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Abstract

Industrial activities play a relevant role in environmental pollution since their wastes contain high concentrations of toxic elements
that can add significant contamination to natural water and other water sources if no decontamination is previously applied. As toxic
metals and metalloids are not biodegradable and tend to accumulate in living organisms, it is necessary to treat the contaminated
industrial wastewaters prior to their discharge into the water bodies. There are different remediation techniques that have been
developed to solve elemental pollution, but biosorption has arisen as a promising cleanup and low-cost biotechnology. Biosorption
is governed by a variety of mechanisms including chemical binding, ion exchange, physisorption, precipitation, and oxide reduction.
This review presents applications of biosorbents for metals and metalloids removal. Biomaterials including bacteria, fungi, algae,
plant derivatives, agricultural wastes, and chitin—chitosan-based materials are considered. Also, bio-nano-hybrid materials, which
have superlative sorption properties due to their high surface area coming from the nanomaterials structures and multifunctional
capacity incorporated from the several types of chemical groups of biomaterials, are discussed. High metal removal percentages
as high as 70-100% can be found in most works reported in the literature, which demonstrates the excellent performance obtained

with biosorbents. These, as well as other important aspects linked to biosorption, are fully covered in the present review.

Keywords Biosorption - Biological substrates - Biomolecules - Bio-nano-hybrid materials - Green chemistry - Metals -

Metalloids - Removal - Aqueous solutions - Wastewater

Introduction

According to their physical properties, metals have been
defined as a group of opaque elements that form alloys, con-
duct heat and electricity and are usually malleable (Goyer
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2004). Metalloids are those elements that show properties of
both metals and nonmetals and are commonly represented
by boron (B), silicon (Si), arsenic (As), antimony (Sb), and
tellurium (Te) (Goldsmith 1982). Both metals and metal-
loids manifest different effects in processes involved in liv-
ing organisms. Elements such as sodium (Na), potassium
(K), calcium (Ca), zinc (Zn), iron (Fe), copper (Cu), mag-
nesium (Mg), chromium (Cr), and selenium (Se) are con-
sidered essential for normal biochemical and cellular pro-
cesses. However, some of them (Cu, Cr, Se) can be toxic at
high concentrations (Smith et al. 2015). Additionally, metals
and metalloids including As, mercury (Hg), cadmium (Cd),
lead (Pb), thallium (T1), vanadium (V), and nickel (Ni) are
extremely toxic for living organism, even at trace concentra-
tions, which cause severe damages in the normal functions
of the organism (Maestri et al. 2010).

Metals can be introduced into the environment through
natural and anthropogenic routes; however, the contribution
of human activities is relevant to increase metal concentra-
tions (Vijayaraghavan and Yun 2008b). There are many pub-
lished works regarding the contamination of the environment
by the presence of metals due to human activities (Bermudez
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et al. 2010; Cui et al. 2017; Manzano et al. 2015; Pandey
et al. 2016). Thus, mining, refining of ores, combustion of
fossil fuels, processed food industry, and other industrial
processes play an important role in elemental contribution,
as their wastes contain high concentrations of toxic met-
als that could be disposed to natural water and other water
sources if no decontaminant treatment is previously applied
(Ahmed and Ahmaruzzaman 2016). Since metals and met-
alloids are not degraded in the environment, they can be
accumulated for a long time in ecosystems, and hence, they
can be directly translated to food and drinking water avail-
able for population.

For the above-mentioned reasons, the concern of
researchers regarding the environmental pollution is grow-
ing and intense work is being done to solve this problem. In
this sense, several remediation techniques have been devel-
oped and applied to remove environmental contaminants,
including biological treatment, reverse osmosis, coagula-
tion/flocculation, electrochemical oxidation, and adsorp-
tion/biosorption (Dasgupta et al. 2015; Samer 2015; Yeung
and Gu 2011). Regarding adsorption, activated carbon is the
most common sorption material used for pollutant removal
from wastewaters due to its outstanding properties, such as
good pore structures and high specific surface area. How-
ever, the application of this adsorbent is not always feasible
because of its high cost, being necessary the exploration
of less expensive alternatives that can be also efficient for
decontamination treatments. In this way, the concept of
“biosorption” has been conceived as a promising cleanup,
free of secondary pollution, and low-cost biotechnology, and
researchers have therefore focused in the preparation of new
biomaterials to remove environmental pollutants from con-
taminated matrices (Fomina and Gadd 2014).

Biosorption is one of the pillars of bioremediation,
together with bioaccumulation and phytoremediation
(Gavrilescu 2004). The concept of biosorption has been
defined as the property of certain biomolecules or biomasses
to bind and concentrate selected ions or other molecules from
aqueous solutions (Volesky 2007). Contrary to bioaccumula-
tion processes, which involve an active metabolic transport,
biosorption is based on the use of non-living biomasses or
biomolecules. Therefore, a passive remediation treatment is
verified mainly due to the affinity between the biosorbent and
the adsorbate, which represent the solid surface from the bio-
substrate and the chemical contaminant that is accumulated
at the interface, respectively (Volesky 2007).

In order to represent the worldwide development of
biosorption research occurred during the last decades, the
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number of publications related with biosorption from 1980
to 2016 is exhibited in Fig. 1. Although a slight increase in
the number of publications happened from 1980 to 2000,
the highest growth has been observed from 2000 to 2016.
These data reflect the interest of researchers and govern-
ments around the world to develop studies based on biosorp-
tion for the removal of pollutants from the environment.
Although the biosorption is highly used due to its low
cost, it offers other advantages over classical remediation
technologies, such as a high efficiency, the reduction in
chemical or biological sludges, the possibility of biosorb-
ent reuse, and the recovery of metal after the biosorption
process. In fact, biosorption has been catalogued as a biore-
mediation method comparable to ion exchange resin-based
treatments to remediate metal ions (Volesky 2007). For
this reason, this review will be focused on the state-of-the-
art and know-how in biosorption science. The importance
of biosorption for the encouragement of Green Chemis-
try will be detailed. Aspects including types of biosorb-
ents and mechanisms involved in biosorption will be also
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Fig. 1 Number of publications related to biosorption from 1980 to
2016. Data obtained from a Scopus search (http://www.scopus.com)
performed with the term “biosorption” as a single search filter. A
slight increase in the number of publications between 1980 and 2000
can be observed. However, the greatest growth in scientific contribu-
tions has been observed between 2000 and 2016. These data reflect
a clear interest by researchers and governments around the world to
develop studies based on biosorption for the elimination of pollutants
from the environment
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commented and discussed. Finally, challenges, trends, and
perspective-related biosorption of metals and metalloids
will be exposed.

This article is an abridged version of the chapter pub-
lished by Escudero et al. (2018) in the series Environmental
Chemistry for a Sustainable World (https://www.springer.
com/series/11480).

Biosorption for green chemistry
development

It is a great challenge for scientists to develop safe and clean
processes that can be framed in the concept of green chemis-
try and biosorbents representing an excellent tool to achieve
that goal. The origin of the biomass used for removal of
contaminants is an important factor to be considered in the
frame of operations based on green chemistry. For instance,
if the biomass consists on an agriculture/industry waste or
an ubiquous and easily cultivated microorganism, the envi-
ronmental and economic impact for obtaining the biosorbent
is markedly minimized, which is in agreement with green
chemistry goals. Several works have used wastes for removal
of metals and metalloids from aqueous solutions (Habin-
eza et al. 2017). Blazquez et al. studied the biosorption of
Pb using olive stone and olive tree pruning, two industrial
wastes of olive oil production (Blazquez et al. 2015). Vishan
et al. also studied the biosorption of Pb, but using a bacterial
strain isolated from compost of green waste, which proved
to be an efficient, robust, and low-cost biosorbent (Vishan
et al. 2017). Although one of the principles of green chem-
istry aims to state that it is better to prevent than cure, when
bio-wastes are used for purposes of environmental decon-
tamination, it is a favorable practice to treat the waste created
previously.

