of the specific
uptake, qmax, 1S reported as a function of metal accumulated, fungal cell species
used, and operating conditions (pH, T, C;, X). It is seen that some values of quax
are not comparable with other values found for the same metal. It may depend not
only on different biosorption abilities of fungi, but also on not exactly equal oper-
ating conditions. In fact, works of different authors cannot be compared directly:
operating conditions are often different even if they are nominally equal. The re-
lationship between the amount of metal adsorbed per unit weight of dried biomass
and the metal ion concentration remaining in solution is described by an isotherm
equation. The two most common types for describing this type of system are the
Langmuir (L) and Freundlich (F). The isotherms and mathematical models used
to describe fungal biosorption in different reactor systems in the literature have
been incorporated into Table I using the designated letters L, F, BET, LPSKM,
TPFBAM, etc.

Comparing maximum biosorption capacities obtained by various fungi in
batch stirred tank reactors (BSTR) listed in Table I, biosorption preference for
metals decreases in the following order: Cd>Co>Cr>Au=Cu>Fe>Ni>Th
>U>Pb>Hg>Zn. Good evidence exists by now that the biomass of filamentous
fungi of the order Mucorales represents a good biosorbent material for a wide
range of heavy metals*!7:23:30:34.3742.46 1t i5 known that the cell walls of Muco-
rales, of which Rhizopus is a genus, are very sensitive to the medium composition
and conditions of growth. Different media as well as growth conditions produce
different metal sequestering abilities*!7-23-2427:37.40.42:4447 Dyegpite earlier pes-
simistic reports on Aspergillus biosorption, the mycelium seems to sorbing well
Au, Co, Th, Zn>3%%* The common fungus Penicillium is also excellent biosorbent
for Cd, Fe, Pb, Th, U, Zn*>3!32_ It has been interestingly found that Fusarium
flocciferum, dried powdered mycelium of Deuteromycetes, exhibits higher affini-
ties for Cd, Cu, Ni'! than most of the biosorbents reported in the literature. As seen
from Table I, Cu(Il) is one of the most studied metal ions due to its biological
functions: it is an essential micronutrient for most living organisms but is toxic
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when in excess. A wide variety of free-immobilized, treated-untreated fungal
biomasses has been used for Cu biosorption in different reactor systems and a
wide range of capacities for Cu ions has been observed. The biosorption capaci-
ties vary from 1.015 mmol g'1 for Ganoderma lucidum, a mushroom, to 0.012
mmol g' for A. oryzae. The Cu(II) biosorption capacities of R. arrhizus obtained
in batch stirred tank reactor (BSTR)?’, continuous-flow stirred-tank contactor
(CFST), batch stirred-tank reactors in series (BSTRS)?’ (when three reactor was
used in series), packed column (or fixed bed) reactor®® (PCR) at exactly same op-
erating conditions have been found to be 0.301, 0.353, 0.738, 0.754 mmol g'l, re-
spectively. Brady et al”* have reported that in continuous-flow columns R. ar-
rhizus and M. mihei adsorbed copper (0.400 and 0.300 mmol g', respectively) to
levels equal or approaching the batch uptake values. The Ni(II) biosorption ca-
pacities of R. arrhizus obtained in BSTR*’, BSTRS®” (n=3), CFST*® have been
determined as 0.494, 0.895, 1.274 mmol g”!, respectively. The most widely used
contacting device for sorption processes is the packed column reactor configura-
tion and its modifications. A maximum uranium uptake of 0.924 mmol g™’ by A.
niger pellets has been reached in a compartmentalized fluidized bed (FB) reac-
tor*>. When the biosorption of uranium ions by immobilized biomass of R. ar-
rhizus has been studied in a PCR?? instead of BSTR*’, uranium uptake has in-
creased from 0.504 to 0.630 mmol g'. The weight of Cr(VI) adsorbed per unit dry
weight of R. arrhizus in PCR* (1.979 mmol g™') was considerably higher than that
in BSTR* (1.118 mmol g'!), whereas the weight of Fe(III) adsorbed per unit dry
weight of R. arrhizus in PCR*' (0.688 mmol g'') was approximately equal to than
that in BSTR** (0.622 mmol g™').

Mechanisms of Metal Biosorption on Fungal Cells

The complexity of the microorganism’ s structure implies that there are
many ways for the metal to be captured by the cell. Biosorption mechanisms are
therefore various and in some cases they are still not very well understood. Ac-
cording to the dependence on the cells’ metabolism, biosorption mechanisms can
be divided into:

1. Metabolism dependent (active metal uptake): Transport across cell
membrane, precipitation. It is an energy-driven process.

2. Non-metabolism dependent (passive metal uptake): Precipitation,
physical adsorption, ion exchange, complexation®.

Dead cells sequester metals through chemical functional groups of the material
comprising the cell and particularly the cell wall which constitutes a large per-
centage of the cellular dry weight. The passive metal uptake may be present even
when the cell is metabolically active and, conversely, it may be suppressed by ac-
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tive metal exclusion processes. Passive metal uptake is relatively rapid and can be
reversible®’.

According to the location where the metal removed from the solution is
found, biosorption may also be classified as:

1. extracellular accumulation/precipitation;
cell surface sorption/precipitation: ion exchange, complexation, physi-
cal adsorption, precipitation;

3. intracellular accumulation: transport across cell membrane®;

The chemical makeup of the fungal cell wall and its structural organization is such
that metals can become deposited either on its surface or within its structure be-
fore they penetrate into the cellular interior where they could be bound by other
compounds and organelles which are part of the cytoplasm. Fungal cell surfaces
can be regarded as a mosaic of different functional groups where coordination
complexes with metals can be formed. Among those groups are carboxyl
(-COOH), amide (-NH,), thiol (-SH), phosphate (PO,*), and hydroxide (-OH).
Phosphate groups are present mainly in glycoproteins and are believed to play an
important role in biosorption because they can exhibit a negative charge above pH
3%, In fungal cells, metal ions can bind to the amino groups of chitin (R,-NH) and
chitosan (R-NH,), chitin and its associated proteins contain many carboxylate
groups with pKa 4 to 5. Aspartate, glutamate, and cysteine are also believed to
play an important role in metal chelation'!#%-,

