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Chitosan sorbents used for dye removal
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ABSTRACT

The rapid increase in the amount of dye-containing wastewater produced in various industries
is a major environmental concern and a challenge to existing conventional wastewater treatment
systems. Among them, adsorption is considered to be one of the most efficient methods due to
its high dye removal efficiency, easy operation, cost effectiveness, and recyclability of adsorbents.
With this in mind, this article presents the characteristics of various types of dyes and sorbents
used to remove them. Chitosan, methods of its modification and sorption efficiency of anionic
and cationic dyes depending on the method of chitin/chitosan sorbent preparation are described
in detail. The paper explains the mechanism of dye adsorption. In the second part of the article,
mathematical models of adsorption — kinetic equations, mono- and multi-layers and isotherms

flow models were collected and characterized.
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1. Introduction

There are many known ways of industrial wastewater
treatment containing dyes. Conventional methods used for
their removal such as: chemical precipitation, photochem-
ical degradation, membrane filtration, ozonation, Fenton
reagents, advanced oxidation, ion exchange, UV irradia-
tion, electrocoagulation or nanofiltration, ultrafiltration
and reverse osmosis [1-6] are often uneconomical despite
their high efficiency. Because of that, cheaper, more effec-
tive and safer for the environment (involving biosorbents —
materials of biological origin) methods are being sought.
As biosorbents, bacteria, algae and fungi directly obtained
from nature are used; waste products from the industry of
microorganisms raised specially only for the purpose of
biosorption. Regardless of the origin, biosorbents should
characterize with high adsorption effectiveness of dyes from
the solutions and ease of desorption with the use of cheap
desorbents.

* Corresponding author.

A practical use of the process of adsorption for the dye
removal from wastewater still encounters a number of
restrictions. The most important is lack of universal adsor-
bent, which regardless of the type of the dye (anionic,
cationic) would show high effectiveness and could be
used in flow conditions. What plays an important role are
also costs related to the separation of the adsorbent in the
dust or flake form from the treated solution and mechan-
ical durability allowing multiple use of the adsorbent in
continuous cycles of sorption and desorption.

These disadvantages might be eliminated for example
through various modifications of chitosan. Chitosan has
numerous valuable physicochemical properties, such as:
biocompatibility, biodegradability, non-toxicity, ability to
create polycations in acidic environment, ease in modifica-
tion, high affinity to dyes, hydrophilicity, ability to create
films etc. [7]. These features allow chitosan to be used in
various branches of the industry, that is, in environmental
protection, processes of water treatment, producing textiles
cosmetics food, plastics, pharmaceutics, etc. [8,9].
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Chitosan, however, has also a number of physicochem-
ical properties which limits its use. This polymer swells
in water (especially in acidic environment), what reduces
its mechanical durability, dissolves in acidic solutions but
does not dissolve in many solvents. In order to change the
adverse properties of chitosan and expand the possibilities
of use, among others, to increase: its solubility in water,
the ability to bind various substances and chemical and
mechanical strength, but decrease its ability to dissolve in
acidic environment, it is subjected to various processes of
chemical and physical modification. The modification of the
chitosan molecule through the insertion of the functional
group or crosslinking reactions (linking macromolecular
chains with each other) leads to the formation of chitosan
derivatives with better properties: greater adsorption capac-
ity and resistance to adsorption under extreme conditions.
In case of grafting reactions, additional functional groups
added on chitosan increase the number of adsorption sites,
and consequently, the adsorption capacity.

The scope of this work was to characterize the types
of most frequently used dyes in various branches of the
industry and types of chitosan adsorbents used for the dye
removal. The mechanisms of dye binding on chitosan adsor-
bents were discussed and mathematical equations used
for the description of kinetics and most used models of
adsorption were presented.

2. Dyes

The process of fabrics dyeing was already known in
ancient times, but it wasn't until the 19th century that the
rapid development of the textile industry led to an increase
in the demand and use of dyes.

Dyes are compounds that have the ability to intensively
absorb and convert the energy of electromagnetic radiation
in the visible and near UV range and near infrared. Dyes
are used to transfer these properties to other substances.
The practical use and specificity of dyes depends on to the
type of transformation of absorbed energy. The dye mole-
cules contain chromophore groups, thanks to which these
compounds selectively absorb electromagnetic radiation in
the visible range and auxochromes giving dyes affinity to
dyed materials. The chromophore group is a configuration
of radicals forming double bonds [10]. In their structure,
the dyes contain chromophore groups such as: azomethine
-N=CH-, carbonyl =C=0, azo -N=N-, ethylene =C=C=,
nitrosic -N=0O, azox -N=N( — O)- as well as functional
groups such as amino -NH,, sulfone ~SO,H, hydroxyl -OH,
and nitric -NO,. The chemical classification of dyes is based
on the type of chromophore group (Table 1).