The reutilization of the biomass in biosorption operations
is a good experimental practice as it decreases the amount
of sorption material and also the generation of wastes. Gen-
erally, it is possible to use a biosorbent for some cycles of
biosorption—desorption (2—10 cycles are usually possible),
minimizing not only the economic cost of the process, but
also the environmental damage. For example, it has been
reported the use of modified Auricularia Auricular matrix
wastes for three biosorption/desorption cycles of Cd(II)
(Song et al. 2017). After the sorption experiment, the
biosorbent was put in contact with 0.1 mol/L of HCI and the
mixture was stirred at 150 rpm for an hour at 293 K. After-
ward, the biosorbent was washed with distilled water and
dried until constant weight. The results of these experiments
showed a reduction in the adsorption efficiency as the cycles
were performed, observing the highest decrease between the
first and the second cycle. Despite this variation, it was dem-
onstrated that the biosorbent had a good potential reuse since

it was useful to remove Cd(II) ions from aqueous solutions
in all the assayed cycles. Some biosorbents can show disad-
vantages for their reuse, including poor mechanical strength,
small particle size, mass loss after a regeneration step, and
difficulty in separation from the aqueous phase. However,
it is important to evaluate the possible reutilization of the
biosorbent in order to promote the sustainable chemistry.

The immobilization of biomass on a solid support-
ing material represents another advantage for biosorption
since it could improve mechanical strength, rigidity, poros-
ity, and hence the performance of the biosorption (Dodson
et al. 2015). Immobilized biomass can be implemented
in automated systems, which helps to minimize the times
elapsed for operations (washing, conditioning, cycles of
biosorption and desorption). A large variety of polymeric
compounds have been used for immobilization of biomass,
including polysulfone, polyurethane, polyacrylamide, poly-
ethyleneimine, and alginates. The selection of the support
material can also be in accordance with the concept of green
chemistry, although several characteristic such as solubility,
biodegradability, and stability should be firstly considered
in order to be suitable for the removal of contaminants from
wastewaters.

When biosorption involves the removal of metals and
metalloids, the analytical chemistry starts to acquire an
important role on the contribution for an environmental
friendly chemistry. It has been reported six basic strategies
for greening analytical methods, which include the analysis
of samples without previous treatment, the use of less pol-
luting sample treatment, the miniaturization/automation of
methods, the online decontamination of wastes, the use of
alternative reagents, and the reduction in energy consump-
tion (de la Guardia and Garrigues 2011). Fourier transform
infrared spectroscopy (FTIR) is a vibrational spectroscopic
technique usually used for the identification of functional
groups present in biosorbents. Considering that it provides a
high-quality spectral information of spectra, a direct analysis
of sample without destruction, and generally avoids the use
of solvents or reagents, it seems to be an optimal green ana-
lytical technique to characterize the biosorbent.

Mechanisms involved in elemental
biosorption

The mechanisms responsible for the metal binding differ
according to the biomass type and the contaminant present
in the environmental sample (Michalak et al. 2013). Due to
the complexity of biomaterials, it is highly possible that sev-
eral mechanisms can be present simultaneously (Fomina and
Gadd 2014; Vijayaraghavan and Balasubramanian 2015).
The removal of toxic metals and metalloids may involve both
chemical and physical mechanisms (Vijayaraghavan and Yun
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2008a). Physisorption is associated with the presence of Van
der Waals’ attraction forces, whereas the chemisorption
takes place as a result of relatively strong chemical bonding
between adsorbates and biomass surface functional groups
(Abdolali et al. 2014). Figure 2 shows different mechanisms
involved in the removal of metals using biological substrates.

Chemical binding
Complexation

The metal removal from solutions may take place by a
complex formation on the cell surface after the interac-
tion between the metal ion and the active groups of the cell
wall. A complex compound is a polyatomic molecule that
takes place by association of one or several central atoms,
which are metal cations, with a surrounding array of bound
ligands. They are organic molecules or inorganic species
(cations or anions) that contain free pair of electrons. Com-
plex compounds can be neutral, positively or negatively
charged, while bonding could be electrostatic, covalent, or
a combination of both (Srivastava and Goyal 2010; Volesky
2003a). Figure 2 shows some examples of metal complexes
that could be formed between a functional group of the bio-
logical substrate and a metal ion.

Chelation

Chelation is a process in which chelate compounds are
formed. If one ligand is attached to the central atom through
two or more coordinating atoms, the complex is called che-
late (Javanbakht et al. 2014). Different biomasses have been
reported to contain ligands useful for metal chelation. For
example, Jaafar et al. reported that the removal of Cd(II) and
Pb(II) ions occurred through the formation of a chelate with
carboxyl groups of bacterial biomass of Deinococcus Radio-
durans (Jaafar et al. 2016). It was elucidated by comparison
of the FTIR spectra between the biomass and biomass with
metal, where some changes were observed in the region of
the peak at 1387 cm™! attributed to C—O bond, which was
shifted to 1392 and 1390 cm™' when biomass was exposed
to Cd(II) and Pb(II) ions, respectively.

lon exchange

Ion exchange is known as a reversible interchange process
that involves electrostatic interactions between cations pre-
sent in the solution and the negatively charged groups of the
cell wall or vice versa (Abdolali et al. 2014). The cell wall of
biomass contains mainly polysaccharides as basic building
blocks, and it is a well-established fact that bivalent metal
ions are exchanged with counter ions of polysaccharides
(He and Chen 2014; Veglio and Beolchini 1997). Indeed,
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Fig.2 Mechanisms associated with biosorption of metals and met-
alloids. Chemical binding (complexation, chelation), ion exchange,
physisorption, micro-precipitation and/or oxide reduction can be
simultaneously present in the biosorption of metals and metalloids.
COOH, NH,, OH, and SH are some functional groups often present
in the surface of a biosorbent. Some examples of metal complexes
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that could be formed between a functional group of the biological
substrate and a metal ion are showed. For example, the ion tetrachlo-
romanganese (II) can be formed between chloride groups present on
the biosorbent surface and manganese present in an aqueous solution.
(@) Metal ion
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biomaterials have numerous functional groups able to offer
ion exchange sites, including -OH, NH,, -COOH, phos-
phate, sulfate, thiol or other groups (Escudero et al. 2016).
It has been demonstrated that the biosorption of Cu(Il) by
Cystoseira crinitophylla biomass took place between the
metal ions and the hydroxylic oxygens present in the poly-
saccharide chains of the brown algae (Christoforidis et al.
2015). The pH plays an important role in the ion exchange
mechanism. In this work, it was verified that at low pH val-
ues, the biosorption capacity was dramatically reduced as
result of the competition between metal ions and protons
for the binding sites, while at basic pH values, there is risk
of precipitation of Cu(Il) as hydroxide.

Physisorption

As it was previously commented, physisorption is non-
specific and involves weaker forces as compared to chemi-
cal mechanisms. The activation energy involved in phy-
sisorption processes is less than 1 kcal/gmol (Volesky
2003b). Even though the interaction energy is very weak
(~10-100 meV) (Oura et al. 2003), physisorption plays an
important role in the field of decontamination. Cid et al.
reported that the biosorption of Cu(Il) on the brown mac-
roalgae Durvillaea Antarctica was due to a physisorption
mechanism by forming an heterogeneous multilayer, fol-
lowed by ion exchange mechanism (Cid et al. 2015). It is
a good representation of the simultaneous mechanisms that
can take place for the removal of toxic metals from aqueous
solutions using biomass.

Micro-precipitation

The micro-precipitation mechanism occurs when the solu-
bility of the sorbate reaches its limit. It is defined by the
chemical interaction between the metal and the cell sur-
face and is a process not depending on metabolism (Naja
and Volesky 2011). Liu and co-workers have demonstrated
that watermelon rind was an effective biosorbent for the
removal of Cu(Il), Zn(II), and Pb(II), and both ion exchange
and micro-precipitation mechanisms were responsible by
metal biosorption (Liu et al. 2012). Moreover, it has been
also studied the removal of Pb(II) using bacterial biomass
through several mechanisms, including physisorption,
micro-precipitation as well as ion exchange (Jin et al. 2016).