Tsezos and Volesky®'? were of the opinion that amino-nitrogen of chitin
was the main component responsible for uranium and thorium biosorption on R.
arrhizus. They have reported a three process-mechanism for uranium biosorption,
based on uranium coordination and physical adsorption by the cell wall chitin
structure and precipitation of uranylhydroxide within the chitin microcrystalline
cell wall structure®!. Muraleedharan and Venkobachar® have showed that copper
ions chemically coordinate to G. lucidum. They have not identified the specific
groups responsible for biosorption but have concluded that these groups were nei-
ther protein nor chitin. Electrostatic interactions have been demonstrated to be re-
sponsible for chromium biosorption by G. lucidum and A. niger>*. Phosphodiester
and carboxyl groups present confer the electrical surface potential to the fungal
cell wall'®. Physical adsorption is furthermore responsible for copper®, nickel,
zinc, cadmium and lead'” biosorption by R. arrhizus. The removal of heavy metal
cations by most biomass types decreases as the pH of the metal solutions de-
creases from pH 6 to 2.5 (Table I). Because most of the heavy metals precipitate
at pH>5.5, at higher pH values, the metals might accumulate inside the cells
and/or the cell walls by a combined sorption-microprecipitation mechanism.
However, experiments performed in batch systems without pH adjustment
showed that the sorption of heavy metals onto acid-treated biomass led to a de-
crease in the pH of the liquid>>. Based on this findings, a hypothesis of ion ex-
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change between protons and heavy metals has been formulated®. Treen-Sears et
al* have shown that uranium biosorption on R. arrhizus resulted in exchange of
hydrogen ions from biomass for uranyl ions. It needs to be emphasized that
biosorption of heavy metals on different fungi may involve different functional
groups to varying extents. The typical dependence of metal uptake on pH points
to the weakly acidic carboxyl groups R-COOH (pKa in the range 3.5-5.5) of fun-
gal cell-wall constituents. However, the pH values at which the metal uptake in-
creases sharply and reaches its maximum are generally higher for the amino
groups than for the carboxyl groups®. The role played by various functional
groups in the cell wall of A. niger in biosorption of lead, cadmium and copper has
been investigated by Kapoor and Viraraghavan®®. They have suggested that both
carboxyl and amine groups played an important role in biosorption of lead, cad-
mium and copper. On the other hand, phosphate groups and the lipids fraction of
the biomass did not not play a significant role in biosorption of the metal ions stud-
ied. They have also shown that biosorption of metal ions on A. niger released
potassium ions, in addition to calcium and magnesium ions, indicating that
biosorption took place as a result of an ion-exchange process.

Scant information is available about the accumulation of metals in their
complexed forms, as they are usually present in cyanide-containing industrial so-
lutions. Some studies mainly focus on biodegradation of metal cyanides. In recent
studies, Cladosporium cladosporioides biomass has been shown to be a highly ef-
ficient biosorbent of copper cyanide(TCC) and nickel cyanide(TCN) from aque-
ous solutions®’. C. cladosporioides biomass had maximum loading capacity for
TCC (0.040 mmol g'l) and TCN(0.034 mmol g'l) which was higher than the acti-
vated charcoal (0.030 mmol g™' for TCC and 0.0275 mmol g'1 for TCN), As-
pergillus fumigatus (0.028 mmol g™! for TCC), Aureobasidium pullulans (0.026
mmol g! for TCC and 0.013 mmol g! for TCN) and chitin (0.010 mmol g™ for
TCC and 0.008 mmol g™! for TCN)*’. Gomes et al’® have attempted to elucidate
the nature of cyano-metal complexes-cell interaction of an A. niger strain during
metal uptake from an industrial cyanide-containing solution by the light of solu-
tion chemistry and microanalysis (Electron microscopy, X-ray energy dispersion
spectra analysis and Fourier-transform infrared analysis) of the metal-containing
bio-material. They have reported that A. niger actively transformed cyano-metal
complexes into insoluble metal compounds that were then adsorbed onto the cell
wall. The metabolism-dependent and-independent processes occurred simultane-
ously during the metal uptake by A. niger.

Metal Biosorption Mechanism of Chitin and Chitosan

Chitosan, poly(B-(1 — 4)-2-amino-2-deoxy-D-glucopyranose( is a polymer
composed of partially deacetylated (1 — 4)-2-acetamide-2-deoxy-f3-D-glucose. It

Copyright © Marcel Dekker, Inc. All rights reserved.
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can be easily made by deacetylating chitin, poly(B-(1 — 4)-2-acetamido-2-deoxy-
D-glucopyranose) (Figure 1). The natural source of chitin is the shell of crus-
taceans (lobsters, shrimps, etc.) or the broth from industrial fungal processes. Sev-
eral studies have demonstrated that its interactions with metals are always much
more important compared to those of chitin due to the higher number of free amine
groups in the chitosan molecule (Table II). Chitosan is selective for metal ions, it
only uptakes the transition and post transition metals but does not adsorb for the
alkali and alkaline earth metals. The formation of a coordination complex between
the metal and the chitin nitrogen or oxygen has been suggested. Ion exchange has
also been suggested as a process that may be active in certain metals’ uptake by
chitin or chitosan, however, chitin/chitosan-metal biosorption mechanism has still
not yet been fully explained. In contrast, the sorption efficiency for the soluble
chitosan with a large number of metal ions and their chelating properties have
been found to obey the Irving-Williams and Mellor-Maley series®”> 75,

Since chitosan can be dissolved in acidic media, crosslinking of chitosan is
necessary for the purpose of insolubilization. The capacity of metal adsorption is
known to become relatively small due to crosslinking between the polymer chains

CHz
7/
H Cco
H \ H H
CH0H H H NH CH0H H
o} HO 0,
HO o e}
HO o] HO
H NH CH20H H H NH
/ H H /s H
H co H Cco
N N
CH3 CH3
a) CHITIN
H
H H H
CH0H H H NHp CHa0H H
o] HO 0
HO (o] o}
HO o] HO
H NHa CH20H H H NH
H H H
H H
b) CHITOSAN

