Appl Biochem Biotechnol (2013) 170:1389-1416
DOI 10.1007/s12010-013-0269-0

State of the Art for the Biosorption Process—a Review

Izabela Michalak - Katarzyna Chojnacka -
Anna Witek-Krowiak

Received: 7 January 2013 / Accepted: 26 April 2013 /
Published online: 12 May 2013
© The Author(s) 2013. This article is published with open access at Springerlink.com

Abstract In recent years, biosorption process has become an economic and eco-friendly
alternative treatment technology in the water and wastewater industry. In this light, a number
of biosorbents were developed and are successfully employed for treating various pollutants
including metals, dyes, phenols, fluoride, and pharmaceuticals in solutions (aqueous/oil).
However, still there are few technical barriers in the biosorption process that impede its
commercialization and thus to overcome these problems there has been a steadily growing
interest in this research field. This resulted in large numbers of publications and patents each
year. This review reports the state of the art in biosorption research. In this review, we
provide a compendium of know-how in laboratory methodology, mathematical modeling of
equilibrium and kinetics, identification of the biosorption mechanism. Various mathematical
models of biosorption were discussed: the process in packed-bed column arrangement, as
well as by suspended biomass. Particular attention was paid to patents in biosorption and
pilot-scale systems. In addition, we provided future aspects in biosorption research.

Keywords Biosorption - Research methodology - Kinetics - Equilibrium - Process solutions -
Application in practice

Abbreviations

4 Coefficient of frequency (gram per milligram minute)
A Constants in Temkin isotherm (liters per gram)

b Affinity-related constant (liters per milligram)

by Constant in Sips equation (liters per millimole)™!/

Constants in Redlich—Peterson isotherm
Constants in Temkin isotherm (joules per mole)
Concentration (milligrams per liter)

0 Sorbate concentration (milligrams per liter)
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Cs Biosorbent content (grams per liter)

Dy Axial coefficient of diffusion (square centimeters per second)

E, Activation energy (joules per mole)

€ Bed porosity

k Process rate (grams per milligram minute)

kg Constants of Freudlich equation, (milligrams per gram)(liters per milligram)
krp  Constants in Redlich—Peterson isotherm (liters per gram)

Ky Equilibrium biosorption constant (liters per mole)

1/nF

Pp Apparent density of sorbent (grams per milliliter)
ng Constants of Freudlich equation

ng Exponent in Sips isotherm

q Sorption capacity (milligrams per gram)

Geq Biosorption capacity of the biosorbent at equilibrium (milligrams per gram)
¢max The maximum biosorption capacity of the biosorbent (milligrams per gram)
Orp Constants in Redlich—Peterson isotherm, (liters per milligram)”

R The universal gas constant, 8.314 J mol K™'

t Time (minute)

T Temperature (Kelvin)

v Linear velocity of flow (centimeters per minute)

z Axial coordinate of column (centimeters)

Introduction

The first paper on biosorption was published in 1951, since then, great efforts have been
made to prepare efficient, effective, and economic biomaterials and their application for
wastewater treatment. Due to the fascinating features of biosorption, it received huge
expectations in academic, research, and industries. It was believed that by using this new
method in which biomass is used as a sorbent, the toxic pollutants could be selectively
removed from aqueous solutions to desired low levels. As the biomass exhibited a wide
spectrum of desired properties, the biosorption concept has attracted paramount importance
in various fields. Vital progress has been made to understand the complex biosorption
mechanism, methods of its quantification (equilibrium and kinetics), being able to point
out the factors that influence efficiency and the rate of the process over the past decades.
Further, this process was tested to be implemented in pilot- and industrial-scale. The team of
Professor Bohumil Volesky from McGill University, Canada and his company BV SORBEX
made the greatest contribution to bring the laboratory biosorption process to an industrial
scale. However, there appeared some problems that hindered the application of the
biosorption process in an industrial scale. Although this process been discussed in the
literature for 60 years with over 13,000 scientific papers in peer-reviewed journals, so far
it has not been widely implemented in industrial practice.

The plausible reason that hindered the application of this process in the industrial scale
was related to the low stability and low mechanical resistance of the biomass. Despite it
exhibiting a very high ion exchange (biosorption) capacity, there appeared problems with the
regeneration of the sorbent and its successive deterioration. The concept of recovery and
reuse of a sorbent plays an essential role in success of the sorption process, in this
perspective biosorption actually lost the competition with ion exchange. The recovery and
reuse of biomass is essential, otherwise, it will be a difficult issue for sewage sludge
management and a continuous supply of fresh sorbent—biomass will be required.
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Perhaps new concepts for the application of biosorption would enable practical use of the
deep scientific knowledge discovered so far. The present work reports state-of-the-art and
know-how in biosorption science and technology. A compendium of knowledge about the
theory related to the process, research methodology, and applications is presented. This
article is an essay on a specific direction in which research aimed at the process, with
particular reference to dead ends, and an indication of the promising directions. Perhaps it
will be a step forward towards the practical applications and the making use of biosorption in
sustainable technologies of the future.

Biosorption Research Progress

Biosorption may be defined as the removal/binding of desired substances from aqueous
solution by biological material. Such substances can be organic and inorganic and are either
soluble or insoluble forms [1]. In the literature, sorptive properties of a wide range of natural
biomasses are usually tested for wastewater treatment, especially where the concentration of
pollutant is less than 100 mg L™, and where the use of other treatment methods are
ineffective and too costly [2].

Biosorption: Definition

Sorption is a term used for both absorption and adsorption, these terms are often confused.
Absorption is the incorporation of a substance in one state into another different state (i.e.,
liquids being absorbed by a solid or gases being absorbed by water). Adsorption is the physical
adherence or bonding of ions and molecules onto the surface of the solid material. In this case,
the material accumulated at the interface is the adsorbate and the solid surface is the adsorbent
[1]. Biosorption is a subcategory of adsorption, where the sorbent is a biological matrix.

Biosorption is a process of rapid and reversible binding of ions from aqueous solutions
onto functional groups that are present on the surface of biomass. This process is indepen-
dent on cellular metabolism [3]. Biosorption is presented in the literature as efficient and
selective process. Biosorption can be performed in a wide range of pH values 3-9 and
temperature values 4-90 °C. As the optimum biosorbent particle size is between 1 and 2
mm, the equilibrium state of both adsorption and desorption is achieved very quickly. This
process does not require a high capital investment thus the operating costs are economical. In
addition, the biological materials are often inexpensive and can be obtained from agriculture
or from industrial waste [4]. The fascinating features of biosorption over conventional
treatment methods include: low cost, high efficiency, minimization of chemical and or
biological sludge, no additional nutrient requirement, regeneration of biosorbent, and pos-
sibility of metal recovery [5].

Biosorbents

A wide range of biomaterials available in nature has been employed as biosorbent for the
desired pollutant removal. All kinds of microbial, plant and animal biomass and their derivative
products, have received great interest in a variety of ways and in relation to a variety of
substances [6—8]. However, in recent years attention has been driven towards the agricultural
waste materials, polysaccharides, and industrial waste biomaterials [9—12]. Among these bio-
materials, chitosan a natural amino polysaccharide has received wide attention to treat a large
number of aquatic pollutants due its high contents of amino and hydroxyl functional groups.
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Further, a vast array of biological materials, especially bacteria, cyanobacteria, algae (including
microalgae, macroalgae, seaweeds), yeasts, fungi, and lichens have drawn much attention for
removal and recovery of heavy metal ions due to their good performance, low cost, and
availability in large quantities. Due to the presence of abundant chelating functional groups,
all biological materials, have greater affinity for metal ions [13].