Oxide reduction

An oxide reduction reaction can take place if there is one
electron donor element and another that accepts them. How-
ever, another mechanism is often needed to finally eliminate
metals using biomass. For instance, tea waste and date pits
were investigated for their potential to remove toxic Cr(VI)

ions from aqueous solution (Albadarin et al. 2013). The
authors proved that the biosorption processes occurred by
the initial biosorption of Cr onto positively charged func-
tional groups of the biomass and then, by a reduction of
Cr(VI) to Cr(IIl) in an acidic medium. FTIR confirmed
—COOH, -NH, and O-CHj groups were involved in the
biosorption and reduction in metals.

Biosorbents used for metal removal
Bacteria

According to the composition of their cell wall, bacteria are
classified into Gram-positive and Gram-negative. Gram-
positive bacteria are prokaryotic microorganisms charac-
terized by the absence of outer membrane. Instead of this,
they are surrounded by several layers of peptidoglycan,
which is often densely functionalized with long anionic
polymers, called teichoic acids (Young 2010). In contrast,
Gram-negative bacteria show a thin layer of peptidoglycan
cross-linked by short chains of amino acids, and an outer
membrane rich in lipopolysaccharides (Young 2010). The
composition of the cell wall plays a relevant role in met-
als and metalloids biosorption. In fact, it has been reported
that functional groups including peptidoglycan, teichoic
acids, phospholipids, lipopolysaccharides, and proteins are
involved in elemental biosorption (Vijayaraghavan and Yun
2008b). Figure 3 shows a scheme of the main structural and
chemical composition differences between both Gram-pos-
itive and Gram-negative bacteria.

Within Gram-positive bacteria, Bacillus genus has been
widely employed as biosorbent for removal of toxic met-
als, due to it is easy to be obtained, safety to humans, and
environmental friendly. Table 1 shows a comparison on
biosorption capacities of different micro- and macro-organ-
isms used as biosorbents for toxic metal removal. Ahmad
et al. studied the biosorption potential of Bacillus subtilis
immobilized on calcium alginate gel beads for the removal
of Cd from aqueous solutions (Ahmad et al. 2014). Batch
biosorption experiments were developed in order to optimize
experimental variables, including pH, initial concentration
of Cd, contact time, and biosorbent dose. In agreement with
previous works, the optimal pH value to reach the highest
biosorption capacity was around 5.92. At this pH, interac-
tions between the negatively charged surface of the biosorb-
ent and the positive ions of Cd can occurr. The biosorbent
showed a biosorption equilibrium capacity of 251.91 mg/g
at 45 °C, which is fourfolds higher than that obtained for the
removal of Cd using a blank composed by calcium alginate
beads, thus exhibiting the advantages of immobilizing the
bacterial biomass.
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Fig.3 Scheme of the structure and chemical composition of gram-
negative (a) and gram-positive (b) bacteria. The group of Gram-
positive bacteria is characterized by the absence of outer membrane
and the presence of numerous layers of peptidoglycan, which is usu-
ally functionalized with long anionic polymers, named teichoic acids.
Contrarily, Gram-negative bacteria show a thin layer of peptidogly-

Bacillus thuringiensis strains have been applied for
removal of europium (Eu) from aquatic ecosystems (Pan
et al. 2017). The biosorbent showed to be efficient in terms
of biosorption capacity (160 mg/g), besides exhibiting good
regeneration and reusability. Bacillus genus has been also
studied to remove Pb(II) from aqueous solutions (Ren et al.
2015). The results obtained from FTIR and EDS analyses
suggest that Pb(II) could be covalently bind with C-, O-, N-,
and P-containing functional groups present in the cell wall
(carboxylate, hydroxyl, amino, and phosphate).

It is usual to chemically modify the surface of the bio-
mass in order to improve the performance of the biosorbent.
Kirova et al. studied the biosorption of Pb(Il) from aqueous
solutions by waste biomass of Streptomyces fradiae treated
with NaOH (Kirova et al. 2015). FTIR spectra of treated S.
fradiae showed several bands corresponding to functional
groups that are able to bind Pb(II). Despite the chemical
modification of the biomass, the biosorption capacity of
this material was moderate (around 38 mg/g). Although the
removal of Pb was affected by the presence of concomitant
ions, the biomass resulted to be effective for biosorption
purposes, due to the simplicity to be obtained and low cost.

Within Gram-negative bacteria, Pseudomonas genus has
been one of the most used in biosorption studies. A recent
work investigated the Pb(II) biosorption by a psychrotrophic
strain of Pseudomonas sp. (Li et al. 2017a). With the aim
of evaluating the effect of using Pb-resistant bacteria on the
biosorption of this element, living and non-living Pb-resist-
ant Pseudomonas strains were compared. It was observed
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can cross-linked by short chains of amino acids, and an outer mem-
brane rich in lipopolysaccharides. CM cytoplasmic membrane, FA
fatty acid, LP lipoprotein, LPS lipopolysaccharide, P porin, PG pep-
tidoglycan, PL phospholipid, PS periplasmic space, Pr protein, OM
outer membrane

that living strains showed higher biosorption capacity for
Pb(II) than non-living bacteria (51 and 43 mg/g, respec-
tively). However, both biosorbents demonstrated to be good
alternatives to remediate Pb-contaminated aqueous matrices.

Due to the differences in the cell wall that divide bacteria
into Gram-positive and Gram-negative groups, it would be
interesting to answer whether one group of bacteria is bet-
ter than the other for biosorption of metals and metalloids.
Some contributions can be useful to clarify this point. It
has been reported that functional groups present in Gram-
negative bacteria are most exposed and available to remove
toxic elements, contrarily to Gram-positive bacteria, which
show low levels of surface available because of the densely
cross-linked peptidoglycan layer (Joo et al. 2010). This state-
ment arises from a study that compares Bacillus cereus and
Pseudomonas aeruginosa strains for the biosorption and
removal of Zn(II) from aqueous solutions (Joo et al. 2010).
Although both bacterial groups were effective and low-cost
biosorbents, the Gram-negative bacterium showed a higher
biosorption capacity, which could be due to the different
structures of the cell wall. Tsuruta et al. have previously
studied the performance of Gram-negative bacteria, such
as Bacillus megaterium, P. aeruginosa, and P. maltophilia,
concluding that all of them are better materials to biosorb
gold (Au) from aqueous solutions compared to Gram-
positive bacteria (Tsuruta 2004). More recently, Oyetibo
et al. developed equilibrium studies of Cd biosorption by
bacterial strains isolated from polluted sites (Oyetibo et al.
2014). Four strains were evaluated, two Gram-negative
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Table 1 Biosorption capacities of different micro and macro-organisms used as biosorbents for the removal of metals and metalloids