Figure 1. Molecular repeating units of a) chitin and b) chitosan.
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of chitosan as metallic ions normally adsorb onto the amino and hydroxyl groups
of chitosan®. The saturation adsorption capacity of Cd(II) ions onto cross-linked
chitosan gel beads exponentially decreased from 2.224 to 0.890 mmol of Cd(Il) g
! of chitosan as the extent of cross-linking increased from 0 to 1.3 mol of GA/mol
of -NH,. At higher extents of cross-linking, the saturation adsorption capacity re-
mained at 0.890 mg of Cd/g of chitosan®. An alternative approach is to find a de-
gree of deacetylation in chitin which could produce an optimal balance between
its maximum sorption and stability in the acidic condition. The deacetylated
chitins with 46.8% DD were generally the most effective in removal of Cr(VI)
ions at pH 3 and stability of highly deacetylated chitin was increased at low pH
conditions due to a crosslinking effect®'. The chitin thiocarbonate-Fe(II)-H, O, re-
dox system has been investigated as the initiator for the graft copolymerization of
acrylonitrile and acrylic acid monomers onto chitin powder. Reactions of chitin-
acrylonitrile graft copolymer with hydroxyl amine hydrochloride, as well as,
sodium hydroxide have been conducted in order to obtain chitin-(amidoxime-co-
acrylonitrile) (ChAm-co-AN) and chitin-(acrylate-co-acryl-amide) graft copoly-
mers, respectively. Among these derivatives, the product with -NH, and -COONa
groups, chitin -(acrylate-co-acrylamide) (ChAA-co-Am) graft copolymer,
showed higher adsorption amounts for metal cations, which is attributed not only
to the adsorption capacity of the functional groups, but also to the hydrophilicity
of the main chain and the pendant of coordination sites which form chelate rings
with metal ions®. A novel chitosan-supported sulfonic acid resin modified by
propane sultone has been prepared and the adsorption characteristics of metal ions
have been examined by using a crosslinked chitosan-supported sulfonic acid resin
(PSC) and a crosslinked chitosan resin (CLC). The maximum adsorption capacity
for PSC in the case of adsorption of copper is 1.6 times that of CLC® (Table II).

Using pure commercial chitin gave a copper binding capacity of 0.20+=0.02
mmol g™! chitin®’. R. arrhizus exhibited maximum copper uptake of 0.787-1.023
mmol g'1 23 while A. oryzae, a sorbent devoid of chitin, removed 0.217 mmol
Cu(II) g' *°. Piron’" has observed a chitin uptake of 0.053 mmol U g"!, while max-
imum uranium uptake capacities of nine species of R. arrhizus and A. oryzae have
been reported as 0.630-1.050 mmol g! *® and 0.290 mmol g' *°, respectively. Ac-
cording to the uranium and thorium uptake mechanism suggested by Tsezos and
Volesky®!2, substituted amino groups of the cell wall chitin network act initially
as uranium coordination sites. Coordinated uranium function subsequently as nu-
cleation sites for sequestering of additional uranium. Therefore, although the pure
chitin uranium uptake capacity is very small, chitin may play an important role in
the uranium biosorption by R. arrhizus. On the other hand, Sag** has reported that
R. arrhizus reached uptake value of 0.332 mmol Pb(II) g”'. Fourest'” has mea-
sured uptake amount of 0.270 mmol Pb(Il) g™' for R. arrhizus. Ashkenazy® has
reported similar experimental result for the uptake of Pb(II) (0.236 mmol g!) ions
by pure chitin. Thus, pure chitin has a lead uptake capacity close to that of the
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whole R. arrhizus cells, as observed previously for Saccharomyces uvarum®. In
particular, in case of Cu(Il), maximum metal uptake capacities of chitosan and
chitin derivatives reported in the literature® % are generally higher than those of
pure whole cell cultures'!>3-*¢ (Tables I and II).

Competitive Metal Biosorption by Fungal Cells and Antagonistic-
Synergistic Interactions

Up to now, the research on biosorption of heavy metals has mainly focused
on either the adsorption efficiencies and equilibria for different biosorbent mate-
rials or the development of batch or continuous biosorption processes. However,
relatively less work has been contributed to elucidate the details of the biosorption
behavior in multi-metal systems, which are normally the composition of the in-
dustrial effluents. The interactive effects of a metal mixture on an aquatic organ-
ism are extremely complex and depend on species of microorganisms, number of
metals competing for binding sites, metal combination, levels of metal concentra-
tion, order of metal addition, residence time and test criterion (i.e. cell number,
cell growth, cell volume, dissolved oxygen, metal uptake, etc.). When dead cells
are used in the biosorption studies, the other test criteria are eliminated. Three
types of responses may be produced by an organism: i) The effect of the mixture
is greater than that of each of the individual effects of the constituents in the mix-
ture (synergism); ii) the effect of the mixture is less than that of each of the indi-
vidual effects of the constituents in the mixture (antagonism); iii) the effect of the
mixture is no more or less than that of each of the individual effects of the con-
stituents in the mixture (noninteraction)'’%7”.

The uptake of Cu(Il) and Cr(VI) ions from binary mixtures by R. arrhizus
has been described as a function of ion concentration, pH and temperature by Sag
and Kutsal””. The combined action of Cu(Il) and Cr(VI) on R. arrhizus has been
generally found to be antagonistic at pH 2.0 and Cr(VI) dominated the competi-
tive binding. The most logical reason for the antagonistic action is claimed to be
the competition for adsorption sites on the cells and/or a screening effect by the
second metal ion. The increasing concentrations of metal ions that are not ad-
sorbed can mask preferentially adsorbed metal ions. The screening effect of the
presence of the second metal ion in the biosorption medium can also give rise to
mixed synergism and antagonism toward biosorption. The screening effect can in-
duce synergism mutually ameliorating their individual toxic effects and masking
the antagonism. Since the total uptake of metal ions were higher than those of the
single-metal systems, the total interactive effects of Cu(Il) and Cr(VI) ions on R.
arrhizus were thought to be synergistic at pH 4.0. This can be attributed to the fact
that increases in the total metal-ion concentration in the multi-metal mixtures re-
sult in a strong driving force or a large difference in concentration between ad-
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sorbent surface and metal solution, and further uptake of the competing metal
ions. The ability of the fungal biomass R. arrhizus to bind three metals-Cr(VI),
Fe(IIT), Cu(II)-simultaneously in solution has also been investigated’®. Although
Cr(V]) ions, in agreement with the single and dual component data, were adsorbed
selectively from the ternary metal mixtures, Fe(III) ions competed strongly with
Cr(V]) ions to bind to active sites on the fungus. On the other hand, the simulta-
neous biosorption of Cu(Il) ions at pH 2.0 appeared to be significantly low. Tse-
z0s et al*? have indicated that an 18% reduction in the uranium uptake capacity of
immobilized R. arrhizus occurred when mine leachate solutions instead of syn-
thetic uranyl nitrate solutions were used. Tsezos et al’® have also suggested that
AIl(III) interfered with the uranium biosorptive uptake capacity of R. arrhizus by
the precipitation of a metastable amorphous hydroxy polymeric precipitate
through a mechanism referred to as steric competition.

