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Although orange peels (Citrus sinensis) do not belong to the traditional assortment in our
geographical latitudes, they have been selected from the set of the tested biosorbents due to their
composition (high pectin content). The beneficial properties of pectin that can be used for the sorption
of toxic metals have been intensively studied in recent years. One of the prerequisites for the use of
pectin-rich biomass is its similarity to alginate, which is a polysaccharide present in algae cells whose
previous research has confirmed their high sorption capacity [7]. The carboxyl group of galacturonic
acid is the anticipated active site suitable for metal binding. Previous research has been focused mainly
on the removal of the following metals: Ni [8-10], Pb [8,9,11-15], As, Cu, Cd [8,9,12], Cu [12,14,16-20],
Fe (11I), Cr (I1I) [21,22], Cr (V1) [23-25], Zn (II) [14,15] Co and Mo [10], As [26,27]. The information on the
structure and properties of orange peels was taken from the professional literature cited above because
the presented findings were practically identical in all works. The use of orange peels as a potential
adsorbent material provides a great potential, especially due to their high content of cellulose, pectin,
hemicellulose and lignin. The content of pectin in the dry matter of orange peels is within the range of
10-30% [28]. These components contain polar functional groups, (carboxyl and phenolic), which may
also be involved in the bond. These are biopolymers that are undoubtedly related to the removal of
heavy metals [18]. Orange peel is composed not only of cellulose, pectin, hemicellulose, and lignin, but
it also contains chlorophyll pigments and other hydrocarbons with low specific molecular weight
[18,28,29]. Perez, Lugo-Lugo et al. [9,18,21,22,29-31] state that the IR spectra show a number of
absorption peaks, suggesting the complex nature of the material studied. Since orange peel is mostly
composed of cellulose, pectic acid and pectin, O-H, C-O, C=0O, C-H, and C-C bonds are expected (see
Table 1).

Table 1. Infrared spectrum areas from 4,000 to 400 cm, for unmodified orange peels [9].

Functional adsorbent cm! Origin
O-H bond vibration 3,420 cellulose, pectin, hemicellulose absorbed water, and lignin
Symmetric and 2,924 methyl, methoxy and methylene groups
Non-ionic carboxyl 1,744 ester carbonyl (C=0) groups of pectin
Asymmetric vibration 1,638 carboxylate pectin ions (COO-)
Symmetric vibration 1,434  consequence of aliphatic and aromatic (CH) groups in the plane
COO- symmetric 1,267

- C-O binding vibrations of carboxylic acids and alcohols
Bond vibrations C-O-C 1,068

A number of works dealing with the ability of shells of various types of fruit (hazelnuts [32-34],
almonds [33,35-37], walnuts [38-43], groundnut [44—47], pistachios [33,48,49], coconuts [50-54], etc.) to
sorb metal ions from the aqueous environment can also be found in literature sources. It is cheap, easily
available, agricultural waste biomass. Previous research in the field of their possible use for biosorption
has focused mainly on the removal of the following metals: Cd, Zn, Cr (Ill), Cr (VI), Cs+, As and Pb
[32,38,39]. Information on the structure and properties of walnut shells (Juglans regia) has also been taken
from the reference sources mentioned above.

Grain-treated walnut shells (Juglans regia) are very strong, have a long lifespan and are easily
biodegradable. They are not subject to fermentation and are stable over a wide range of temperatures
and pH values. Unmodified walnut shells (Juglans regia) have a relatively complex and multilayer



fibrous lignocellulosic structure. Their surface is rough with a large number of pores, which represent
the possible sites for Cr (VI) biosorption by means of physical or chemical mechanism. The main
components of walnut shells are cellulose, hemicellulose and lignin, which is the predominant
structural component (40.7 — 48.6 %). They also contain some other polar functional groups such as
alcohol, carbonyl, carboxyl and phenolic ones [32,38,39,55,57]. The chemical and structural components
of the shells are presented in the following Table 2.

Table 2. Structural and chemical composition of walnut shells [56].