Biosorbent Metal  Experimental conditions Biosorption ~ References
capacity
(mg/g)
Bacteria
Bacillus cereus Zn(Il) 303 K, pH=6,C,=50,X=1.0 37 Joo et al. (2010)
Bacillus megaterium Au(l) 298 K, pH=3, C,=10, X=0.15 13.2% Tsuruta (2004)
Au(Ill) 298 K, pH=3, C,=10, X=0.15 235%
Bacillus sp. Pbdl) 288 K, pH=5, C;=400, X=40 9.3 Ren et al. (2015)
Bacillus subtilis CddIl) 318 K,pH=5.9,Cy=496,X=1.0 251 Ahmad et al. (2014)
Bacillus thuringiensis EudIl) 298 K,pH=7,C,=40,X=0.5 160 Pan et al. (2017)
Burkholderia cepacia Cddn) 298 K, pH=2,C,=400,X=0.75 37 Opyetibo et al. (2014)
Corynebacterium kutscheri Cddn) 298 K, pH=2,C,=400,X=0.75 70 Opyetibo et al. (2014)
Pseudomonas aeruginosa Zn(Il) 303 K, pH=6,C,=50,X=1.0 44 Joo et al. (2010)
Pseudomonas aeruginosa Cddn) 298 K, pH=2,C,=400,X=0.75 80 Opyetibo et al. (2014)
Pseudomonas aeruginosa Au(l) 298 K, pH=3, C,=10, X=0.15 32.7° Tsuruta (2004)
Au(lll) 298 K, pH=3, C,=10, X=0.15 314*
Pseudomonas maltophilia Au(l) 298 K, pH=3, C,=10, X=0.15 37.6° Tsuruta (2004)
Au(Illl) 298 K, pH=3, C,=10, X=0.15 337%
Pseudomonas sp. Pbdl) 288 K, pH=5,Cy=50,X=0.5 43 Lietal. (2017a)
Rhodococcus sp. Cdd) 298K, pH=2,C,=400,X=0.75 55 Opyetibo et al. (2014)
Streptomyces fradiae Pbdl) 298 K, pH=5, C,=100,X=1.0 38 Kirova et al. (2015)
Fungi
Activated carbon—Fe;0,-Saccharomyces cerevi- HgM 298 K,pH=7,Cy= 0.1, X=0.25° 720* Mahmoud et al. (2015b)
siae
Aspergillus niger Zn(Il) 301K, pH=5, Cy=50,X=20 3.83° Vale et al. (2016)
Cr(VD) 301K, pH=2.5,Cy,=50,X=10 4.99°
Aspergillus ustus on SiO, CrIll) 298 K, pH=7, C,;=500, X=5.0 2466° Mahmoud et al. (2015a)
Cr(VD) 298K, pH=2, C,;=500, X=5.0 6466°
Auricularia auricula—CTAB immobilized on Cr(VI) 298 K, pH=6, C;=50, X=500¢ 5.5 Zang et al. (2017)
sodium alginate
Fusarium verticillioides on SiO, Cr(ll) 298 K, pH=7, C,=500,X=5.0 2666* Mahmoud et al. (2015a)
Cr(VD) 298K, pH=2,C,=500,X=5.0 6400*
Lepiota hystrix Cu(l) 298 K, pH=4.5, Cy=50, X=38 8.9 Kariuki et al. (2017)
Pbdl) 298 K, pH=6,C,=50, X=38 39
Pencillium funiculosum on SiO, Cr(lll) 298 K, pH=7, C;=500,X=5.0 1866° Mahmoud et al. (2015a)
Cr(VD) 298K, pH=2,C,=500,X=5.0 3800*
Saccharomyces cerevisiae Ag(D) 288 K, pH=3, C,=100, X=3.3 31 Zhao et al. (2015)
Algae
Chlamydomonas reinhardtii TI(D) 298 K, pH=6, C,=100, X=0.25 300 Birungi and Chirwa (2015)
Chlorella vulgaris TI(D) 298 K, pH=6, C,=100, X=0.25 298 Birungi and Chirwa (2015)
Fucus vesiculosus Zn(Il) 298 K, pH=5, C;=400,X=1.0 17.7 Castro et al. (2017)
Oedogonium sp. Se(VI) 298 K, pH=5, C;=200, X=10 14.9 Johansson et al. (2016)
As(V) 298K, pH=5, C,=200, X=10 62.5
Mo(VI) 298 K, pH=5, C;,=200, X=10 67.4
Pre-treated 2-Hypnea Valentiae Co(Il) 303K, pH=6,C,=0.7, X=2.0 16.6 Vafajoo et al. (2018)
Scenedesmus acuminutus TI(D) 298 K, pH=6, C,=100, X=0.25 295 Birungi and Chirwa (2015)
Scenedesmus dimorphus Co(Il) 293 K, pH=5,Cy= 0.0014, X=0.1 0.08 Bordoloi et al. (2017)
Undaria pinnatifida Cudl) 293K, pH=5.5,Cy,=10,X=10 98 Cho et al. (2013)
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Table 1 (continued)

Biosorbent Metal  Experimental conditions Biosorption  References
capacity
(mg/g)
Plant derivatives and agricultural wastes
Barbula lambarenensis Pb(Il) 323 K,pH=5,C,=700,X=25  70.6 (raw)  Okoli et al. (2016)
124.6 (PPB)
86.2 (EGP)
CddI) 323K, pH=6, C,=400, X=25 45.1 (raw)
54.7 (PPB)
58.4 (EGP)
H;PO,-activated carbon from fig sawdust Pbdl) 298 K,pH=4,C,=50,X=1 54.7 Ghasemi et al. (2014)
Jatropha curcas fruit coat CddI) 303 K, pH=6,C,=250,X=15 14.0 Jain et al. (2015)
J. curcas seed coat 303 K, pH=6, Cy=250, X=15 17.0
KOH-activated carbon from banana peel Cul) 298K,pH=74,Cy=50,X=25 9.8 Van Thuan et al. (2017)
Nidl) 298 K, pH=4.0, C;=90, X=5 18.2
Podl) 298K,pH=6.1,Cy=75,X=25 278
Magnetic Litchi chinensis peel Pbdl) 298 K, pH=6,C,=50, X=5 9.39 Jiang et al. (2015)
Magnetic walnut fruit shells Pbdl) 298 K, pH=5,Cy=50,X=2 18.5 Safinejad et al. (2017)
Okra leaves Cr(ll) 308K, pH=4, Cy=5,X=5.0 221.1° Khaskheli et al. (2016)
Cr(VD) 303K, pH=2,Cy=5,X=5.0 81.9°
Tomato wastes pre-treated with 3% (v/v) HCI1 Cudl) 293K,pH=8,C,=50,X=4 9.87 Yargig et al. (2015)

C,=initial metal concentration (mg/L); X =biosorbent dosage (g/L)
PPB sodium tripolylphosphate, EGP ethylene glycol

“Biosorption capacity expressed as umol/g

®Maximum biosorption capacity calculated by isotherms models
“Mass of biosorbent expressed as grams

dConcentration expressed as mol/L

(Pseudomonas aeruginosa, Burkholderia cepacia) and two
Gram-positive bacteria (Corynebacterium kutscheri, Rho-
dococcus sp.). In this case, the experimental biosorption
capacity was higher for Pseudomonas aeruginosa in com-
parison with the values obtained by Gram-positive bacteria.
Nevertheless, Burkholderia cepacia showed less biosorption
capacity than Corynebacterium and Rhodococcus genres.
Therefore, although the wall cell structure of Gram-negative
strains could facilitate the biosorption of some contaminants,
this behavior is not always observed and depends on each
system. In fact, it has been demonstrated that Gram-positive
bacteria can be also useful to remove elemental pollutants
from contaminated environments (Aryal and Liakopoulou-
Kyriakides 2015).

Fungi

Fungal biomasses have received great attention as biosorb-
ent materials to remove toxic elements mainly because
they are easy to grow and are available as industrial waste
products (Fomina and Gadd 2014). The elemental biosorp-
tion by fungi takes place in the cell wall. Fungal cell walls
are complex macromolecular structures consisting mainly
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on polysaccharides (80-90%) and proteins, lipids, and pig-
ments as minority compounds (Fomina and Gadd 2014).
Chitin is also a common constituent of fungal cell walls.
This variety of structural components ensures many dif-
ferent functional groups that are able to bind metal ions of
toxicological interest. Although fungi are a large group of
eukaryotic microorganisms, three types have major impor-
tance in the field of biosorption: molds, mushrooms, and
yeasts (Wang and Chen 2009).