Simple sorption isotherm curves enable quantitative evaluation of sorption
performance of different biosorbent materials for only one metal at a time. When
more than one metal is present in the biosorption system, the evaluation, interpre-
tation, and representation of biosorption results become much more complicated.
Often the prediction of sorption equilibria is also complicated by the presence of
several sorbed ions, requiring the use of multi-component isotherm equations.
With two metals in the solution, instead of a two-dimensional sorption isotherm
curve, the sorption system evaluation results in a series of three-dimensional sorp-
tion isotherm surfaces®>#%8!_ The correct and most illustrative way of represent-
ing the biosorption equilibrium of a two-metal system is to constract a 3-D sorp-
tion isotherm plot whereby the metal uptake is plotted as a function of the final
equilibrium concentrations of the two metals. The computer program MATLAB
4.0 is capable of plotting a 3-D diagram based on randomly generated experi-
mental data, fitting a smooth surface to the data according to the appropriate input
equation, which represents the surface. The input equation is a multi-component
sorption equilibrium model and a binary Langmuir-type equation was generally
used in the literature'-?. This approach is illustrated in Figure 2 a)-e) for the si-
multaneous biosorption of Cu(Il) and Ni(II) ions by using 3-D isotherm-surface
plotting. In order to create the biosorption isotherm surfaces an empirical exten-
sion of the Freundlich model, restricted to binary mixtures, was used. Depending
on the gjq value calculated and used, there could be three different sorption-
isotherm surface plots: 1) for the uptake of metal 1, yielding the effect of metal 2
on metal 1 (Figure 2 a); 2) for the uptake of metal 2, yielding the effect of metal 1
on metal 2 (Figure 2 c¢); and 3) for the total uptake (metal 1 + metal 2) (Figure 2
e). All the Cjq values and their corresponding g;.q values belong to the same
isotherm surface, and so it can be cut by selected isoconcentration parallel planes
at chosen second metal C; o4, yielding (in projection) a series of isotherms for the
first metal as affected by the presence of increasing concentrations of the second
metal (Figure 2 b,d). The effect of different levels of Ni(Il) on the biosorbent up-
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Figure 2. a) A three-dimensional biosorption surface for the simultaneous biosorption of
Cu(II) and Ni(II) on R. arrhizus from binary mixtures: Cu(Il) uptake. b) The effect of Ni(II)
on equilibrium uptake of Cu(Il) by R. arrhizus is derived by ‘cutting’ the isotherm surface
with Ni(II) isoconcentration planes and plotting the resulting curves.
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Figure 2. Continued. c¢) A three-dimensional biosorption surface for the simultaneous
biosorption of Cu(Il) and Ni(Il) on R. arrhizus from binary mixtures: Ni(Il) uptake. d) The
effect of Cu(Il) on equilibrium uptake of Ni(I) by R. arrhizus given with the two-dimen-
sional biosorption isotherm curves. e) A three-dimensional sorption surface for the Cu(Il)-
Ni(II)-R. arrhizus biosorption system: total metal uptake.

(continued)
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e)

Figure 2. Continued.

take of Cu(Il) is quantitatively much better demonstrated in Figure 2 b), showing
how the biosorption uptake of Cu(Il) decreases in the presence of Ni(Il). The
curves in Figure 2 b) represent series of Ni(II) ‘isoconcentration cuts’ of the Cu(II)
biosorption surface in Figure 2 a). Figure 2 c¢) and d) summarizes the effect of
Cu(II) on the uptake of Ni(I). In the range of low equilibrium Ni(II) concentra-
tions the Ni(Il) uptake is more severely affected by the presence of Cu(Il). How-
ever, equilibrium uptake of Ni(Il) ions increases when Ni(II) concentration and/or
ratio of Ni(Il) ion concentration is increased with respect to total metal-ion con-
centration. In Figure 2 e), the two main planes (x-z and y-z) show the single-metal
biosorption isotherms for Cu(II) and Ni(II), respectively. One type of the metal
ion present interfere with the uptake of another one in the system, although the
overall total metal uptake is not necessarily lowered. Figure 2 e) shows that, with
high levels of overall metal concentration present in the solution, the biosorbent
easily reaches the saturation level demonstrated by a wide plateau of the surface.
Since the experimental points for the surface are likely to exhibit a certain degree
of scattering, the experimental surface has to be smoothed. To do this in 3-D plots
requires more calculating power, which is now with the use of computers, which
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can also fit a suitable mathematical model to the surface; the availability of an ap-
propriate mathematical model is essential for the surface-cutting exercise.

Although this method can be extended to represent three-metal sorption
equilibria (by a series of three dimensional 3-D plots whereby the residual con-
centration of one of the metals is taken as a parameter), a ternary system is repre-
sented in a triangular equilibrium diagram whereby the effect of the third ion is
not ignored'. To use the triangular diagram, the equilibrium data are converted
into their respective dimensionless forms by using mole fractions. The final resid-
ual concentrations in solution, C; ¢4, and the metal uptakes, g 4, are converted to
metal fractions in solution, X;, and mole fractions in the biosorbent, Y;, respec-
tively. Use of a triangular diagram to graphically depict the equilibrium data of the
ternary Cr(VI)+Cu(Il)+Fe(IIl) system is illustrated in Figure 3 a)-c). In the tri-
angular diagram, the equidistant axes refer to the mole fractions of the respective
metal species on the biosorbent. Superimposed on these axes are contour lines or
parametric lines which, in Figure 3 a)-c), correspond to the mole fractions of
Cr(VID), Cu(Il) and Fe(III) in solution, respectively. Due to the preference of R. ar-
rhizus for the metals examined which was Cr(VI)>Fe(IlI)>Cu(Il), the experi-
mental points tend to cluster toward the Cr(VI) corner with a noticeable void in
the Cu(Il) corner of the triangular diagram. It is possible to see the diagrams also
as pseudo-4D plots (the result of projecting/viewing a series of the surfaces over
the Gibbs triangle®>8? from above).