There are over 100,000 dyes available in the indus-
try [11,12]. The textile industry is the major consumer of
dyes. The mass of synthetic colorants used by this industry
is estimated at the level of 1 + 3 x 10° tons, in comparison
with the total annual consumption of around 7 x 10° tons
worldwide [13,14].

Dyes can be classified according to various criteria,
such as chemical structure, application class or use [15].
Due to the method of dyeing, dyes are divided into: direct,
acid, alkaline, reactive, ice, ladle, mortar, and others.
Dyes, can also be divided into anionic (direct, acidic, and

reactive azo), cationic (basic), and nonionic (suspension/
dispersion) [16].
The classification of dyes is presented in Table 2.

3. Dye adsorption

High cost of sorbents and difficulties in regeneration
result in a number of restrictions still present in the prac-
tical use of adsorption for the wastewater treatment. The
reason is most often the high cost of the adsorbent, dispro-
portionate to the economic effects of treatment. The hope
for the change of this situation is finding cheap adsorbent,
which would be easily regenerated and allow to be used
multiple times or which would have price low enough to
not need to be regenerated, and the used adsorbent would
not be harmful for the environment.

The search concentrates on the obtaining of effective,
cheap, and easily available sorbents. The literature over-
view shows, that for the adsorption of dyes some types of
the active carbon [17,18], fly ashes [20,21], kaolinite, baux-
ite, and diatomaceous earth [22], dolomite [23], modified
peat resin [24], rice husks, areca nut husk [25,26], eucalyp-
tus bark [27] lemongrass leaf [28], wastes from the galva-
nizing industry [29], peat [30], sawdust [31,32] as well as
chitin and chitosan [33—-42] were used. The use of industrial
waste from various industries for wastewater treatment can
not only solve the problem of waste utilization, but also be
economically beneficial.

Sorption is a general term describing two processes:
absorption, which involves the penetration of one substance
from one phase inside another in a process of diffusion,
as well as adsorption, consisting of binding the removed
contamination (adsorbates) on the surface of adsorbent.

The process of adsorption can be divided into the
chemical adsorption or so-called chemisorption, where bind-
ing forces are so strong, that the process is practically irre-
versible and physical adsorption, where forces are weaker
(e.g., Van der Waals forces) and the process in reversible.
During the physical adsorption, the particles of adsorbate
are transiently placed in active sites on the surface of the
adsorbent. Being in the zone of influence of these centers
they can move along the surface of the adsorbent. In case of
physical adsorption, the adsorbate can be easily removed
from the surface of the adsorbent. With chemisorption the
removal of contamination is hard and requires much more
drastic measures [15,43].

Practically every solid body might be a potential adsor-
bent, however, its physical and chemical properties have
crucial influence on the course of the adsorption process.
Because the adsorption is a surface process, its effectiveness
depends on the surface area of the adsorbent available for
adsorbate. Usually it is assumed, that it consists of the fol-
lowing stages: (1) external diffusion where the adsorbate
molecules/ions migrate from the bulk of the solution to the
material surface (bulk diffusion); (2) diffusion in the pores of
the adsorbent, the molecules diffuse through the boundary
layer to the surface of the material (film diffusion); (3) intra-
particle diffusion — the adsorbate diffuses from the surface
to the interior of the particle (pore diffusion); (4) finally
the molecules reacts with the active sites on the surface
of the material (physical adsorption, chemical reaction) [44].
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Table 1

Classification of dyes by type of chromophore group
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Table 2
Classification of dyes

Dyes
Soluble in water Insoluble in water
Anionic Cationic Direct  Sulfuric Ladle Disperse Created directly on the material
Reactive Acidic Chrome-acidic Azo Oxidized

The process of adsorption lasts in particular condi-
tions up until the moment, when the concentration of the
substance dissolved in the solution will reach the dynamic
equilibrium with the concentration of this substance on the
surface of the adsorbent. The time needed for the reach of the
equilibrium state depends on the size of the particles of the
dissolved substance and its susceptibility for the process of
sorption. For big particles this time is higher. Adsorption is
a selective process, which means that one component might
be adsorbed better than the other. The selectivity results
mostly from the affinity of the dissolved substance to the
adsorbent and the solubility of the substance in the solvent.

3.1. Chitosan

An important feature of chitosan is its deacetylation
degree (DD). Although the heterogeneous alkaline deacetyla-
tion of chitin would appear to be a simple one, it is still being
studied and modified [45,46]. The conditions of deacetyl-
ation mainly involve the use of 50% (wt./wt.) NaOH and
the relatively high temperatures of 100°C-120°C. There has
been a trend towards lower temperatures and reduction in
the amounts of NaOH used, together with a considerable
amount of research into enzymatic deacetylation using chitin
deacetylases [47].