Molds are composed of long and branched threads
called hyphae, which form a tangled mass named myce-
lium (Pokethitiyook and Poolpak 2016). Vale and co-
workers have evaluated the capacity of Aspergillus niger
to adsorb and remove Cr(VI) and Zn(II) from wastewa-
ters (Vale et al. 2016). Comparing infrared spectra before
and after biosorption of metals, the authors demonstrated
that hydroxyl groups were mainly responsible for the
removal of Zn(II), while amine groups were involved in
the biosorption of Cr(VI). A very low biosorption capac-
ity was reported for both metals (3.8 and 4.9 mg/g for
Zn(II) and Cr(VI), respectively), which could be countered
by the fact of being an economical and easily obtainable
biosorbent.
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Some works have proposed that the implementation of
metal oxides nanoparticles as solid supports can improve
the biosorption capacity, the physical and chemical stabil-
ity, and the lifetime of biosorbents (Bakircioglu et al. 2010;
Mahmoud et al. 2011). Mahmoud et al. have reported the
immobilization of three fungal biomass, Aspergillus ustus,
Fusarium verticillioides, and Pencillium funiculosum, on
Si0, nanoparticles for the selective biosorption of Cr(III)
and Cr(VI) from aqueous solutions (Mahmoud et al. 2015a).
In this study, the researchers reported that only by control-
ling the pH value of the solution, the biosorbents were selec-
tive for speciation and extraction of Cr species. Thus, maxi-
mum biosorption efficiency of Cr(II) was detected at pH 7,
while for Cr(VI) it was found at pH 2.0. The time to reach
the equilibrium biosorption was very short (15 min) and the
experimental data were in accordance by both Langmuir and
Freundlich models. By the comparison of the three biosor-
bents, F. verticiloides immobilized on nanoparticles show
the higher intensity of biosorption. Seawater and industrial
wastewater samples were analyzed, reporting a removal per-
centage between 83.9 and 98.2% for Cr(III), and 80.6-99.8%
for Cr(VI) species.

Mushrooms are macro-fungi big enough to be observed
by the naked eye and to be picked up handly (Maurya et al.
2006). This class of fungi has been extensively applied
in biosorption studies. Recently, Kariuki and co-authors
have proposed the use of Lepiota hystrix for biosorption
of Cu(II) and Pb(II) ions from aqueous solutions (Kariuki
et al. 2017). The efficiency of biosorption was evaluated in
batch experiments and the optimized procedure was applied
in river water samples. The analysis of the FTIR spectrum
indicated that an interaction between metal ions and fungi
biomass occurs through hydroxyl, carboxyl, amine, and
amide groups. In the desorption study, the percentages of

—e

I—

recovery obtained with 0.1 mol/L HCI were around 70%
and 50% for Cu(II) and Pb(II), respectively. The research-
ers suggested that it was because some extra mechanisms,
besides ion exchange, could be involved in the biosorption
of metal ions. In real samples, the percentage of adsorption
was lower for both metals. This behavior could be attributed
to high levels of competing cations and ligands present in
natural waters. However, although the matrix effect played
a negative role in terms of reducing the removal of the con-
taminants, the biosorption by mushrooms is still efficient
to be applied in real contaminated matrices. In other recent
work, the removal of Cr(VI) from industrial wastewater
samples was evaluated using a fixed-bed column modified
by immobilization of Auricularia auricula substrate (Zang
et al. 2017). The biosorbent was chemically modified using
cetyltrimethyl ammonium bromide and immobilized onto
sodium alginate. The procedure to obtain the modified and
immobilized biosorbent is detailed in Fig. 4. The biosorp-
tion capacity of this mushroom was significantly higher
(p <0.05) than that obtained using the unmodified substrate
of fungi, at different Cr(VI) concentrations. This could be
due to a reduction in the surface tension by cetyltrimethyl
ammonium bromide molecules or to an increase in the num-
ber of positive charges on the fungal surface, thus leading to
an enhanced biosorption of the anionic species of Cr(VI).
Furthermore, a study on the regeneration and reuse of the
biosorbent was developed, obtaining a removal of around
50% after three biosorption—desorption cycles.

Regarding yeasts, Saccharomyces cerevisiae is a world-
wide known unicellular fungi that has received increasing
attention in the field of biosorption due to its capacity for
metal biosorption. Zhao and co-workers used S. cerevisiae to
remove Ag(I) ions from low-concentration aqueous solutions
(Zhao et al. 2015). In this study, the authors highlighted

2% Sodium alginate
(mass ratio 1:15)

30 g of dried biomass
1 L of CTAB with a CMC
of 9.2x 10 mol L"!

150 rpm at 293 K
for 24 h.

Washed with distilled water

Dried at 333 K overnight

Dispersion in 2.5%
CaCl,

—

-/

Dried to constant
weight

3-5 mm beads of
immobilized biosorbent

CHEMICAL MODIFICATION IMMOBILIZATION

Fig.4 Representation of the chemical modification of Auricularia
auricula and its immobilization onto a solid support. The dried bio-
mass was chemically modified using cetyltrimethyl ammonium bro-
mide (CTAB), stirring at 150 rpm and 293 K during 24 h. Subse-
quently, the modified biomass was washed with distilled water and

dried at 333 K overnight. Then, the modified biomass was immobi-
lized onto sodium alginate beads using sodium alginate and calcium
chloride at concentrations showed in the figure to finally obtain
3-5 mm beads of immobilized biosorbent
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the use of yeast without any modification and proved that,
in comparison with other biosorbents, Ag(I) could be
fastly adsorbed onto the biomass (60 min). Furthermore,
the equilibrium was reached within 60 min and a removal
percentage of 93% was achieved when the initial concen-
tration of Ag(l) was lower than 100 mg/L. Different ana-
lytical techniques suggested that Ag(0) were deposited on
the surface of yeast and the FTIR spectrum confirmed that
functional groups of the biosorbent were responsible of the
reduction of Ag(I) to Ag(0). Additionally, Mahmoud et al.
obtained excellent extraction of Hg(I) in different real water
samples (92-100%) (Mahmoud et al. 2015b). A magnetic
solid-phase extraction (MSPE) procedure was developed
using a composite made of activated carbon-immobilized
nano-Fe;0,-impregnated Saccharomyces cerevisiae. The
researchers showed that at pH values between 1 and 3, the
highest removal of Hg(II) was achieved when activated car-
bon-immobilized-nano-Fe;O, was used. However, at higher
pH values, the biosorption of Hg(II) was 20% more efficient
when S. cerevisiae was immobilized on the magnetic sur-
face, which could be attributed to the marked increase in
the surface area resulting from the presence of magnetic
nanoparticles within the structure of the yeast.

Algae

Algae represent another class of biomaterials applied for
biosorption and removal of toxic elements from contami-
nated matrices. Their cell wall is composed of polysaccha-
rides, glycoproteins, and sometimes chitin as an external
thin layer (Wurdack 1923). The functional groups present
in the algae cell wall (e.g., -COOH, —NH, groups) can be
responsible of metal binding. These biological substrates
have often an opportunistic life and can be easily cultivated
under different laboratory conditions, thus generating bio-
masses with different functional groups that might be useful
for the removal of various contaminants.

The biosorption of TI(I) using green micro-algae from
eutrophic water sources has been investigated by Birungi
and co-workers (Birungi and Chirwa 2015). Three species
were identified and evaluated for biosorption of Tl, includ-
ing Scenedesmus acuminutus, Chlorella vulgaris, and
Chlamydomonas reinhardtii. At the optimal conditions, all
biosorbents show outstanding biosorption capacities (please,
see Table 1), which demonstrates the potential of these bio-
materials to treat toxic elements from the aqueous media.

Some pre-treatments are commonly used to enhance the
biosorption capacity of algal biomasses. Although raw algae
can efficiently remove metals from aqueous media, second-
ary pollution caused by the release of organic compounds
from the algae has to be mentioned. It has been recently
compared the use of raw and pre-treated 2-Hypnea Valen-
tiae algae for the removal of Co(Il) from aqueous solutions
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(Vafajoo et al. 2018). The pre-treatment of the raw biomass
consisted on mixing 10 g of sieved algae with 1 L of 10%
formaldehyde during 1 h at room temperature. Afterward,
the biomass was separated from the aqueous media by fil-
tration, washed with deionized water, and dried overnight
at 60 °C. The authors suggested that this surface modifica-
tion could not only prevent leaching of components from
the algae, but also improve the stability of the biosorbent
during the biosorption process. This was in agreement with
the results of the study, which showed an improvement in
the biosorption capacity using the pre-treated biomass in
comparison with the raw algae (16.6 vs. 10.9 mg/g).