Equilibrium Sorption Models
Single-Component Sorption Models
To design equipment, the investigation of the performance of free cells is

fundamental for the industrial application of biosorption, because it gives infor-
mation about the equilibrium of the process. The most widely used isotherm equa-

tion for modeling of the biosorption equilibrium data is the Langmuir equation®%°.
aC, 0
Geq =
«=T+0C,

Where Cq is the metal concentration in solution and a=Q,, b. The constants a and
b are the characteristics of the Langmuir equation and can be determined from a
linearised form of Eq. (1). The Langmuir equation obeys Henry’s Law at low con-
centrations.

Langmuir model assumes that all sites are energetically equivalent. By tak-
ing into account the energetic heterogeneity, the bi-Langmuir model has been de-
rived. This model is based on the coexistence of two independent non-cooperative
sites and is formulated as follows®®.
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® Model prediction
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Figure 3. The simultaneous biosorption of Cr(VI), Cu(Il) and Fe(IIl) ions on R. arrhizus
from ternary mixtures. a) Biosorption isotherms of the constant Cr(VI) fraction in the solu-
tion ( — ). b) Biosorption isotherms of the constant Cu(Il) fraction in the solution
(—). Biosorption isotherms of the constant Fe(III) fraction in the solution (—).
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Figure 3. Continued.
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The bi-Langmuir model has been applied to the biosorption of Cu(Il), Cd(II) and
Ni(Il) on F. flocciferum and Cu(Il) biosorption equilibrium data have exhibited a
very good correlation with the bi-Langmuir model'".

The Freundlich expression is an empirical equation based on sorption on a
heterogeneous surface. The Freundlich equation is commonly presented as®*%°:

Geq = a°CLY 3)

and the equation may be linearised by taking logarithms.
A further empirical isotherm has been developed by Redlich and Peterson
(RP), incorporating three parameters®®:

KxC,
Geq = -

= TRTe )
1+ aRCEq

where the exponent [3, lies between 0 and 1. When =1, the Redlich-Peterson
equation reduces to the Langmuir equation. When 3 =0, the Henry’s Law form re-
sults. Although the Langmuir and Freundlich models have been widely used to de-
fine equilibrium parameters of fungal biosorption, the application of the Redlich-
Peterson equation to biosorption is scarce in the literature. The Redlich-Peterson
isotherm has been demonstrated to provide a good correlation for the biosorption
of Cu(Il) and Zn(Il) ions on R. arrhizus*®.
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Multi-Component Sorption Models

Competitive isotherms, describing multi-component sorption, are classified
according to the relationship they have with single component isotherms®®:

Competitive Isotherms Related to the Individual Isotherm Parameters
Only

The extension of the basic Langmuir model to competitive adsorption is
based on the same hypotheses as for the single-component Langmuir model and
assumes, in addition, identical saturation capacities for all components%. It is
written as

a; Ci,eq

N ()
1+ 3, b,Cey
j=1

Gieq =

where the a; and b; are derived from the corresponding individual Langmuir
isotherm equations. The competitive Langmuir model has been shown to be con-
sistent with the observed uptake of Cr(VI) and Fe(III) ions on R. arrhizus from bi-
nary mixtures.

The bi-Langmuir isotherm to describe the adsorption of binary mixtures has
been modified. It is written as follows®S:

. a; Ci,eq a;»C ieq
qi,eq - ] + bi,lci’eq + bj,lcj,eq + 1 + b,',zci,eq + bjyzq,eq (6)

The two-site model has been successfully employed for describing competitive
adsorption equilibrium data of Cu(Il) ions and protons on A. oryzae and Rhizopus
40
oryzae™.
The three parameter isotherm of Redlich-Peterson that has been empirically

developed for multi-component mixtures is given as®®:

KR,i Ci eq

— @)
1+ z aRJCEJeq
j=1

Gieq =

Competitive Isotherms Related to the Individual Isotherm Parameters
and to Correction Factors

Better accuracy may be achieved by extracting additional coefficients from
experimental competitive isotherms. An interaction term r); , which is a charac-
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teristic of each species and depends on the concentrations of the other compo-
nents, has been added in the competitive Langmuir model. The modified compet-
itive Langmuir isotherm becomes®¢

a;(Cj eglMi)
N
L+ 2 5{(Creqm))
=1

®)

Qieqg =

where the a; and b; are given by the individual Langmuir isotherms, and the m; are
estimated from competitive adsorption data. As mentioned above, the competitive
Langmuir model has been employed to describe adsorption data of Cr(VI) and
Fe(IIl) ions on R. arrhizus®*. However, positive deviations from the competitive
Langmuir model have been observed at low total metal ion concentrations. To ob-
tain an excellent fit, the modified competitive Langmuir model has also been ap-
plied to multi-component adsorption equilibria of Cr(VI) and Fe(IIl) ions. The
correction factors for both metal ions have been found to be 0.894, validating the
proposed models for adsorption data®’.

Sheindoref et al®® have derived a Freundlich type multi-component adsorp-
tion isotherm. The adsorption isotherm for component i in a k-component system
expressed in terms of weight of sorbate, is written in the form:

K by
Qi,eq = a?Ci,eq< z aijCj,eq) (9)
=1

The pre-exponential coefficient ¢? and the exponent 5 can be determined from
the mono-component systems. The competition coefficients a;; describe the inhi-
bition to the adsorption of component i by component j, and can be determined
from thermodynamic data, or more likely, from experimental data of bicomponent
systems5%%0,

Fritz and Schluender®' have considered another approach and proposed an
empirical extension of the Freundlich model, restricted to binary mixtures:

bO+b
a?Cll 1
I (102)
Cl,eq + a12C2,eq
0
agcg%:bﬂ
_ eq
92.eq = (10b)

b )
C3%, + axCi%,

where the a? and b? are derived from the individual Freundlich isotherms. The six
new parameters to be derived experimentally in bisolute adsorption tests are cor-
rection coefficients3®°. The bicomponent biosorption of Cu(II)-Zn(II), Pb(II)-
Cu(II) and Pb(I1)-Zn(II) on R. arrhizus in batch stirred reactors®? has been shown
to be represented by the empirical extension of the Freundlich model.
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Ion-Exchange Isotherms