Apart from the above-mentioned natural biosorbents, in the literature, few other biomaterials
have received much interest and they are: rice husk [14], coconut shell [15], plant barks [16, 17],
leaves [18, 19], sawdust [20, 21], sugarcane bagasse [22], and peat moss [23]. From the above
discussed biomaterials, special attention was given to the application of fly ash which was
generated during burning of coal as a useful sorbent [24-26]. Fly ash is a strong alkaline
material with negatively charged surface at higher pH. Hence, it can be expected that metal ions
can be removed from aqueous solutions by precipitation, electrostatic attraction [25], and ion
exchange [26]. In an investigation of Chojnacka and Michalak (2009), it was also reported that
the utilization of ashes from biological origin (wood and bone ash) will be a promising
alternative to conventional adsorbents used for wastewater treatment [27]. A general scheme
of different kinds of biosorbents used in biosorption process is presented in Fig. 1.

In general, biosorbents are usually prepared from the naturally abundant waste biomass
by inactivation and are usually pretreated by washing with acid or base before the final
drying [6]. Some types of biomass have to be either immobilized by a synthetic polymer
matrix [28] or grafted onto an inorganic support material such as silica in order to achieve
particles with the required mechanical properties [29]. Furthermore, simple cutting or
grinding of dry biomass provides stable biosorbent particles with desired size [30].

In general, most of the biosorbent used were of dead biomass; this exhibits specific
advantages in comparison with the use of living microorganisms: dead cells can be easily
stored or used for longer time periods, dead biomass is not the subject to metal toxicity
limitations, nutrient supply does not required, metal ion-loaded biosorbents can be easily
desorbed and reused [31, 32]. However, the use of non-living biomass in powdered form has
some disadvantages such as: difficulty in separation of biomass from the reaction system,
mass loss after regeneration, poor mechanical strength, and small particle size which makes
it difficult to use in batch and continuous systems [33]. However, these problems can be
overcome by using a suitable immobilization method.

Sorbates

A wide range of target sorbates have been removed from aqueous solutions using
biosorbents including metals, dyes, fluoride, phthalates, pharmaceuticals, etc. Nevertheless,
most biosorption research focused on removal of metal ions and related elements, including
actinides, lanthanides, metalloids, and various radioisotope ions of these substances. Addi-
tionally, particulates and colloids have been studied as well as organometal(loid) and organic
compounds, including dyes [7, 34].

( Biosorbents )
¥ A
<

Waste, rough products, Obtained from the
useless materials environment

~

][ Specially cultivated

4

Fig. 1 General sourcing scheme for different kinds of biosorbents used in biosorption process
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Biosorption of Cations/Anions

In the literature, majority of the experiments were concerned with the biosorption of metal
cations. While a large portion of current research has been carried on the removal of heavy
metal cations (i.e., Pb(Il), Cd(Il), Zn(Il), Cu(Il), etc.), the importance of anions removal
using biosorption has become a growing concern in the fields of mining, metallurgical, and
surface finishing industries. A number of toxic metals and metalloids, such as arsenic,
selenium, chromium, molybdenum, and vanadium which occur in industrial wastewater
effluents in anionic form, should be taken into account. In general, most of these anionic
species are conventionally removed by using activated carbon process, ion exchange,
solvent extraction, precipitation [35]. However, in recent years, biosorption has been
successfully employed for the effective treatment of anionic pollutants from wastewater.
Whereas biosorption of anionic species has not been studied as widely as cationic
biosorpiton. Kratochvil (1997) had proposed a mechanism of chromate biosorption by
brown macroalga Sargassum, whereby anionic chromate was bound through acid sorption:
biomass + H" + HCrO, = biomass — H,CrO,, some of the chromate were reduced by
Sargassum to Cr(Ill) that was then bound to the acidic groups on Sargassum [36].

Giles et al. (1958a, b) described dye sorption to —SO5 of chitin. The following reaction was
proposed: chitin—NH+H"+dye—SO; =chitin—NH,"—SO;—dye. The authors attributed the
dye sorption by chitin amide to the electrostatic attraction. Therefore, only when the solution pH
is lower than the corresponding pK, (acidic constant), the amine/amide sites could be effec-
tively protonated with a positive charge, and an anion could thus be bound [37, 38].

Biosorption of molybdate (MoO,>") by chitosan or chitin has been studied recently [39,
40]. In order to avoid the dissolution of biosorbent beads under acidic conditions, chitosan
was partially cross-linked with glutaraldehyde. Dambies et al. (1999) studied the arsenic
sorption on molybdate-impregnated chitosan gel beads. It was found that the sorption
capacity of raw chitosan for As(V) was increased by impregnation with molybdate. While
the extraction of chitin or chitosan is cost effective process, natural biomaterials containing
them do have a potential for anion biosorption [41].

Mechanism: Biosorbent—Sorbate Interactions

The binding mechanism of sorbate onto biosorbent in biosorption mechanism is a complex
process. The binding of metal ions by natural materials may occur through biosorption—
physical (electrostatic interaction and van der Waals forces) or chemical—displacing of
either bound metal cation (ion exchange) or a proton (proton displacement), complexation,
chelation (ionic and covalent interaction) [3, 6, 42]. The factors that influence the
biosorption process can be distinguished as: physical and chemical properties of metal ions
(i.e., molecular weight, ionic radius, oxidation state), properties of biosorbent (i.e., the
structure of the biomass surface), and the process parameters (i.e., pH, temperature, concen-
tration of biosorbent, the concentration of sorbate). pH is one of the key factors that
influences not only dissociation of sites, solution chemistry of metal ions, hydrolysis,
complexation by organic and/or inorganic ligands, redox reactions, precipitation, but also
strongly influences the speciation and the biosorption affinity of metal ions [43—45]. The
analysis of the influence of parameters on the biosorption properties of sorbents is a
prerequisite to understand the mechanism of biosorption which is complex and has not been
thermodynamically explained yet.

The composition of the cell wall is of great importance to the biosorption process. The
cell wall of biomasses is composed mainly of polysaccharides, proteins and lipids, and
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contains a number of functional groups: hydroxyl, carboxyl, amino, ester, sulthydryl,
carbonyl-terminal end, carbonyl-internal which play a key role in the biosorption of cations
from aqueous solutions [46]. Depending on pH, different functional groups participate in
metal ion binding: pH 2-5: carboxyl, pH 5-9: carboxyl and phosphate, pH 9—12: carboxyl,
phosphate and hydroxyl (or amine) [47]. During the biosorption process, protons and/or
light metal cations (Na", K", Mg2+, Ca2+) which are naturally bound with functional groups
located on the surface of biomass (i.e., macroalgae), are exchanged with metal cations
present in aqueous solution [3]. As an example, the exchange of divalent metal ions with
monovalent Na* ions bound with a phosphoryl group is presented below (1) [48]:

ONa o
R—CH,0—P -+ Me2* R—CH,0 P/ b
_ _ o2 R— _

2 |\ON 2 N/
o ONa o©

Me —+2Na*

Techniques Used in the Identification of Biosorption Mechanism

A number of analytical techniques have been employed for the elucidation of biosorption
mechanism (Fig. 2).