Structural component %
Cellulose 41-49
Hemicellulose 25-29
Lignin 18 -27
Chemical composition %
Ash 09-14
Carbon 46.8 -51.2
Oxygen 44.9
Hydrogen 55-5.8
Nitrogen 1.4
Potassium 0.51
Phosphorus 0.34
Magnesium 0.22
Sulphur 0.14
Calcium 0.12
Nitrogen 0.10

In the infrared spectrum, there is a Broad band within the range of 3,050 — 3,600 cm! with a
maximum of 3,400 cm?. We can assign this range to the O-H group (alcohols). Alcohols have a
characteristic absorption of the valence vibration of O-H bond within the range of 3,400 — 3,650 cm.
The exact position of this absorption band depends on the range of hydrogen bonds formed in the
molecules. Alcohols bonded by hydrogen bonds have a wider absorption band within the range of 3,300
— 3,400 cm!, while non-associated alcohols have a rather sharp absorption band around 3,600 cm-.
Alcohols also show an intense absorption band of valence vibration of the C—O bond close to 1,050 cm-
1[32,38,39,55,57].

The common occurrence of conifers in the Czech Republic is related to the abundant source of
unused cone biomass as a renewable resource. The biomass of conifer fruits is itself forest waste and it
is essentially a readily available potential biosorbent. The ripe cone consists of epidermis and
sclerenchymatic cells, which contain cellulose, hemicellulose and lignin in their cell walls. In addition
to that, there are also natural resins and tannins (tanning agents). From a chemical point of view, tanning
agents are large polyphenolic compounds that contain hydroxyl and carboxyl groups binding to
proteins and other macromolecules [58]. Cone biomass composed of polysaccharides can thus provide
binding amino-, carboxyl, phosphate and sulfate groups to the metal-biosorbent bond. The
polysaccharide content is about 50 % of the weight in total [59]. A wide range of different types of cones
have been tested in the professional literature dealing with biosorption for various metals, such as Pb
[60], Cu [58,61-64], Zn [65], Cr (VI) [58,66], Ni (II) [67,68], Cd (II) [60,61,69,70]. The information on the
structure and properties of cones was taken from the reference sources mentioned above. The Zeta
values of the cone biomass potential were determined at various pH values, including deionized water.
Their values were approximately the same, both in deionized water and in the chromium solution. At
pH value of 1.0 to 2.0, it was not possible to measure the Zeta potential values due to high ionic strength
(the values were slightly positive).

Apricots (Prunus armeniaca) and peaches (Prunus persica), as seasonal fruit, are widely consumed
in our geographical latitude. They can also be a serious environmental problem as an agricultural by-
product. Apricot and peach stones are therefore an inexpensive and widely available material that can



be further processed for the purpose of biosorption. Alternatively, they can also be a cheap precursor
for a source of activated carbon. In professional literature dealing with biosorption, apricot and peach
stones have already been studied for the adsorption of e.g. Pb [71], Cd [33], Zn [33], Cu [33,72,73], and
Cr (VI) [74]. An analysis of the chemical composition has shown that the main components of stones are
again cellulose (30 % of weight) and hemicellulose (28 % of weight), lignin (30 % of weight) and small
amounts of lipids (12 % of weight). It has also been found that this agricultural waste contains, together
with a high oxygen content (almost 42 % of weight), a relatively large amount of volatile substances (81
% of weight). The ash content was around 0.2 % of the weight [75]. The adsorption band occurring at
3,367 cm was assigned to a hydroxyl group, the bands at 2,365 cm! correspond to NH bond, the peaks
within the range from 2,926 cm correspond to the -CHs and —CH2 groups, the peaks around 2,800 —
2,900 cm indicate the existence of aldehyde groups, the peak found at 1,579 cm™ was assigned to —
CH=CH- and 1,483 cm corresponds to —-CH bonds [76]. The peak at 1,732 cm is assigned to C=O bond
in the carboxyl group. This suggests that the functional groups, including carboxyl and hydroxyl
groups, will be involved in Cr (VI) adsorption. The surface of the adsorbent was characterized by a large
number of pores, which could be, similarly to walnut shells, the sites of potential biosorbent-sorbate
bond. The surface area was 861 m? g [33,76].