More recent studies with fungal biomass and seaweed in particular have in-
dicated a dominant role of ion exchange metal binding. As ion exchange is the pre-
dominant metal-ion-binding mechanism the classical ion-exchange concept based
on exchange-equilibrium constants and separation factors®>* can be applied to
this case. For a generalized ion-exchange reaction for dissolved species A ex-
changing for a bound species B, with underlining representing the bound species,

bAT® + aB*’ < AT + aBT? (1D

the equilibrium constant Kap and the separation factor rap are given as follows,
for the case of ideal behaviour of the exchanging species (1:1 ion exchange, ac-
tivity= 1) in both of the phases:

b Ha b ..a a—b
C Cs
Kap = 155 = (y;‘xf> = (12)
CAfCIB xayg) O
YaXB
= 13
YaB XAVE (13)

For the binary ion-exchange system, the value of the equilibrium constant Kag can
be determined from the slope of the plot of qa/qg versus C,/Cg. Biosorbents can
also be prepared in different ionic forms®> and the sorption analysis is often re-
duced to considering a series of simple binary ion-exchange systems. By elimi-
nating qg through substitutions®,

qa 1

0", G “4)
KAB CA

As g4/ Q represents the fraction of the binding sites occupied by A, this equation
may be used to evaluate the decrease of the equilibrium uptake of the species A
by the biosorbent caused by the presence of species B. Using simple dimension-
less concentration fractions as variables, Eq(14) can be re-written:

1
R (15)
1+

Kapxy

This equation is the most generalized description of the ion-exchange sorption
equilibrium for binary systems®. Modeling multi-metal ion exchange in biosorp-
tion has rarely been applied to fungal biosorption while for the brown alga Sar-
gassum fluitans, which contains the carboxyl groups of alginate and the sulfate
groups of fucoidan, an ion-exchange-based two-site model has been developed®®
and extended to describe multi-site and multi-ion system behavior®’.
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Modeling of Fungal Biosorption in BSTR

Tsezos et al®' have modeled the uranium biosorptive behavior of MSR
biosorbent particles using a batch reactor mass transfer kinetic model
(BRMTK). According to the model, a typical MSR particle is spherical, con-
sisting of a uniform non-biomass outer layer and a uniform biomass, porous in-
ner core. The hydrodynamic boundary layer, the non-biomass layer and the in-
traparticle transport have been considered the major factors controlling the
observed overall rate of biosorption from the bulk solution. The model has been
developed expressing the mass balance for the metal across each of the assumed
mass transport resistances.

A mass balance of the solute in the biomass core of an immobilized biomass
particle is as follows:

de 99 _ (0% 2 dc
NGE e —D,,A(ar2 += M) (16)

A mass balance of the solute across the non-biomass layer is given by

47(KR)*D,,
S

d
(Cm,Kr - Cm,R) = 4TI'R2D[,)\ a_i |r=R (17)

A mass balance of the solute in the external fluid film is given by

ke(cp — cor) = Tm (Cmkr = CmR) (18)

The overall mass transfer coefficient, ko, the effective solute diffusivity in the pore
of the biomass core, Dy, and the effective metal diffusivity in the non-biomass
layer, D,,, have been estimated using a non-linear least-squares procedure. De-

tailed derivation can be found in Tsezos et al?'.
. 1
ko = ﬁ (19)
( kT D—m)

Modeling of Fungal Biosorption in CFST

For the prediction of the performance of a continuous-flow stirred-tank con-
tactor (CFST) for mono and multi-component biosorption of heavy metal ions on
R. arrhizus, Sag et al *® have used a mathematical model based on mass balances
for liquid and solid phases. The lumped parameter simple kinetic model assumes
that the adsorption can be taken as a reversible mass transfer process in which free
adsorbate becomes bound to the adsorbent®®!%°. Adsorption reaction is given as
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follows:
Ki(Qm —q)
C———¢q
K>

where C is the metal concentration in solution and q is the adsorbed metal ion
quantity per unit weight of dried biomass. The constants K; and K, are the for-
ward and backward rate constants, respectively. Qy, is the amount of adsorbate per
unit weight of adsorbent to form a complete monolayer on the surface.

From a mass balance for C:

dac

o = KCQn— g + Ky (20)

and from a mass balance for q:
dgq
L= KiCQu — q) — Kxg @1

At equilibrium:

dac _ dq _
P 0 and g 0 o
therefore K C(Q,, — q) = K»xq
_ cheq
O 4= T K, (23)

The Langmuir equation given by Eq. (23) is the most widely used isotherm equa-
tion for modeling adsorption equilibrium data. K, is the dissociation constant, Ky
= 1/b = Ky/K;. From the adsorption isotherm curve, Q, is the value that q tends
to asymptotically as C tends to a high value, and K is the value of C in equilib-
rium with q= Q,/2.

For multi-component adsorption, to model competition, Qj, the free capac-
ity for species j, is given by Eq. (24)%%:

n qi
Q= an<1 25 ) 24)
i=1 ="
where Q,,; is the maximum capacity for i, q; is the solid phase concentration for i

and is given by the Eq. (25):

Cio— G
j= 0 25
qi o 25
In this Eq. C; shows the initial metal ion concentration for i and x, denotes mi-
croorganism concentration. For multi-component adsorption, the adsorption reac-
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tion becomes:

KIQ_/
C——=4
K>
which must be solved numerically.
For CFST, the mass balance is given by the Eq. (26):

aC; aq;
Va—t] = vOij - V()Cj - a_tj in (26)
and
aq; _ _
o = KiGi0; = Kag 27

The differential Egs. (26) and (27) have been solved simultaneously by using the
Runga-Kutta method. The solution has been writtten in Visual Basic Program and
modified in Excel 7.0. The biosorption of Pb(II), Ni(Il) and Cu(Il), in single com-
ponent, binary and ternary systems has been studied using R. arrhizus in the
CFST?®8. Comparing simulated concentration curves from the lumped parameter
simple kinetic model incorporated with continuous system mass balance (LP-
SKM) with experimental results, the proposed model has been shown to correlate
well with single and multi-component adsorption data.