e Titration

The functional groups on a material surface that has acidic or basic properties and ion-
exchange properties can be easily determined by titration methods. The surface groups
present on biosorbents can be identified by the Boehm method or potentiometric titration. In
the Boehm method, the acidic sites are determined by mixing small quantities (0.1 g) of
biosorbent with 10 mL of different bases (0.1 M NaOH, 0.1 M NaHCOs;, or 0.05 M
Na,CO3) in 25-mL beakers. Furthermore, these beakers are sealed and shaken for 24 h. The
solutions are then filtered and titrated with 0.05 M H,SO,. Similarly, the basic sites are
determined by mixing 0.1 g of biosorbent with 10 mL of 0.1 M HCI. The obtained solutions

/< Determination of cation exchange capacity of the)

) - -. biosorbent

E> Titration E> = |dentification of functional groups, which are
capable of cation exchange

~ o = Determination of the total concentration of

\_ functional groups on the surface of the biomassj
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(= Identification of functional groups on the surface)
of biosorbent

FTIR E> = |dentification of groups involved in the

biosorption process by comparison of FTIR

- J spectra of natural and metaldoaded biomass

\_ (changesin the wave number ) J

|
2

'd g3, 4 ™
= Analysis of the surface chemistry of materials
E> XPS [:> = Quantitative and qualitative determination of the
content of selected elements
L. >y \ )
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Fig. 2 Techniques used in the identification of mechanism of biosorption
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are titrated with 0.1 M NaOH [49]. By potentiometric titration, the functional groups which
are present on the cell wall structure and their total concentration in the biomass can be
determined as reported elsewhere [50]. Experimental procedure is as follows: deionized
water (blank sample) and 0.2 g of the biomass suspended in deionized water (200 mL)
should be titrated with 0.1 M NaOH till pH 11.5 and reversely with 0.1 M HCI to pH 2.5.
The pH of the biomass suspension should be recorded after each addition of titrant, after
stabilization of the record. Before experiment, water should be bubbled with argon for 3 hin
order to purge it of dissolved CO,. Experimental data from the potentiometric titration of
biosorbent should be fitted to models which consider the presence of one, two, or three
types of functional groups present on the biomass surface [50].

Biosorbents possess functional groups with distinguishable pK, i.e., for the weak acidic
carboxyl groups R—-COO (apparent pK, in the range 3.5-5.0) and for sulfonic acid R—-SO,
(apparent pK, in the range 1.0-2.5) [51]. Protonated amino groups have a pK, value of ca.
8 [52]. Potentiometric titration of the biomass can be performed to evaluate cation exchange
capacity of the biosorbent—replacement of an ion in a solid phase in contact with a solution
by another ion [1]. Cation exchange capacity of macroalga can be determined from the
titration curve as the quantity of titrant (either acid or base) used per unit mass of the
biosorbent in pH range 2.5-11.5 and in the presence of all functional groups [34, 53].

*  Fourier Transform Infrared Spectroscopy

To explore the biosorption mechanisms, it is essential to identify the sorbent func-
tional groups that are involved in the biosorption process. FTIR spectroscopy offers
important information related to the nature of the bonds and allows identification of
different functional groups on the cell wall structure. The extent of band shifting in
natural and metal-loaded biomass gives an indication of the degree of interaction of
functional groups with metal cations [54]. Below presented are exemplary stretching
frequencies observed in FTIR spectra of biomaterials: wavenumber 3,280 cm™': bonded
—OH, —NH stretching [51]; 2,920 cm ': asymmetric stretch of aliphatic chains (—~CH)
[55]; 2,854 cm™ symmetric stretch of aliphatic chains (~CH) [55]; 1,740 cem ' C=0
stretch of COOH; 1,630 cm ™ ': asymetric C=0 [56]; 1,530 cm ': amide II [51];
1,450 cm': symmetric C=0 [56]; 1,371 cm ': asymmetric —SO5 stretching [57];
1,237 em ! C-O stretch of COOH [56]; 1,160 em symmetric —SQOj stretching [57];
1,117 em™ ' C-0 (ether); 1,033 cm™': C-O (alcohol) [51], 817 cm ™ ': S=O stretch [57].

* Scanning Electron Microscopy with an Energy Dispersive X-ray Analytical System

Scanning electron microscopy (SEM) is a powerful technique which can be used to
investigate surface morphology of biosorbent before and after metal ion biosorption
[58]. In particular, this technique allows in evaluating morphological changes of the
biomass surface (for example changes in the cell wall structure after metal ions binding.
In addition, when SEM is combined with EDX technique, it provides valuable informa-
tion regarding the distribution of various elements on the biomass surface [57]. It should
be emphasized that SEM provides only a qualitative evaluation of the surface structure.
As an example, SEM images of alga Ulva prolifera before and after biosorption of
Cr(IIT) ions present the morphological changes of biomass surface (Fig. 3).

» X-ray Photoelectron Spectroscopy Analysis

X-ray photoelectron spectroscopy analysis (XPS) also known as electron spectroscopy
for chemical analysis is a quantitative spectroscopic technique which allows analyzing the
surface chemistry of materials. This technique provides valuable information about ele-
mental composition, empirical formula, and the electronic state of the element present in a
material. This technique was often used in biosorption studies to obtain the information
about biosorption mechanism, oxidation state of sorbed element on the surface of the
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Fig. 3 SEM images of natural and enriched with Cr(III) biomass of Ulva prolifera (SEM, Leo Zeiss 435) [59]

biomaterials [60-62]. For example, in an investigation, XPS was used to obtain the
information of change in oxidation state of the Cr bound to the biological material (Ecklonia
sp.), and it was observed that biosorption mechanism involves reduction Cr(VI) into Cr(III)
[61]. In another study, adsorption-coupled reduction process was found during removal of
Cr(V]) from water using buckwheat hull using XPS analysis [62].

Biosorption in Single and Multi-metal Systems

Biosorption of various metal ions by different kinds of biomaterials has been well reported in
the literature. The majority of the published work demonstrates single-metal biosorption
systems. However, most of the industrial effluents contain multi-metal ions thus it is
essential to evaluate the performance of biosorbents in multi-metal aqueous solutions. Very
little information is available on multi-metal biosorption in binary [63—68], ternary [64—69],
and quaternary systems [70]. These types of systems are investigated by using different
methodologies so it is difficult to draw meaningful and universal conclusions. Indeed, multi-
metal systems need to be experimentally examined because they better reflect real effluents
from industrial operations. In addition, another issue which is often neglected in the reported
literature was investigation of the effects of anions on biosorption processes. This aspect
should also be taken into consideration because the presence of anions in aqueous solutions
could affect biosorption of metal cations [71].

In the available literature, two aspects related to the effects of anions on biosorption
processes are considered: effects of anions on the maximum biosorption capacity of single-
metal systems [72] and the effects of anion concentration on the biosorption of various metal
ions in multi-metal systems [71-74]. It is also important to emphasize that the influence of
the anion on the biosorption capacity could differ depending on the nature of the biosorbent.
In an investigation related to the fungus Aspergillus niger for biosorption of Cr(VI), Co(Il),
Ni(II), and Zn(Il) ions, it was found that the effect of anions NO; and SO,> did not
significantly influence the removal efficiently, whereas the presence of Cl anions signifi-
cantly lowered the efficiency of metal ions biosorption in multi-metal systems [73]. In
another study on the fungus Rhizopus arrhizus, it was observed that the degree of inhibition
of the biosorption of La(IIl), Cd(II), Pb(II), and Ag(I) cations generally followed the order
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EDTA>SO,* >Cl >PO,* >glutamate>CO,>" [75]. During biosorption of Co(II) cations by
the brown macroalga Ascophylum nodosum, the presence of SO4> and PO,>~ anions did not
result any change in biosorption, in contrast to NO3; anions which were the strongest
inhibitor [76]. The opposite situation was observed in the case of Zn(II) biosorption by
the cyanobacterium Oscillatoria anguistissim, in which the inhibitory order of the anions
was as follows: SO427>C17>NO37 (i.e., SO4>" anions were the strongest inhibitor) [74]. As
mentioned earlier, the influence of the anion on biosorption capacity will differ depending on
the metal ion oxidation state. For example, Han et al. (2008) observed the following
inhibitory orders for the biosorption of Cr(VI) and Cr(IIl) ions, respectively:
NO; >CI >S0,* and SO,* >CI =NO; ™ [71].