Wood-decaying fungus Fomitopsis pinicola has been tested to study the biosorption of hexavalent
chromium from the aqueous environment. The cell walls of fungi are rigid and provide structural
support and shape. They consist of 80 — 90 % of heteropolysaccharides, proteins, lipids, polyphosphates
and inorganic ions, which form the walls using sealant mass [77]. Chitin is the common component of
the cell wall of fungi. It is strong but flexible. Two layers were found in cell walls of fungi in
ultrastructural studies: a thin outer layer consisting of mixed glycans (such as glucans, mannose or
galactans) and a thick inner microfibrillar layer of polysaccharide fibres composed of chitin or cellulose
with chitin chains in parallel arrangement, sometimes of cellulose chains [5]. Dursun et al. have
confirmed the ability of chitin to complex metal ions. Heteropolysaccharides of Fomitopsis have a high
content of galactose (heterogalactans) [78]. Numerous enzymes have also been found in Fomitopsis,
which are involved in the decomposition of wood. These were mainly enzymes that degraded cellulose
[79,80], which they convert into simple sugars [80,81], and lignocellulose [82]. Thermostable xylanase
[83] and thermostable cellobiohydrolase [84] have also been isolated from Fomitopsis fruiting bodies.
These are enzymes that can be applied in biotechnological processes [85]. The ability of Fomitopsis to
degrade polyvinyl alcohol is also interesting, and it could be used for biodegradation of this polymer in
various waste materials [86]. Volesky states that various polysaccharides, including cellulose, chitin,
alginate, glycan, etc. existing in the cell walls of fungi, play a very important role in metal binding. Some
functional groups having the ability to bind metal ions, in particular carboxyl groups, have also been
found. There is also evidence confirming that O-, N—, 5—, or P- containing groups are directly involved
in the bonding of some metals [5]. No works dealing with the tested wood-decaying fungus species
have been published in the literature. However, other species such as Polypores versicolor (bivalent ions
of IIB group) [87], Phanerochaete chrysosporium, Pleurotus ostreatus, Trametes versicolor (bioaccumulation
mechanism Cd, Pb and Zn) [88], Trametes versicolor polyporus Cr (VI) have been tested [77].

Raw, the so-called virgin Merino wool, was used to study the biosorption of Cr (VI). Pure fibre
consists of keratin (a proteinaceous substance), pigment and chemically bound water. It is estimated
that wool contains more than one hundred and seventy different proteins. However, they are not evenly
distributed throughout the fibre. This heterogeneous mixture is responsible for various physical and
chemical properties of wool. The proteins They present in wool consist of amino acids (i.e., they contain
basic amino groups, -NH>, and acidic carboxyl groups -COOH). The infrared spectrum of pure wool
fibres has various characteristic absorption peaks: a broad peak within the range of 3,150 — 3,500 cm,
which can be connected with -NH- and -SH bonds, as well as strong peaks at 1,630; 1,535 and 1,230 cm-
1, belonging to ~-CONH- (amide I, amide II and C-N extension of amide III, in the specified order).
Unmodified wool fibre shows typical differently overlapping tiles on an electron microscope, which
appear as edges. Wool fibre consists of three parts, namely cuticle, cortex, and medulla, which was not
developed in the used Merino wool. It can be found only in coarse wool [89]. A few studies dealing with
this issue have already been published in the professional literature. The authors were dealing with the
ability to adsorb, for example, Hg (II), Cu (II) and Co (II) [90], Cr (IV) [91], such as Dakiki et al. [92] who,
in addition to other low-cost biosorbents, have also examined the possibility of using wool to remove



Cr (VI). However, since inductively bound plasma spectrometry was used for hexavalent chromium
analysis, instead of the commonly used spectrophotometric method with 1,5-diphenylcarbazide, the
published results are likely to be biased. This significant shortcoming in the interpretation of data is also
pointed out in the review of Miretzky et al. [93].
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