Modeling of Fungal Biosorption in PCR

The most optimal configuration for continuous flow-biosorption is the
packed-bed column which gets gradually saturated from the feed to the solution
exit end. The breakthrough curves for the single- and multi-component biosorp-
tion of metal ions are measured as a function of flow rate and inlet metal ion con-
centration. In the breakthrough curves the normalized concentration, defined as
the measured concentration divided by the inlet concentration, is plotted against
volumes of synthetic aqueous solutions treated. Breakthrough occurs when that
metal appears in the effluent. The general position of the breakthrough curve
along the volume axis depends on the capacity of the column with respect to the
feed concentration. This is set by the equilibrium. The breakthrough curves are
evaluated in terms of the maximum (equilibrium) capacity of the column, C; ax
(mg), the amount of metal loading on the biomass surface, q; .q (Mg g, and the
adsorption yield (adsorbed metal percentage), %Y;. The maximum (equilibrium)
capacity of the column for a given feed concentration is equal to the area under the
plot of the adsorbed metal ion concentration C; 545 (Mg I"Y) vs. time (min) or the
area behind the breakthrough curve?>-2841,
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Ci,max = vOJ Ci,ad.ydt (28)
0

The amount of metal that remains in the effluent, C; 4, is the area behind the ad-
sorption curve or the area under the breakthrough curve®-24!,

Cit — f Ci aasdt
0

W' - Y X
Ciog=—7 0 Cipg=———1a™

Vol

29

The amount of metal loading on the biomass surface is calculated from the weight
of metal adsorbed per unit dry weight of biomass in the column (that is, the ratio
of the maximum capacity of the column to the amount of microorganism filled in
the column) 2841,

Ci,max
qi,eq = X (30)
The adsorption yield is the ratio of the maximum capacity of the column to the
amount of metal loading into the column, W; (mg) 284!,
Ci,max
Y, = W .100 31

Where the amount of metal loading into the column is W; = C;upt. In multi-metal
mixtures total adsorption yield®*!:
n

2 Ci,max

i=1

Yr=—"7——-100 (32)

3w

i=1

In multi-metal mixtures, when the column capacity is approached, the metal with
a higher affinity displaces the metal with lower affinity. The adsorption and dis-
placement of metal ions is the reason for the outlet concentrations sometimes ris-
ing to values greater than the inlet concentrations, giving a negative accumulation.
Usually, only the toxic metal with the high concentration is targeted for removal.
However, owing to the competitive ion exchange taking place in the column, one
or more of the metals present even at trace levels may overshoot the acceptable
limit in the column effluent well before the breakthrough point of the targeted
metal, thereby considerably reducing the service time of the column®. Although
output-concentration overshoots have been observed experimentally?®#!, their oc-
currence and impact on heavy metal removal has not, until recently, been dis-
cussed, analyzed or even considered. The simultaneous biosorption of Cr(VI) and
Cu(ID) %8, Cr(VI) and Fe(III)41 on free R. arrhizus from binary metal mixtures in a
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packed column operated in the continuous mode has been investigated. The com-
petitive-empirical Freundlich model for binary metal mixtures has been shown to
represent most the column adsorption equilibrium data of Cr(VI) and Cu(II)?®,
Cr(VI) and Fe(II1)*' on R. arrhizus satisfactorily.

The movement of a solute in a column type reactor is generally described by

the following equation'®'-193:
o€ _poC_ oc_  (L=e) dg
o har Viar P T o (33)

The most important term of this material balance equation, is the rate of solute up-
take by the biosorbent, dg / dr. If it is assumed that mass transfer limitation in the
liquid and solid phase is negligible and the sorption reaction is rapid, this approach
yields the local equilibrium models (LEM), given by the Eq (34)'*%:

aC _p @C _ oc (=8 g aC

ar "oz Ve TP T aC o (34)

The most simple local equilibrium model assumes that the equilibrium distribu-
tion between the solid phase and the fluid phase is linear.

q=K,C (35)
dq
% - Kp (36)

The linear local equilibrium model (LLEM) is given by the Eq (37) '*:

ac_ . 9Cc _ac (-8  94C
ot =Dy, 972 ViTar TP Ky ot (37

If the Freundlich isotherm is used to describe the sorption term, then a local equi-
librium model is obtained by substituting the term dg/dC by the Eq. (27)'%%

¢=ac” (38)
d

T = a%°c ! (39)
AC _p °C _ 0C (A =8 o0mm0-1IC

ot = Dh 8z2 V. oz Ps c abC ot (40)

Similarly, for the case of Langmuir isotherm the term dg/dC can be substituted by
the derivative of Langmuir isotherm:
aC

9= T+5C “D
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For the case of first order reversible sorption®®°? 192
%—5=Dh%—vz%—lﬂc+ps(l;S)qu (44)

This equation is the analogous the combined form of the Eqgs. (26) and (27) given
for CFST and can be modified for multi-component sorption systems by the
method defined Section (2.9.).
For the case of equilibrium and first order sorption/desorption, the local
equilibrium model (LEM) becomes':
2
aC _ p, 9 Cc aC

h— L, TV

at a2 oz
_, =2 dq aCc _ S
Ps™¢ aC at K¢+ ps € Kag (@3)

Although the analytical and numerical solutions of the fixed bed column equation
for many special cases are available elsewhere?®9%:101:102.104-106 ‘the mathematical
modeling of biosorption columns particularly in case of multicomponent biosorp-
tion is still scarce in literature.

Brady et al**have tested Cu(II) biosorption capacities of laboratory cul-
tured, immobilized R. arrhizus and industrial waste M. miehei in continuous-flow
column systems. The two parameter fixed-bed adsorption model (TPFBAM) de-
scribed by Belter et al'”” has been applied to the data from each of the fixed bed
biosorption systems. The model relates change in effluent solution concentration
(Ce) to column residence time (t) through two parameters : a characteristic time
(to) and a standard deviation (o).

Ze= I+ erf|t - 46
Ci 2 e’f Uto\/i ( )

Breakthrough curve data were tested and untested operating conditions were gen-
erated by the two parameter model and agreed closely with experimental values®.