Kinetics and Equilibrium Modelling
Biosorption Kinetics

Biosorption kinetics demonstrates the rate of solutes bonding on the surface of the biological
materials. The description of the kinetics of biosorption is complex due to the many facets of
the process. Kinetics studies provide the important information about the possible mecha-
nism of biosorption that involves the diffusion (bulk, external, and intraparticle) and
chemical reactions. In general, it is assumed that sorbate transport occurs in the few
following steps. The first step involves the external diffusion (the substrates diffuse from
the bulk solution to the external surface of the sorbent), the second step was due to the
transport of the solute across the boundary layer, and the third step involves transfer of
compounds in the pores to the internal parts of the sorbent and finally uptake of molecules
by the active sites, and the fourth step involves sorption and desorption of sorbate. Numbers
of mathematical models were available in the literature to evaluate the kinetics studies. This
mathematical modelling of biosorption kinetics provides information about controlling the
step of the process and possible mechanism of binding selected compounds [77]. Kinetic
models can be chosen depends on the nature of biosorbent, type of solutes, and experimental
conditions of the process.

Among the various kinetic models that are available in the reported literature, the models
based on the order of chemical reaction are of particular interest (Table 1), especially the
Lagergren (pseudo-I-order, PFO) (Eq. 2) and Ho (pseudo-II-order, PSO) models (Eq. 3). These
models are based on the assumption that the rate of sorption is proportional to the number of
free sites on the surface of the sorbent in the proper power (first or second). In a recent study,
pseudo-first-order and pseudo-second-order equations were used to fit the experimental data of
Cu(IT) and Cr(VI) removal by soybean meal waste [9]. It was found that the results were better
fitted to the pseudo-second-order model with high correlation coefficient (R*>0.99). Baysal et
al. [31] investigated the kinetics of biosorption of Pb(Il) onto Candida albicans biomass by
varying the initial concentrations. The results showed the biosorption was best fitted to the
pseudo-second-order model at all the studied concentration ranges. In comparison with both
pseudo-first-order and pseudo-second-order models, it was observed in the literature that most
of'the biosorption process follows the pseudo-second-order model [10, 11, 16-21]. Biosorption
is, however, a complex process, where the multitude of mechanisms does not allow to obtain
sufficient knowledge about the order of reaction. The order of the reaction can be calculated on
the basis of a generalized order equation (Eq. 4) without having prior assumption of the order of
reaction (Liu and Shen model [80]).

Dynamics of the biosorption process were further evaluated by using various diffusive
models (Table 2). These models are based on the assumption that the step that limit the rate
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Table 1 Kinetic models based on the order of chemical reaction

Model Differential equation Nonlinear equation Ref.
PFO (2) G =ki(g.4) 4 = q.(1=¢*) [78]
PSO () % =k(g.q)’ 9 = 4otk 1 [79]
GO (4) % =ky (‘Ie7QI)'1 q; = qef[qynf(l*”)knt]m [80]

of biosorption are related with diffusion of molecules: (a) transfer (diffusion) of the sorbate
molecules to the border film of the sorbent, (b) diffusion of the molecules into the inside of
the pores of the sorbent, (c) binding of the molecules of the sorbate to the active sites of the
sorbent. The Weber—Morris intraparticle diffusion model has been widely used to describe
these three phases [11, 20]. Although malachite green biosorption onto beech sawdust [21]
followed second order kinetics, it was shown that intra-particle diffusion might also play
some role. Authors reported that the Weber—Morris model describes well the kinetics of
biosorption for the first 10 min of the process. The Chrastil diffusive model (Eq. 6) is used
for the calculation of the kinetics of the systems limited by diffusion. The Reichenberg
model (Eq. 7) allows for calculating the phase that limits diffusion that takes place in the
boundary film and in the pores of the sorbent.

Equilibrium Modelling

Equilibrium processes of biosorption are usually carried out in batch reactors, in laborato-
ries, we are using conical flasks with agitation. The sorption process at the boundary
between solid and liquid phase is a more complex process than the adsorption of gases.
The extent of biosorption depends on the interaction between the biosorbent and each of the
constituents of the solution. A number of mathematical models (linear and nonlinear) are
available in the reference literature that describe the isotherms of biosorption. The most
widely used mathematical models to describe sorption isotherms are presented in Table 3.

Volesky (2003) reported that sorbents can be compared on the basis of the course of the
sorption isotherms [7]. It is essential that the mentioned comparison can be based on the
trace of the isotherms for both low and high equilibrium concentrations of the sorbate in the
solution. Comparing two sorbents in low equilibrium concentration of solute may give
different uptake values than in high solute concentration. It is important to choose proper
concentration range to compare possible materials and their capacities.

*  Modelling in the Column Arrangement
Along with batch, equilibrium studies were further evaluated in column reactors.
Various mathematical models were used to demonstrate the biosorption process in the

Table 2 Diffusive kinetic models

Model Equation Reference
Webber-Morris B) g = k> +Cpas [81]
Chrastil (6) ¢, = g, (1-¢ eXor)™e [82]

B, =—0.4977-In(1-F (1))
Reichenberg (M F(t) = 4 [83]

e
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Table 3 Mathematical models that describe the equilibrium of the biosorption process

Model Equation Reference
Freundlich (8) g, =kp-C. Vap [84]
Langmuir (9 de = Gmax 15:]7CC [83]

. b-CY"
Sips (10) G = s 122550 [86]
Redlich—Peterson (11) ¢, = 1&‘521 (871
Temkin (12) ¢, =2L.In(4'C.) [88]

The

fixed-bed column. They allowed for calculating the characteristic interdependence that is
referred to as the breakthrough curve. There are two important points: the breakthrough
point that is the moment when the fixed-bed in a column arrangement is penetrated
through and the saturation point, i.e., the time during which the concentration at the
outlet of the column is comparable with the concentration of the feed solution (C~C,).

As mentioned above, various models are used for the purpose of describing the fixed-bed
columns. They allow for the approximation of the experimental data by means of a proper
breakthrough curve. These include the Adams and Bohart, Bed-Depth Service-Time
(BDST), Thomas, Yoon and Nelson, Yan (dose—response), or the Clark model [89] (Table 4).