The char derived from the pyrolysis of algal biomass has
been also explored in the biosorption field. Cho et al. proved
that the char derived from Undaria pinnatifida macroalgae
was efficient for the removal of Cu(II) from aqueous solu-
tions (Cho et al. 2013). It was observed that physical acti-
vation of the biochar is enhanced by 25% the biosorption
of Cu(Il) in comparison with the char without activation.
This is probably because the activation process could have
increased the surface area of the biosorbent, meaning that a
high number of new pores were generated and this caused
an increase in exchangeable cations on the surface. An opti-
mum pH value of 5.5 was chosen to remove Cu(Il) ions
from aqueous solutions considering both the effects that pH
causes on the surface of the biochar and the speciation of
Cu(Il). More recently, Scenedesmus dimorphushas micro-
algae biochar has been studied for biosorption of Co(II) from
aqueous solutions (Bordoloi et al. 2017). This process was
faster in the initial stages and kept constant after reaching the
equilibrium, which suggest that the more available sites of
the surface of the biosorbent were saturated and the vacant
binding sites still available on the biochar were of difficult
access for Co(Il) ions.

Simultaneous biosorption of Se, As, and Mo using a
modified algal-based biochar was studied by Johansson et al.
(Johansson et al. 2016). Initially, biomass of Oedogonium
sp. was exposed to FeCl; solutions for 24 h at 20 °C on a
shaker plate. Then, the Fe-treated biomass was converted
to biochar by a slow pyrolysis stage. The biosorption pro-
cess was successfully applied in Tarong Ash Water for the
removal of Se, As, and Mo, despite the competitive oxoan-
ions (e.g., SO;?) present in the real samples.

Despite the efforts made in the biosorption field over the
last years, advances have been mainly focused in laboratory-
scale studies (Park et al. 2010). Most biosorption systems
have shown limited industrial applications because industrial
effluents are complex matrices and the presence of concomi-
tants in these samples could deteriorate the performance of
the biosorption. However, some contributions are taking the
biosorption a step forward. For instance, the biosorption of
Zn(Il) from industrial effluents using the brown seaweed
Fucus vesiculosus and sugar beet pulp was evaluated from
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laboratory tests to a pilot approach (Castro et al. 2017). Pilot
experiments were made using a high feed rate to implement
a reactor on an industrial-scale, and large glass columns
were built to evaluate the applicability of the biosorption
for the treatment of wastewaters at this scale. Taking into
account that sugar beet pulp is a biosorbent less expensive
than brown algae, a combination of both biomasses at dif-
ferent ratios of pulp/algae was evaluated to reduce the cost
of the process (1:2, 1:1, and 2:1). It was observed that the
columns percolated suitably in all cases and results showed
that the most cost-effective option to treat Zn(II) ions would
be the column packed with 1:1 pulp/algae biosorbent. The
demonstrated ability of the pilot-scale biosorption for the
efficient removal of Zn(II) ions from real wastewaters turns
the biosorption into a very adequate process for large-scale
applications.

Plant derivatives and agricultural wastes

Both plant derivatives and agricultural wastes have been
widely used as potential biosorbents for the removal of met-
als and metalloids (Jain et al. 2016). Their cell wall consists
on cellulose as the main polysaccharide, and other compo-
nents such as proteins, hemicellulose, and lipids (Nguyen
et al. 2013). These biosorbents are one of the more economic
options to remove contaminants and it can be considered
as environmental friendly due to their fast biodegradation.
Furthermore, they are renewable, available in abundance,
non-toxic and some of them can be reused throughout sev-
eral biosorption—desorption cycles (Dhir 2014).

Jain et al. have used Jatropha curcas seed coat and fruit
coat for Cd(II) biosorption (Jain et al. 2015). The results
of FTIR indicated that Cd(II) binding was mainly due to
the functional groups —OH, -NH, —-COOH, and —CO pre-
sent on the biosorbent surface. It was observed an increase
in metal biosorption when increasing the biosorbent dose,
which could be related with a major number of binding sites
and surface area. However, at higher biosorbent doses, less
biosorption capacities were obtained, which might be due
to electrostatic interactions between cells and interference
between the binding sites at high biosorbent dose. Biosorp-
tion capacities around 14 ad 17 mg/g were obtained for fruit
coat and seed, respectively.

A chemical pre-treatment has been proposed in tomato
wastes using 3% (v/v) HCI for Cu(I) removal from aqueous
solutions (Yargi¢ et al. 2015). The results showed that the
highest removal of metal ions was obtained at pH 8 (around
92%). The evaluated kinetic models reflected that pseudo-
second-order kinetic model was the most suitable, indicating
that the rate controlling mechanism for the biosorption was
chemisorption. The pseudo-second-order kinetics has also
described adequately the biosorption of Pb(Il) and Cd(II)
onto the surfaces of untreated Barbula lambarenensis and

modified with sodium tripolyphosphate and ethylene gly-
col (Okoli et al. 2016). The authors reported that the use of
sodium tripolyphosphate increased the specific surface area
of the raw biosorbent in approximately 10 times, which was
reflected in the biosorption capacities reported in Table 1.
The tripolylphosphate group is a common chelating agent,
and its use for the pre-treatment of the raw biosorbent gen-
erated extra tripolylphosphate groups on the surface of the
biosorbent, causing an increase in the biosorption capacities.
From the FTIR results, it was observed that the ethylene
glycol biosorbent showed additional hydroxyl groups from
ethylene glycol in comparison with the raw material, which
resulted useful to adsorb metal ions.

Jiang et al. proposed the synthesis of a magnetic biosorb-
ent using Litchi chinensis peels for the removal of Pb(II)
from aqueous solutions (Jiang et al. 2015). The biosorbent
was synthesized by adding Fe;O, magnetic nanoparticles
powder to the biomass, followed by the addition of sodium
triphosphate. Under optimal experimental conditions, the
biosorbent showed a biosorption capacity of 3.39 mg/g,
using an initial metal concentration of 50 mg/L and adsor-
bent dosage of 5 g/L.. One of the major advantages of this
work is that the biosorbent containing the metal can be rap-
idly and easily separated from the solutions using an exter-
nal magnetic field, avoiding time consuming steps such as
centrifugations or filtrations.

Recently, Safinejad and co-workers have also been used
a magnetic biosorbent prepared by adhering Fe;0, on the
surface of an agricultural waste for biosorption Pb(II) from
aqueous solutions (Safinejad et al. 2017). In this case, shells
of walnut fruit were chosen as biosorbent. The magnetic
biosorbent showed a remarkable capacity of regeneration.
The authors stated that after 10 biosorption—desorption
cycles, the biosorbent preserved its characteristics without
losing its magnetic properties. Besides, real waste samples
were analyzed and about 98% of Pb(II) was removed during
the first 10 min of the biosorption. The metal biosorption
was quite fast and could be completed in the first minutes
due to the absence of an internal diffusion resistance.

The removal of pollutants using activated carbons
prepared from agricultural waste material has been also
reported by several researchers (Gupta et al. 2015; Sayiili
et al. 2015). Under controlled conditions, the wastes can
be converted into activated carbon through pyrolysis with
or without chemical activating agents. Biosorption using
these types of biosorbents have been found to be renew-
able and at the same time shows high efficiency, ease of
operation and low costs (Okman et al. 2014). Van Thuan
et al. have proposed the use of KOH-activated carbon from
banana peel for the biosorption of Cu(Il), Ni(II), and Pb(IT)
ions (Van Thuan et al. 2017). The authors used the response
surface methodology (RSM) to optimize the experimental
variables, including the initial concentration of metal ions,
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dose of biosorbent, and pH of solution. The biosorption
model resulting from the quadratic equations proved to be
statistically significant and the predictive potential of the
model was also successful. In other work, Ghasemi and co-
workers have studied the use of fig sawdust as a precursor
for the production of activated carbon by chemical activa-
tion with H;PO, for the removal of Pb(Il) from drain water
samples (Ghasemi et al. 2014). The authors proposed the
formation of Cn-Pb(II) complex and ion exchange reactions
as the main mechanisms responsible for the biosorption of
the metal by activated carbon.

An appealing study based on the removal of Cr spe-
cies from water samples has been recently proposed by
Khaskheli et al. (2016). Agricultural wastes of Okra leaves
were evaluated for the biosorption of Cr(III) and Cr(VI). The
leaves were ground, sieved to obtain small particle sizes,
and finally treated with HCI. It was found that the highest
removal capacity of Cr(II) was 221.17 mg/g at pH 4.0 and
81.94 mg/g at pH 2.0 for Cr(VI). Under optimal conditions,
the biosorbent was able to remove around 90% of Cr from
spiked real water samples.