CONCLUSIONS AND FUTURE DIRECTIONS

Fungal cell walls and their components have a major role in biosorption and
also take up suspended metal particulates and colloids. Fungi are ubiquitous in the

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



16: 26 30 January 2011

Downl oaded At:

ORDER REPRINTS

BIOSORPTION OF HEAVY METALS 41

natural environment and play important roles in decomposition, nutrient cycling
and transformation of toxic metals between soluble and insoluble forms including
volatile derivatives. Application of fungal biomass to remove heavy metal from
industrial waste water and/or to recover economically valuable metals is attractive
for industry. Food and industrial fermentation processes can provide a cheap and
constant supply of fungal biomass or the biomass can be cultured using inexpen-
sive growth media and unsophisticated fermentation techniques. The byproducts
or products of the above processes can be used economically and successfully in
the selective removal of heavy metal ions from waste waters. Moreover, as parti-
cle size can be optimized, fungi can be used in column-type reactors without im-
mobilization. Industrial solutions commonly contain multimetal systems or sev-
eral organic and inorganic substances that form complexes with metals at
relatively high stability forming a very complex environment. Metal uptake by
fungi has been widely described by several authors, however, when real industrial
solutions are used in the experiments, most of these works reveal inconclusive and
very speculative results as of an indication of the nature of metal-microorganism
interaction. This is most probably due a lack of results supported by analytical
data. By the beginning of 1990’s, the research work in the field of biosorption has
focused again on the better explanation and understanding of biosorption mecha-
nisms, such as the competing ions effect and selectivity, rather than on the design
of biosorption process. Applied microbiology needs to clarify the composition of
microbial cell walls which are mainly responsible for sequestering the metals.
When the metal-fungal biomass interaction mechanisms are reasonably under-
stood, it opens the possibilities of optimizing the biosorption process on the
molecular level and manipulating the biosorption properties of biomass when it is
growing. This could be achieved by the extensive application of advanced instru-
mental analyses combined to the study of the chemical composition of the solu-
tions, before and after contact with the fungal cells. Use of genetically modified
strains for specific industrial applications can become one of the main subjects of
biosorption engineering in the future. At least economically attractive analogous
sorbent materials can be developed. Intrabiotechnological hybrid technologies
can be integrated with other non biotechnology based processes, e.g. chemical
precipitation, electrochemical processes. The combination of biosorption along
with metabolically mediated processes such as bioreduction and bioprecipitation,
called intrabiotechnological hybrid technologies, is possible inside novel single
reactor designs. Therefore, the fundamental research into the better understanding
of the mechanism of biosorption on what drives the selectivity of biosorptive and
bioaccumulative processes must be continued. A major consideration preceding
the implementation of any sorption operation is the equilibrium distribution of
ionic components between the solid and liquid phases. When several components
are present, interference and competition phenomena for sorption sites occur and
lead to a more complex mathematical formulation of the equilibrium. The com-
plex overlapping breakthrough curves for multi-component mixtures where dis-
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persive and nonequilibrium effects are important cannot be described easily.
Apart from the difficulty of evaluating such systems, the experimental volume in-
creases enormously with each additional ionic component present. In this stage,
mathematical models play a key role in transferring technologies from the labora-
tory to a full-scale application. Good models cannot only help in analyzing and in-
terpreting experimental data but also in predicting the process performance under
different conditions. Computer simulations can then replace numerous tedious
and costly experiments. Mathematical modeling and computer simulation is es-
sential for process design and optimization where the equilibrium and dynamic
test information comes together representing a multivariable system. The dynamic
nature of columns and flow-through contactors makes computer modeling obli-
gatory. When reaction kinetics is combined with mass transfer which is also de-
pendent on the particle and fluid properties, advanced computer simulations will
be required. Advanced computer modeling/simulation techniques can also be used
in modeling of molecules, their parts and interactions. As mentioned above, ‘see-
ing’ how the biosorbent works on a molecular level would aim at preparing a bet-
ter biosorbent. While significant advances have been recorded in explaining pro-
tein and nucleic acid structures and their behavior, carbohydrate chemistry which
appears to play a predominant role in the biosorption mechanisms still has not sig-
nificantly benefited from these advanced computer modeling techniques.

NOMENCLATURE

c : Solute concentration in the pore of the biomass core (mg 1)

Ch : Solute concentration in the bulk solution (mg 1)

Cm : Solute concentration in the non-biomass layer (mg 1)

C : For fixed bed adsorbers, solution phase solute concentration (mg
of solute / cm?® of solution)

(o : Metal ion concentration range studied, for fixed bed adsorbers
influent metal ion concentration (mg I"' or mmol 1'")

Cieq 0r Ceq : Unadsorbed metal ion concentration in solution at equilibrium,
(mg 1)

Co : Normality of the solution (meq 1'")

ChAA : Chitin-acrylic acid

CwmL : Concentration of species M in liquid phase (mmol 1)

DCM : Dichloromethane

DD : Deacetylation

Dy, : Hydrodynamic dispersion coefficient (cm* min™')

GA : Glutaraldehyde

k¢ : External fluid film mass transfer coefficient (cm s™)

Kp : Partitioning coefficient
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KR : Radius of immobilized biomass particle (cm)

n : Reactor number

q : Solute concentration in the biomass ( mg g"' or mmol g'), for
fixed bed adsorbers, volume averaged sorbed-phase solute mass
per solid-phase mass (mg solute/g sorbent)

i,eq OT Qeq : Adsorbed metal ion quantity per unit weight of dried biomass at
equilibrium (mmol ¢! ormg g)

d, 9a, 9B : Sorption uptake, and uptake of species A or B (mmol g™')

Q : Equilibrium uptake of M at Cyy. (meq 1)

r : Radial variable in the biomass core (cm)

R : Radius of the biomass core (cm)

t : Time (min)

T : Temperature

TCC : Tetracyanocuprate(Il) [KoCu(CN),]

TCN : Tetracyanonickelate(Il) [K,Ni(CN),4]

Vv, : One dimensional fluid phase interstitial velocity (cm min™")

Vo : Volumetric flow rate (ml min™)

XA, XB : Equivalent fractions of species A and B in liquid phase

X : Microorganism concentration (g I'') or amount of microorgan-
ism filled in the column (mg)

YA, YB : Equivalent fractions of species A and B in solid phase

zZ : Space direction (cm)

Greek Letters

A : Apparent biomass core porosity

p : Apparent biomass core density (g cm™)

Ps . Biosorbent material density (g cm™)

ps(l-€) : Fixed density of the bed (biosorbent mass per unit bed volume,
gem?)

€ : Bed porosity, void volume per unit total volume (dimensionless)

S : Non-biomass layer thickness (KR-R) (cm)

p—
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