Each of the models adduced to describe a different course of the curve that represents the
dependence of the relations of the concentrations at the input and output from the time of the
biosorption process (breakthrough curves). However, it turns out that it is not only the
Thomas and Yoon-and-Nelson models that are equivalent [93]. It has been proven that also
the Thomas, and Adams and Bohart models represent in a graphic way exactly the same
trace of the breakthrough curve, since all these models are based on the differential balance
of the mass of the column of the fixed bed [96]:

oc oC (l-e) oq  &°C
Yata e T (19)

rmodynamics of the Biosorption Process

Biosorption is a spontaneous process with the change of the values of the thermodynamic
functions [97]. In order to understand its mechanism such thermodynamic parameters ought to
be calculated as: the change of free enthalpy (the Gibbs free energy) —AG®, change of enthalpy
AH°, and of entropy AS°. The first of the mentioned can be calculated on the basis of Eq. 20:

Table 4 Models describing the fixed-bed column biosorption process

Model Equation Reference
Adams-Bohart (13) W [90]
Bed-depth service-time (14) ¢ = e In(%-1) [91]
Th 15) &= ! 92

omas ) & = e (@) o cor0)) B2
Yoon-Nelson (16) CL = li;\yi/;)ﬂ [93]
Yan & — [94]
Clark [95]
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AG" = —RTInK, (20)

If the value of free enthalpy is known, then the spontaneity of the process can be
calculated:

e If AG<O0 the process develops spontaneously
e If AG=0 the system is in equilibrium.

The calculation of AH® and AS° is possible due to the dependence described by Eq. 21:

AG’ = AH'-TAS® (21)

Equitation 22 renders the dependence between the equilibrium constant K, and AH° and
AS°.

AHY  AS°
R Jr _
RT R

The presentation of the dependence in the form of the graph Ky=1/T facilitates the
calculation of thermodynamic parameters.

The rate of biosorption depends on the temperature in which the process develops as
described by the Arrhenius Eq. (23):

~RTInKy = AH-TAS"—>InK, = — (22)

k = Aexp [—Ea / (RT)} (23)

The logarithmic form of those equations allows for calculating activation energy. If its
value is greater than 4-6 kJ mol ™", it reveals the chemical mechanism of the binding of the
sorbate (chemisorption). If E,, is smaller than 4 kJ mol ™', sorption takes place as a result of
weaker physical interactions.

Research Methodology
Experiments on Kinetics of Biosorption

The kinetic experiments of the biosorption process are studied widely in order to determine
the contact time that required to reach the sorption equilibrium and to assess the impact of
process parameters such as: pH, temperature, Cs, Cy on parameters of the models (mainly g.q
and k) which are useful to assess the biosorption properties of a given biosorbent. In order to
select the best model, linearization of the equation is performed for the boundary conditions
t=0 to ¢ and ¢=0 to ¢,. The model is usually chosen on the basis of the value of
determination coefficients. In general, most of the natural biosorbents used to remove metal
ions the highest R? is value observed with pseudo-second order model [98].

A general experimental procedure used to study the biosorption kinetics is presented in
Fig. 4. As shown, the experiments were performed in Erlenmeyer flasks containing metal ion
solution (i.e., Cr(Ill)) and biosorbent in water bath shaker at 150 rpm which assures full
mixing of the biomass suspended in the solution of given metal ion [99].

Experiments on Equilibrium of Biosorption
As discussed earlier, equilibrium of the biosorption process is described by sorption isotherms,

showing the relationship between the mass of metal ion bound by unit mass of biosorbent and
the equilibrium concentration of metal ion in the solution. The binding of metal ions on the cell
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Legend: —
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Fig. 4 General scheme for experiments on kinetics of biosorption

walls is rapid, and the process continues until the equilibrium is reached. Most often, the
equilibrium between the solid and liquid phases of biosorbent is described by the Langmuir
equation, seldom by Freundlich and Dubinin-Radushkevich (D-R). It is necessary to emphasize
that these “models” serve only the purpose of “curve-fitting” equations rather than modeling. It
is only convenient to attempt to fit Langmuir (equation of a hyperbole) because it offers
physically easily interpretable parameters (constants): gmax and b. The value of gy is the
maximum possible amount of metal ions per gram bound on the surface of biomass by
functional groups in the equilibrium state. The high value of b indicates a high affinity and
corresponds to the curve of the function of biosorption isotherm in the initial range. The most
desirable are biosorbents with the highest possible ¢, and the highest coefficient b [3]. In
practice, experimental data are substituted to linearized forms of models which describe
equilibrium of the process. The parameters of these models are evaluated as well as determi-
nation coefficients B> which made it possible to select the model that best describes the
equilibrium of the process of biosorption.

The experiments on the equilibrium of the process can be performed in Erlenmeyer flasks
containing metal ion solution in a thermostated water bath shaker at 150 rpm. The pH level of
the solutions can be adjusted with 0.1 M solution NaOH/HCI to the given value. In general, the
optimum contact time evaluated from the kinetic experiments was used to perform these
studies. The experiments should be performed for the best process parameters determined in
kinetic experiments on (i.e., for macroalga Ulva prolifera it was: 25 °C, pH 5, Cs 1.0 g L™" [59,
99]. The general procedure for carrying equilibrium sorption isotherms is presented in Fig. 5.

Technologies and Techniques Based on Biosorption
Literature resources indicate that the biosorption process cannot only be used for removal of

toxic pollutants but also can be used for various purposes. For example, biosorption
technique used for toxic metal ion removal [3, 6] can also be applied to the enrichment of
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25°C,pH 5, Cs 1 g/L
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Fig. 5 General scheme for experiments on equilibrium of biosorption

biomass with the trace elements which are essential to animal or plant nutrition [100] and
also for the recovery of valuable metals such as silver or gold [101]. For example, literature
data reported that this process was used to bind gold by brown alga Sargassum natans. It
was found that the biosorption capacity of this macroalga (which is expressed in units of
mole taking into account the valence of the ion) far exceeds the capacity of commonly used
commercial ion exchange resins which is 0.35-5.0 meq g~' [30], while for macroalga .
natans was 6.4 meq ions of gold per gram biomass [102].

Wastewater Treatment

Even though this technique could be useful to various purposes, the ever greater application
was the removal and retrieval of contents dissolved in water or sewage. Their particular
usefulness can be seen in the case of the separation of diluted but very harmful pollutants
from industrial sewage such as heavy metals and some organic compounds [48, 103—-105].

Biological Feed Supplements and Fertilizer Components with Microelements

Biosorption technique is mainly used in wastewater treatment, furthermore, it can be used
for incorporation into biological material. Different types of biomasses enriched with
microelement ions via biosorption could be used as biological feed additives to supplement
livestock diet with the recommended daily intake of given microelements [100, 106—108].
Many materials, especially of plant origin or obtained from the environment, besides high
natural content of minerals, have a natural property of the binding and accumulation of
minerals in the process of biosorption and bioaccumulation [3].

Studies on the biosorption equilibrium of microelement ions by the biomass of green
macroalgae (Pithophora varia Wille, Enteromorpha prolifera, and Vaucheria sp.) showed
that they constitute a valuable biological material, which can quickly and easily be enriched
with minerals, essential in animal nutrition [50, 59, 70, 99]. On the basis of a maximum
biosorption capacity of macroalgae (determined from the Langmuir model) towards Mn(II),
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Zn(IT), Cu(Il), Co(Il), and Cr(IIT) ions and their mineral composition, enrichment coefficient
of biomass—EC in biosorption in single-metal system was determined. EC is the quotient of
the micronutrient content in the enriched biomass and in natural biomass. It was observed
that in all studied macroalgae, the smaller content of the microelement in the natural
biomass, the higher the enrichment coefficient of the biomass (Table 5) [109].