Chitin—chitosan-based materials

Chitin is a linear biopolymer composed by 2-acetamido-
2-deoxy-p-glucopyranose (GlcNAc) and 2-amino-2-deoxy-
D-glucopyranose (GIcN) units. Chitin is normally obtained
from shrimp and crab shells, which are wastes from the
seafood industries, by sequential steps of demineralization,
deproteinization, deodorization, and drying (Moura et al.
2015). Chitosan, in turn, is the product of alkaline deacety-
lation of chitin. During the deacetylation reaction, the chitin
acetamido groups are converted into amino groups. If the
acetylated units are higher than 60% of the biopolymer chain,
we have chitin. If the de-acetylated units are higher than
60% of the biopolymer chain, we have chitosan (Fiamingo
et al. 2017). Chitin and chitosan present a series of interest-
ing physicochemical characteristics, which are responsible
for their unlimited potential of application (Dotto and Pinto
2017). The elemental biosorption on chitin or chitosan is
normally studied in batch systems and is dependent of some
factors (Cadaval et al. 2017). The most important factors are
the solution pH, deacetylation degree, and metal speciation
(Guibal 2004). Generally, the interactions of metals with
chitin/chitosan-based materials can occur by (I) complexa-
tion on nitrogen (free electronic doublet), (IT) formation of
ternary complexes and (III) ion exchange/electrostatic attrac-
tion (Guibal 2004). At pH lower than 6.7, the amino groups
are susceptible to be protonated, turning chitosan into a poly-
cationic material able to interact with negatively charged
metals, like Cr (Cadaval et al. 2013), V (Cadaval et al. 2016),
or As (Boddu et al. 2008), by electrostatic attraction or ion
exchange. It is evident that higher deacetylation degrees
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contribute for these interactions. On the other hand, when
pH is higher than 6.7, the amino groups are non-ionized
and they possess a free electronic doublet on N atom able to
interact with metal cations, like Ag (Zhang et al. 2015), Cd
(Hu et al. 2017), Co (Dotto et al. 2015), Cu (Hu et al. 2017),
Hg (Kyzas and Deliyanni 2013), Ni (Monier et al. 2010) and
Pb (Hu et al. 2017). Regarding OH groups, it is accepted that
they essentially contribute to stabilizing metal binding on
amine groups (Guibal 2004).

Table 2 shows the biosorption capacities of different chi-
tin—chitosan-based materials for different metals and metal-
loids. Some conclusions can be obtained from this Table 2:
(1) It is corroborated that chitin/chitosan-based materials
can be used as alternative biosorbents to remove metals from
aqueous media, (2) It is demonstrated that several types of
chemical and physical modifications can be performed in
these biopolymers in order to improve its biosorption poten-
tial, (3) The biosorption of metals and metalloids on chitin/
chitosan-based materials is normally investigated from 293
to 333 K, (4) For all investigated elements, the biosorp-
tion was favored under neutral or acid conditions and (5)
The biosorption capacities vary in a wide range and are
extremely dependent of the experimental conditions.

Bio-nano-hybrids materials

Bio-nano-hybrids materials are formed by the assembly of
molecular species of biological origin and inorganic nano-
substrates (Ruiz-Hitzky et al. 2008). These emerging mate-
rials are used in several fields, such as tissues engineering
and new materials with enhanced functional and structural
properties (Darder et al. 2007; Dujardin and Mann 2002;
Ruiz-Hitzky and Darder 2006).

Nanotechnology is being introduced in the environmental
field, particularly as it relates to the combination of biologi-
cal substrates with nanomaterials, for the development of
new hybrid bio-nano-materials with high retention capacity
of metals (Khanra et al. 2012; Mahmoud et al. 2013). Within
the bio-nano-hybrids materials that are being synthesized
and evaluated to remove pollutants from the environment,
it can be found those formed resulting from the combina-
tion of polysaccharides with nanomaterials. For instance,
bio-nano-hybrid materials of nano-hydroxyapatite chitin
(n-HApC) and nano-hydroxyapatite chitosan (n-HApCs)
have been synthesized and applied for the removal of Fe(III)
from aqueous solutions (Kousalya et al. 2010). The materials
were prepared following the precipitation method, mixing a
solution of ammonium dihydrogen phosphate with a mixture
of Ca(NOs;), solution and chitin or chitosan in the ratio 3:2.
The obtained precipitate was rinsed with water up to reach a
neutral pH, and dried at 150 °C. It has to be mentioned that



Environmental Chemistry Letters (2019) 17:409-427

421

Table 2 Biosorption capacities of different chitin—chitosan-based materials for removal of metals and metalloids

Chitin/chitosan-based material Metal  Experimental conditions Biosorption References

capacity (mg/g)
Chitin powder Ag 303 K, pH=2.2,C,=20, X=20 4.37 Songkroah et al. (2004)
Chitin flake 303 K, pH=2.2, Cj=20, X=20 3.61 Songkroah et al. (2004)
Chitosan gel beads 298 K, pH=5, C;=352, X=1 89.20 Zhang et al. (2015)
Chitosan/triethanolamine composite 298 K, pH=5, C;,=12,000, X=2 510 Zhang et al. (2012)
Chitin nanofibers As 298 K, pH=6, C;=50, X=5 56 Yang et al. (2015)
Thiol-functionalized chitin nanofibers 298 K, pH=7, C;=50, X=5 149 Yang et al. (2015)
Chitosan-coated biosorbent 298 K, pH=4, C;=500, X=2.1 93.46 Boddu et al. (2008)
Fly ash coated by chitosan 293 K, pH=6, C;,=2400, X=10 19.10 Adamczuk and Kotodyrska (2015)
Chitin Au 298 K, pH=1, C;=202, X=20 35 Cortes et al. (2015)
Chemically modified chitosan 303 K, pH=2, C;=3940, X=2 675.6 Donia et al. (2007)
Chitosan derivative 298 K, pH=4, C;=42%4, X=1 1650 Wang et al. (2012)
Glycine cross-linked chitosan resin 303 K, pH=2, C;=500, X=3.33 169.98 Ramesh et al. (2008)
Chitosan-saturated montmorillonite Cd 298 K, pH=5, C,=87.2, X=0.33 23.03 Hu et al. (2017)
Chitosan microspheres 298 K, pH=5, C;=500, X=1.00 14.5 Yu et al. (2017)
Polymaleic acid-chitosan microspheres 298 K, pH=5, C,=500, X=1.00 39.2 Yu et al. (2017)
Thiocarbohydrazide chitosan gel 298 K, pH=6.98, C,=500, X=2 81.26 Li et al. (2017b)
Raw chitin Co 318 K, pH=6, C;=100, X=1.00 50.03 Dotto et al. (2015)
Surface-modified chitin 318 K, pH=6, C,=100, X=1.00 83.94 Dotto et al. (2015)
Chitosan polymethacrylate nanoparticles 293 K, pH=5.0, C;=200, X=0.5 220 Shaker (2015)
Modified chitosan resin 301 K, pH=5.0, Cy=400, X=1.5 53.51 Monier et al. (2010)
Chitosan powder Cr 298 K, pH=3.0, C;=400, X=0.2 97.4 Cadaval et al. (2013)
Chitosan-coated fly ash 288 K, pH=5, C,=100, X=0.67 33.27 Wen et al. (2011)
Zirconium chitosan composite 308 K, pH=5, C,=100, X=0.20 175 Zhang et al. (2013)
Thiocarbohydrazide chitosan gel 298 K, pH=4.26, C,=500, X=2 144.68 Li et al. (2017b)
Chitosan-saturated montmorillonite Cu 298 K, pH=5, C,=87.2, X=0.33 34.90 Hu et al. (2017)
Chitosan polymethacrylate nanoparticles 293 K, pH=6.0, C;=200, X=0.5 195 Shaker (2015)
Modified chitosan resin 301 K, pH=5.0, Cy=400, X=1.5 103.16 Monier et al. (2010)
Modified chitosan/CoFe,0, particles 303 K, pH=5.0, C;=800, X=0.5 168.07 Fan et al. (2017)
Chitosan Hg 298 K, pH=5.0, C;=500, X=1.0 145 Kyzas and Deliyanni (2013)
Magnetic chitosan 298 K, pH=5.0, C;=500, X=1.0 152 Kyzas and Deliyanni (2013)
Coarse chitin 298 K, pH=7, C;=1000, X=2.5 70 Barriada et al. (2008)
Fine chitin 298 K, pH=7, C,=1000, X=2.5 66 Barriada et al. (2008)
Chitosan polymethacrylate nanoparticles Ni 293 K, pH=4.0, C;=200, X=0.5 340 Shaker (2015)
Modified chitosan resin 301 K, pH=5.0, C;=400, X=1.5 40.15 Monier et al. (2010)
Cross-linked chitosan beads with histidine 298 K, pH=6.0, C;=250, X=2.0 104.2 Nguyen and Juang (2015)
Poly(chitosan-acrylamide) 298 K, pH=17, C;=4000, X=6.0 63.15 Saleh et al. (2017)
Chitosan-saturated montmorillonite Pb 298 K, pH=5, C,=87.2, X=0.33 71.92 Hu et al. (2017)
Modified chitosan/CoFe,0, particles 303 K, pH=5.0, C;=800, X=0.5 228.3 Fan et al. (2017)
Thiosemicarbazide-modified chitosan 298 K, pH=4.3, C;=200, X=1.6 325.2 Liet al. (2016)
Magnetic chitosan/clinoptilolite/magnetite 333 K, pH=6,C,=90, X=1 137 Javanbakht et al. (2016)
Chitin networks 8] 298 K, pH=6.0, C;,=80, X=0.21 288 Schleuter et al. (2013)
Amidoximated chitosan-polyacrylonitrile 298 K, pH="7.0, C;=80, X=0.05 312 Xu et al. (2015)
Chitosan/bentonite composite 303 K, pH=5.5, C;=500, X=2 117.2 Anirudhan and Rijith (2012)
Magnetic chitosan resin 298 K, pH=5.0, C;=420, X=1 187.26 Zhou et al. (2012)
Chitosan films A\ 298 K, pH=6, C;=200, X=0.30 2514 Cadaval et al. (2016)
Ti-doped chitosan bead 303 K, pH=4, C,=100, X=0.20 210 Liu and Zhang (2015)
Protonated chitosan flakes 298 K, pH=6, C,=0.5, X=5 12.22 Padilla-Rodriguez et al. (2015)
N-citryl chitosan 303 K, pH=3, C;=150, X=0.5 171.82 Abdul Mujeeb et al. (2014)