The biomass of macroalgae enriched with microelements (MA—Cu, MA-Mn, MA—Zn,
MA-Co, MA-Cr, where MA means macroalgae) was produced by the biosorption process
in a single-metal system. Mixed in proper proportions, adequate to the nutritional needs of
animals, it can be used as a biological feed additive with microelements. The mass of
enriched algae, which should be added to 1 kg of feed, was calculated on the basis of the
maximum biosorption capacity determined for individual microelements and on animal
requirements for given minerals. It was assumed that 100 % of the requirement of animals
(laying hens and piglets) for the trace elements will be covered. In the case of feed for laying
hens, inorganic forms of trace elements in the future can be replaced by 1.74 g of enriched
biomass of Pithophora varia Wille, 3.47 g of Enteromorpha prolifera, and 4.28 g of
Vaucheria sp., and feed for pigs, respectively: 6.46, 7.29, and 11.0 g of enriched biomass
of macroalgae (Table 6) [109].

Zootechnical studies were performed on laying hens in order to investigate utilitarian
properties of new biological feed supplements with microelements. Macroalgae enriched with
Mn(II), Zn(Il), Cu(1l), Co(II), and Cr(IIl) ions via biosorption process, confirmed that the
bioavailability of microelements from biological feed additives was higher in comparison with
traditionally used inorganic salts. Hens, which were fed with enriched macroalgae, were
heavier, laid larger eggs with thicker shells, which were characterized by more intense color
of'yolks. The eggs of hens fed with algal additives were biofortified with Cu, Cr, and Mn [100].

Process Installation

Dynamic processes (including biosorption) are carried out in devices with an immovable or
movable biosorbent beds. Industrial application makes use of mainly vertical or horizontal
cylinders connected to each other like cascades. The adsorptive is fed from the bottom of the
fixed-bed, i.e., immovable column. When such a device is activated, there occurs a so-called
dead time of the functioning of the column, during which the column is emptied and re-
loaded. The process with a movable bed is carried out continuously; the biosorbent is fed
from the top, whereas the adsorptive is fed counter currently from the bottom of the column.
Depending on the behaviour of the bed in the column there occurs:

Table 5 Enrichment coefficient of different macroalgae enriched with various microelements in biosorption
in single-metal system [109]

Microelement Enrichment coefficient of biomass
Enteromorpha prolifera Pithophora varia Wille Vaucheria sp.
Mn 1,458 37 14
Zn 2,281 85 119
Cu 21,177 1,486 1,693
Co 110,555 8,173 14,639
Cr 44,228 4,662 3,752
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Table 6 Mass of macroalgae enriched by biosorption in the single-metal system, which should be added to
1 kg of feed to meet 100 % demand (upper limit) of the animals on the trace element [109]

Microelement Requirement of Mass of enriched Mass of enriched  Mass of enriched
animals® E. prolifera P, varia Wille Vaucheria sp.
Hens Swine  Hens Swine  Hens Swine Hens  Swine
(mg kg ") ©

Cu 4.5-5.0 20-165 0.0926 3.06 0.0898 2.96 0.138  4.56

Mn 40-60 3040 254 1.70 1.57 1.04 271 1.81

Zn 40-50  70-150 0.840  2.52 0.0818 2.45 1.53 4.59

Co - 0-0.5 - 0.0119 - 0.00956 — 0.0165

Total mass (g) of enriched - - 3.47 7.29 1.74 6.46 4.38 11.0

biomass in 1 kg of fodder

 According to standards in hen and swine feeding [110, 111]

* Sorption in the movable bed
* Sorption in the fluidized bed

The laboratory research on biosorption carried out dynamically is carried out mainly in
columns with fixed beds due to the complex functioning of the columns fitted with a
movable layer of sorbent and the requirement for additional equipment like dispensers,
specially designed shelves and chutes of the columns. A movable bed of biosorbent is
applied to make the functioning of columns more effective on an industrial scale.

Patents in Biosorption

Along with research publications, a number of patents are available in the literature
demonstrates biosorption process. Many patents are focused on improving the sorption
capacity of biological materials, through modification or immobilization of sorbents
(Table 7). Serbus et al. (1973) invented a new sorbent for treating heavy metal ions
containing biological (telomic plants or algae) and water-insoluble polymeric parts [112].
Furthermore, Brierley et al. (1987) developed caustic solution (NaOH, KOH) treated raw
biomass Bacillus subtilis (Patent 4690894), as treated biomass enabled enhancement in
metal uptake properties [118]. In another patent, 4898827, the same group of scientists
immobilized caustic-treated biomass in an insoluble organic binder [120]. Greene et al.
(1991) prepared a composition by immobilizing metal ion-binding microorganisms (partic-
ularly algae) and as obtained composition was non-swelling stable material. This sorbent
was employed to concentrate valuable metal ions from aqueous solutions and geothermal
fluids [121]. Lakshmanan et al. (1992) prepared a bioadsorption composition (biomass
encapsulated sol-gel matrix) and applied for treating uranium-contaminated wastewater
and mine water [123]. Yannai et al. (1996) developed a process for metal ion removal from
effluents by yeast (Saccharomyces cerevisae, Saccharomyces uvarum, and Saccharomyces
lipolytica) biomass surface with sorbent regeneration (using mineral acid or chelates). The
biosorption process was carried in both batch and continuous (yeasts immobilized on porous
glass, purified sand, or polymers) mode [125]. Summers et al. (1996) developed a method
for producing metal-ion-sorbing beads comprising of non-living biomass (i.e., peat moss)
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Table 7 Patents in biosorption

Number Title Patent origin Inventor Date
country
3725291 Sorbent and method of manufacturing same Czechoslovakia Serbus et al. 1973
[112]
4021368 Process of treating mycelia of fungi for retention of ~ Czechoslovakia Nemec et al. 1977
metals [113]
4067821 Method of treating a biomass Czechoslovakia Votapek et~ 1978
al. [114]
4293333 Microbiological recovery of metals USA Drobot [115] 1981
4289531 Process for recovering precious metals USA Lechavelier 1981
etal. [116]
4320093 Separation of uranium by biosorption Canada Volesky et 1981
al. [117]
4690894 Treatment of microorganisms with alkaline solution =~ USA Brierley et 1987
to enhance metal uptake properties al. [118]
4701261 Process for the separation of metals from aqueous England Gibbs et al. 1978
media [119]
4769223 Biosorbent for gold Canada Volesky et 1988
al. [102]
4898827 Metal recovery USA Brierley etal. 1990
[120]
5055402 Removal of metal ions with immobilized metal ion-  USA Greene et 1991
binding microorganisms al.[121]
5152969 Processes to recover and reconcentrate gold from its  USA Kleid et al. 1992
ores [122]
5084389 Bioadsorption composition and process for Canada Lakshmanan 1992
production thereof et al. [123]
5460791 Method for adsorbing and separating heavy metal Japan Shirato et al. 1995
elements by using a tannin adsorbent and method of [124]
regenerating the adsorbent
5538645 Process for the removal of species containing metallic Israel Yannai et al. 1996
ions from effluents [125]
5578547 Bead for removing dissolved metal contaminants USA Summers et 1996
al. [126]
5648313 Method for production of adsorption material Germany Pohl [127] 1997
5789204 Biosorbent for heavy metals prepared from biomass  South Korea Kogtev et al. 1998
[128]
5750065 Adsorption of PCBs using biosorbents USA Kilbane 1998
[129]
5976847 Hydrophilic urethane binder immobilizing organisms USA Hermann 1999
having active sites for binding noxious materials [130]
6395143 Biosorption system England McHale et 2002
al. [131]
6402953 Adsorption means for radionuclides Russia Gorovoj et 2002
al. [132]
6579977 Biosorbents and process for producing the same Germany Pieschel et 2003
al. [133]
6786336 Composite biosorbent for treatment of waste aqueous USA Boddu et al. 2004
system(s) containing heavy metals [134]
20060070949 Process and plant for the removal of metals by Chile Tadic etal. 2006
biosorption from mining or industrial effluents [135]
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Table 7 (continued)

Number Title Patent origin Inventor Date

country

7951578 Bacterial strain for a metal biosorption process Chile Cotoras et 2011

al. [136]

20070202588 Petroleum biosorbent based on strains of bacteria and Russia Khabibullina 2007
yeast etal. [137]

20080169238 Biosorption system produced from biofilms supported Portugal Simoes et al. 2008
in faujasite (FAU) Zeolite, process obtaining it and [138]
its usage for removal of hexavalent chromium
(Cr(VD))

7658849 Use of Rhizopus stolonifer (Ehrenberg) Vuillemin in  Italy Prigione et 2010
methods for treating industrial wastewaters al. [139]
containing dyes

7790031 Use of Cunninghamella elegans lendner in methods  Italy Prigione et 2010
for treating industrial wastewaters containing dyes al. [140]

7935257 Use of Rhizomucor pusillus (lindt) schipper in Italy Prigione et 2011
methods for treating industrial wastewaters al. [141]
containing dyes

20110269169 Pseudomonas alcaliphila MBR and its application in China Li et al. 2011
bioreduction and biosorption [142]

immobilized by sodium silicate or polysulfone binder [126]. In another invention,
Hermann (1999) developed a composite material by using biomass particles. This
material is composed of a hydrophilic urethane binder containing immobilized micro-
organisms and employed to treat metal ions present in waste streams [130]. Further-
more, in another invention, Pieschel et al. (2003) developed phosphorylated cellulose
containing material by using phosphoric acid or ammonium phosphate in the presence
of urea. As modified biosorbent exhibited an improved mechanical strength, and this
was used to treat heavy metals from aqueous solutions [133]. Using ceramic material
as substrate Boddu et al. (2004) prepared an innovative composite biosorbent,
chitosan-coated substrate. The proposed composite biosorbent was used to remove a
number of metal ions including As(V), As(IIl), Cu(Il), Cr(VI), Ni(Il), Pb(Il), and
Hg(Il) from aqueous solutions [134]. In a recent invention, a biosorption system
composed of a bacterial biofilm of Arthrobacter viscosus supported in synthetic
faujasite zeolite was developed by Simodes et al. (2008). As prepared biofilm enables
reduction of Cr(VI) to Cr(Ill) and subsequent removal of Cr(Ill) by ion exchange
[138]. Along with the above-discussed patents on metal ion removal in a recent
invention, Khabibullina et al. (2007) developed a biosorbent to remove petroleum-
based contamination from water. The sorbent was developed by immobilizing micro-
organisms onto a hydrophobic sorbent, where the microorganisms reach a concentra-
tion of 20-30 % of the mass of the biosorbent. This biosorbent was employed in
purification of water contaminated by petroleum-based products using ecologically
non-toxic strains of bacteria and yeasts [137].

The most important aspect in the biosorption process is the separation of the biomass
from the aqueous solution after sorption. In this perspective, several patents were filed which
demonstrates the improvement of the separation of biomass after biosorption process.
Nemec et al. (1977) invented a granulated product using mycelia of microorganisms and
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employed for separation of metal ions (uranium, radium, lead, etc.) from solutions. The
biomass was stiffened by polymerization and granulated to achieve higher mechanical
rigidity which allows an easier separation from the solution [143]. In another invention
(Votapek et al. 1978), a method of stiffening a biomass comprising of mycelium fungi was
reported. This procedure includes three steps: dispersing of biomass in a non-polar solvent,
agglomeration, and stiffening the agglomerated mixture by addition of a catalyst [144].
Furthermore, Gibbs et al. (1978) reported magnetic separation technology, which is used to
separate the biomass after the sorption process. In this invention, highly toxic low concen-
trated metal ions, e.g., uranium, were removed by using yeasts and magnetic separation
technique [149]. Pohl et al. (1997) proposed the preparation of a biosorbent based on brown
algae [127]. In another invention, patent 6395143 (McHale et al. 2002), an electrodiffusion-
assisted system was developed; this system consists of a process for separating biosorbent
and sorbate. The system is composed of a waste biomass enclosed within a membrane
system coupled to an electrode. The system was applicable to remove dyes, heavy metal, and
radionuclide ions and other pollutants from aqueous solutions [131].

In addition to the aforementioned patents, several inventions are filed on application of
biosorption technology for recovering precious metal ions. Due to the economic importance,
recovery of precious metals by biosorption process has gained much attention. In this
perspective, Drobot (1981) invented a method for recovering valuable metals from industrial
wastewater by using the dead fungus (particularly Cladosporium, Penicillium, Trichoderma,
Black Mycelium, and Aureobasidium) [145]. Recovery of precious metals (platinum, rho-
dium, palladium, ruthenium, iridium, gold, silver, zinc, aluminum, iron, copper, tin, and
nickel) using proteinaceous materials like feathers, hair, hoof meal, and horn meal was
developed by Lechavelier and Drobot (1981) [146]. In an invention, Volesky et al. (1981)
described removal of radioactive heavy metal ions, like uranium and thorium, using genus
Rhizopus (i.e., Rhizopus arrhizus) [147]. However, due to the economic importance of
precious metal ion gold, several inventions are focused on gold recovery by using
biosorption process. For example, patent 4769223 described gold biosorption onto seaweed
(genus Sargassum) [132]. Furthermore, Kleid et al. (1992) proposed recovery of gold from
its ores with a diversity of microorganisms, including Chromobacterium violaceum and
Chlorella vulgaris [152].

Shirato et al. (1995) used tannin adsorbent for separating several heavy metals (like
actinides, lead, cadmium, mercury, iron) with possible desorption by changing the pH of the
solution, this invention also demonstrated a method for regenerating adsorbent [124].
Kogtev et al. (1998) developed polyaminosaccharide sodium phosphate-based biosorbent,
using waste microbial biomass (Aspergillus, Penicillium, Trichoderma, or Micrococcus
genus), for heavy metal ion removal [128]. In another invention, Kilbane (1998) prepared
imprinted proteins by using inexpensive protein sources. As obtained biosorbent was used
for selective adsorption of polychlorinated biphenyls (PCBs) from PCB-contaminated oils
[129]. Gorovoj et al. (2002) prepared a biosorptive material from fungal biomass containing
chitin for the treatment of liquid radioactive wastes generated from the nuclear industry and
power stations [132]. Tadic et al. (2006) in a patent 20060070949 reported a method and
developed a bioremediation plant to remove metal ions by biosorption from mining or
industrial effluents. This method is composed of one pretreatment step (precipitation, solvent
extraction, or solvent extraction on emulsified membranes) and continuous metal ion
removal by biosorption in a series of reactors [135]. In an invention, a new bacterial strain
of Bacillus sp. was utilized for biosorption of metal ions [136]. Prigione et al.’s (2010, 2011)
group utilized several microorganisms, like Rhizopus stolonifer [139], Cunninghamella
elegans [140], and Rhizomucor pusillus [141] for dyes removal from industrial wastewaters.
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In a recent invention, Li et al. (2011) used Pseudomonas alcaliphila MBR CGMCC 2318
which was able to reduce and sorb metal and nonmetal ions [142].

Industrial Application of Biosorption Technology

In the last decade (Web of Science 2002—-2012), a vast number of publications (more than
1,500 manuscripts with the word "biosorption" in the title) including research articles,
reviews, short communications, and comments were generated on the biosorption technol-
ogy. However, it was found that most of this research on biosorption was carried in a
laboratory scale, using batch tank reactors or packed minicolumns. In general, transfer of
knowledge from laboratory scale to industrial applications is a relatively slow process. Thus
very limited numbers of industrial processes or products in biosorption area have been
implemented.