C,=initial metal concentration (mg/L); X =biosorbent dosage (g/L)
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the synthesized bio-nano-hybrid materials showed higher
biosorption capacities than nano-hydroxyapatite only.

A relevant fraction within nanomaterials is represented by
those made of carbon structures. In recent years, its appli-
cation in the removal of toxic metals has been extensively
investigated, with the use of diamonds, fullerenes, carbon
nanotubes, graphene, carbon nanofibers, nanocouples, and
nanotrompets (Thsanullah et al. 2016; Liu et al. 2017; Pirvey-
sian and Ghiaci 2018; Zhao et al. 2017). Several studies on
the combination of microorganisms with carbon nanotubes
have been developed for technological applications such as
contaminant removal, bio-battery production, and electronic
devices (Fu et al. 2017; Li 2016; Xue et al. 2017). Graphene
has been also used to synthesized a bio-nano-hybrid material
made of sulfur-graphene oxide nanosheets for the removal
of Pb(Il), Cd(I), Ni(II), and Zn(II) ions from aqueous solu-
tions (Pirveysian and Ghiaci 2018). The presence of sulfur
in the hybrid material was demonstrated by EDS and XPS
techniques. In order to improve the efficiency of the sorb-
ent, the hybrid material was coated with a mesoporous shell
of TiO, or SiO,. Although the hybrid material proved to be
useful for the removal of metal ions from aqueous solutions,
coating of the bio-nano-hybrid material with TiO, seems to
improve the biosorption capacity, which could be associated
with the higher surface area of the coated biosorbent.

In addition, the use of nanoparticles, and particularly
magnetic nanoparticles, is of great interest for the devel-
opment of remediation processes that are based on the use
of microorganisms as biosorbents. Among the outstand-
ing properties of these nanoparticles, they have ability to
give magnetization to living cells of microorganisms (Tian
et al. 2010). The material resulting from the interaction of
microorganisms-magnetic nanoparticles not only shows
the advantage of acquire super-paramagnetic character of
magnetic nanoparticles, but also exhibit good biosorption
capacity, toward both metals and toward organic compounds
(Ji et al. 2010; Tian et al. 2010). Thus, they also become
excellent alternatives for the removal of contaminants from
aqueous matrices. An additional advantage of magnetized
cells is that, upon acquiring magnetic properties, they can
be easily removed from the aqueous phase by application of
a magnetic field. Different procedures have been proposed
for the magnetization of microbial cells, either by treatment
with magnetic fluids, covalent immobilization on magnetic
transporters, specific interaction with immunomagnetic par-
ticles, cell cross-linking in the presence of magnetic parti-
cles, among others (Pospiskova et al. 2013). For instance,
Rao et al. synthesized a hybrid material using Fe nanopar-
ticles to confer magnetic properties to yeast cells of Yar-
rowia lipolytica. The cells modified with phyto-inspired Fe’/
Fe;0, nanoparticles were applied to the removal of Cr(VI)
ions from aqueous solutions (Rao et al. 2013). Alternatively,
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Safarik et al. synthesized Kluyveromyces fragilis cells mag-
netized with a magnetic ferrofluid. A volume of 1 mL of
ferrofluid was added to 3 mL of the yeast cells suspension in
diluted acetic acid and the resulting suspension was mixed
during 1 h at room temperature. The excess of ferrofluid was
removed by sequential washes with acetic acid and water,
until the supernatant was clear. The magnetized yeasts were
then captured using a magnet and stored in water at 4 °C
until its use.

Conclusions, trends, and perspectives

At present, a wide variety of biosorbents have been suc-
cessfully applied for the removal of metal and metalloids
pollutants from the environment, offering generally good
removal percentages of contaminants and biosorption
capacities. Typical materials that are used in decontamina-
tion processes, such as microorganisms, agricultural wastes,
and plant derivatives will continue to be used as biosorbents
because of the great advantages they have shown, i.e., low
cost of material, biodegradability, reutilization for several
biosorption—desorption cycles and the possibility of devel-
oping environmental friendly processes. However, the fast
introduction of nanotechnology in several science areas is
quickly offering new nanomaterials and nanoparticles that
have special physical chemistry properties. This opens the
possibility of preparing novel biosorption materials result-
ing from the combination of nanomaterials with biomass
(microorganisms, bacteria, fungi, etc.) or by functionaliza-
tion of their surface with selected biomolecules, which could
provide higher retention capacity, physical and chemical sta-
bility, and add remarkable advantages (e.g., magnetic sepa-
ration) for more efficient and straightforward application of
these novel bio-nanohybrids materials in future large-scale
processes. These notorious advantages could lead, in a near
future, to a partial replacement of conventional biosorption
materials by bio-nanohybrids materials. Furthermore, one
of the main disadvantages of classical biosorbents is related
to the lack of selectivity toward a specific metal, and even
worse, toward a particular chemical species of an element.
For this reason, there is a trend toward the development of
new biomaterials that are capable to improve these negative
aspects. In addition to nanotechnology, genetic engineer-
ing will continue to acquire a protagonist role in the decon-
tamination field based on biosorption processes, as manipu-
lated cells could speed up the removal of pollutants, show
increased biosorption capacity and enhance the selectivity
of the biosorbents toward specific metal and metalloids.
Therefore, as time will go on, it is expected that new and
better biosorption materials will progressively be appeared
in the literature.
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