The first pilot plant installations of biosorption technology was appeared in the USA and
Canada [143]. In the 1990s, several commercial biosorbents have been proposed for the
removal of heavy metal ions from industrial or mining wastewaters. Among them BIO-FIX,
AMT-BIOCLAIM™, AlgaSORB™ are the most popular sorbents prepared by immobili-
zation of specific biomaterials.

US Bureau of Mines (Golden, CO, USA) proposed a new sorbent namely BIO-FIX
beads for the heavy metal ions removal from industrial wastewaters, acid mine drainage
(AMD) waters and ground waters. These sorbents incorporated a biomass of cyanobacteria
(Spirulina), yeasts, algae or plants (Lemna sp., Sphagnum sp.), immobilized in polymeric
(polysulphone, polyethylene, polypropylene) porous beads [144]. This sorbent was used in
packed bed and fluidized bed columns as well as in simple low-maintenance troughs system.
Screening tests have shown that this sorbent is very efficient and useful in treatment of
waters containing heavy metal ions in the range of micrograms per liter (initial concentration
of around 50 mg L™"). In addition, long-term usage of BIO-FIX beads in repeated sorption—
desorption cycles (with mineral acids as eluents) have shown that this sorbent is very
effective and stable (over 9 % of sorption capacity after 200 cycles). Pilot—plant tests with
three columns, each contained 284 L of beads (over 3.8 million liters of treated waters),
confirmed a very good sorbent performance [145].

Advanced Mineral Technologies, Inc. (AMT) has employed a new sorbent, AMT—
BIOCLAIM™, obtained from industrial fermentation process (i.e., Bacillus subtilis) [146,
147]. Granular biomass, called metal recovery agent, about 0.1 mm size, effectively re-
moved heavy metal ions from wastewater (efficiency over 99 % especially for Ag, Cd, Cu,
Pb, and Zn) and recovered precious metals (Au from gold cyanide solutions with uptake
394 mg g ). Economic analysis indicated that the process is 50 % cheaper than chemical
precipitation and about 28 % than ion exchange [148].

An algal biosorbent AlgaSORB™, Chlorella vulgaris immobilized on silica gel polymer
matrix, has been developed by Bio-Recovery System, Inc. (Las Cruces, USA) and this
sorbent was employed to treat heavy metal ions from diluted solutions (1-100 mg g ). This
biological ion-exchange resin was able to bind both metallic cations and metallic oxoanions
and could be competitive to commercial ion-exchange resins [149]. B.V. SORBEX, Inc.
(Montreal, Canada) started by popular biosorption researcher Bohumil Volesky offered a
commercial sorbent, metal-binding biomass, BV-SORBEX™. Biosorbents family included
powders and granules of size between 0.1 and 3 mm, consisting of algae (S. natans, A.
nodosum, H. opuntia, P. pamata, C. Crispus, and C. vulgaris) [6]. Uptake of metal ions by
this sorbent was independent on solution concentration and was able to remove metal ions
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from concentrated or diluted solutions with high efficiency (over 99 %) (www.bvsorbex.net/
sxProcess.pdf [150]). MetaGeneR and RAHCO Bio-Beads were two other commercial
biosorbents which could be used as effective materials for removal of heavy metal ions
from wastewaters (mainly electroplating and mining industry) [151, 152].

Pilot Scale Application of Biosorption Process

Biosorption process has extensive experience in laboratory scale (batch and column).
However, to make this technology available to industrial scale several researchers made
attempts to test this process in pilot plant-scale studies. In this perspective, Artola et al.
(2001) tested a three-zone contact-settling small pilot plant for Cu(II) removal by using
anaerobically digested sludge. Results obtained from pilot studies were similar to those from
batch equilibrium experiments. Cu/sludge feed ratio about 90 mg Cu(Il) per gram of total
solids allowed efficient heavy metal ion removal from the solution with the best quality of
effluent [153]. In another investigation, Tigini et al. (2011) employed C. elegans biomass in
200 L of pilot plant installation for dye removal, consisting of a two-unit operation:
biosorption and sedimentation. Obtained results showed that biosorption was an effective
process for the removal of different pollutants from spent baths and wastewaters [154].
Zouboulis et al. (2002) proposed a process of biosorptive floatation for the removal of heavy
metal ions (i.e., nickel, copper, and zinc ions) from aqueous solutions using grape stalks, a
by-product of the winery industry. In pilot-scale experiments, two feed solutions containing
different metal ion concentrations (low and high level) were contacted in counter-current
mode with a biomass. This configuration allowed improvement of the performance of the
biosorbent. Floatation separation experiments were conducted in 10-L columns. The remov-
al of all tested metal ions was found to be satisfactory. The regenerated biomass was used in
the second cycle [155].

Conclusions and Future Perspectives

This review has attempted to cover a wide range of publications and patents published so far on
the biosorption technology and made an attempt to provide state-of-art biosorption technology.
Biosorption has attracted a considerable attention of academic, research, and industries due to
its increased applications in various fields. Since naturally available low-cost biomaterials have
been utilized for this purpose, it has been in focus in recent years. In this perspective, a number
of publications have evolved, which discuss a wide range of biosorption applications including,
toxic pollutant removal, feed additives, and fertilizers. A survey on the general overview of
published articles on biosorption technology were presented in Fig. 6a—e. It can be clearly seen
that in the years 2002-2011, there is an increased interest in biosorption technology (Fig. 6a).
Along with this, it was observed that most of the studies were focused on the examination of
kinetic and equilibrium of biosorption (Fig. 6b). Further as a sorbate, heavy metals are chosen
for investigation biosorption process (Fig. 6¢). It was further found that among different
biosorbents, most studies utilized algae as biosorbent (Fig. 6d). Papers in the literature on the
performance of biosorption concern mainly on the batch biosorption process, than continuous
biosorption and finally biosorption in reactor.

Even though a large number of laboratory studies were carried on biosorption process,
still several technical and scientific issues should be solved to bring this technology into
commercialization. Therefore further research is required to meet the industrial demands.
Based on this, the following future perspectives can be made:
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Even though a large number of biosorbents were available, still it is essential to prepare
more efficient, economic, and selective biosorbents.

A number of mathematical models were used for the single metal biosorption process;
however, elaboration of new, improved, and simplified mathematical models for the
description of multi-sorbate systems is required.

To obtain the best performance of biosorption process, it is essential to identify the
biosorption mechanism in relation to the class of the biosorbents.

Even though a large number of patents and publications were available, the process is
still in laboratory-scale, which should be brought to commercialization.

For the application of biosorption technology in industrial scale, economic analyses are
required to obtain the overall cost of the sorbent and biosorption process to treat a large
number of wastewater.

Further attention should be given to the application of biosorption technology in product
recovery—separation, purification, and recovery—of biomolecules (i.e., pharmaceuti-
cals) from mixtures (i.e., proteins, sterides, etc.).
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Preconcentration of analytes at low-level concentration is an important aspect in analyt-
ical chemistry, biosorption technology; using low-cost biosorbents will be useful, and
studies are encouraged in this field.

The recent most advantageous application of biosorption is in the field of fertilizer and
feed components. By using the biomass as the carrier of nutrients (microelement cations)
in the nutrition of plants and animals, biological fertilizer and feed components can be
manufactured by biosorption technology with low cost.
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