Higher deacetylation degree causes higher sorption
effectiveness [48,49]. The process of deacetylation of chitin
is based on the exchange of acetamide groups (cementing
the structure of chitin) for amino groups, influencing the
change in the chemical and physical properties. Higher
content of amino groups (higher degree of deacetylation)
causes chitosan to be a polymer of higher solubility and
results in its wider range of use, for example, through the
possibility of using chitosan in the form of beads or mem-
branes. Chitosan as one of the few biopolymers shows basic
character. Chitosan owes this property to the presence of
free groups (-NH,). Thanks to having amino functional
groups, chitosan shows very good sorption ability in rela-
tion to anionic dyes [49,50].

The use of chitin and chitosan as adsorbents is benefi-
cial from economical point of view. Both chitin and chitosan
are adsorbents, that can be found in nature in significant
amounts, and obtaining them does not require large financial
outlays. Chitin is a material obtained from natural resources,
while obtaining chitosan is associated with the use of cheap
chemical reagents. This versatility allows to use both chitin
and chitosan in various forms such as: flakes, gel, various
types of beads or fibers, and membranes.

Chitosan easily subjects to the process of biodegrada-
tion and is a non-toxic compound. What is more, it shows

number of other properties such as: high chemical reactivity,
high bioactivity, high stability, and high sorption capacity.
The sorption properties of chitosan are used for the removal
of the dye, heavy metals, and other toxic substances causing
water contamination.

Chitosan drew special attention as complexing com-
pound due to low costs compared to activated carbon
and numerous functional groups — amino and hydroxyl.
Biosorbents basing on chitin and chitosan are an effective
material and have very high affinity to a lot of classes of dyes,
what is proven by numerous literature positions [51-55].

The research upon chitosan as an adsorbent for the
acidic dye removal were presented by numerous authors
[33,40,51,56-59] and obtained sorption capacities exceed-
ing 1,000 mg/g of sorbent confirm its usefulness for the dye
removal. The use of chitosan is restricted by its solubility
in acidic environment, what makes it impossible to use at
low pH and requires chemical and physical modification.
One of the most often used solutions might be crosslink-
ing. Biosorbents based on chitosan after crosslinking are
insoluble in acidic and basic solutions as well as in organic
solvents, more resistant to high temperature and low pH.
Chemical modification of chitosan might be also used
for the improvement of effectiveness and selectiveness of
removed dyes, the control of diffusion properties and the
lowering of sorption sensitivity for the conditions of the
environment.

3.1.1. Chitosan as sorbent

Chitosan sorbents might be in the form of dust, flakes,
or hydrogel beads. The advantage of chitosan in the form of
flakes or dust is relatively low time of production and low
cost. These sorbents have dense structure. Polysaccharide
chains of chitosan in the form of flakes closely adhere to
each other, impeding the sorbate reaching the inside of the
sorbent. Serious downside of chitosan in these two forms
is difficulty in separation of sorbent form purified solu-
tion. These sorbents hardly sediment and the use of dense
strainers is effective only in case of flakes.

Chitosan in the form of hydrogel beads is more expensive
and harder to produce. The advantage of this form of sorbent
is loose and at the same time elastic structure. Polysaccharide
chains of hydrogel structure are apart from each other and
the spaces between them are filled with water. This system
allows the sorbates to enter into the inside of the sorbent
as well as more effective use of sorption centers. Contrary
to chitosan in the form of flakes and beads, the sorption of
contamination on hydrogel beads is in most part the result
of absorption.
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The advantage of chitosan in the form of hydrogel
beads is its ease of application and removal of the sorbent
from the solution after the process of treatment. The use of
chitosan in the form of hydrogel gives an additional pos-
sibility of simple modification of the sorbent as well as
incorporation into the structure of the bead other materials,
for example, sawdust or fly ashes.

The disadvantage of chitosan as a sorbent is its lability
in acidic solutions (pH < 5). At low pH most of the amino
groups of chitosan become protonated. Positively charged
polysaccharide chains of chitosan repels each other what
results in the swelling of the sorbent. At pH < 5 the elec-
trostatic effect is strong enough to dissolve chitosan and
make it lose the possibility of sorption [60]. This makes
it hard to use chitosan for the treatment of the solutions
with low pH. The commercial use of chitosan for the con-
tamination removal in wide range of pH requires the
stabilization of the sorbent structure.

The modification of chitosan through crosslinking leads
to the fixation of biosorbent and allows to use it in acidic
environment. During crosslinking, the crosslinking agent
reacts with at least two polysaccharide chains of chitosan,
creating a bridge between them. Joined with each other chi-
tosan chains create durable three dimensional web, thanks
to which the crosslinked chitosan gains higher mechanical
durability and stays stable in wide range of pH [61].

The properties of crosslinked chitosan depend largely
on the amount of crosslinking agent as well as its type.
Depending on the crosslinking agent used, crosslinking by
covalent or ionic bonds is distinguished.

The covalent crosslinking of chitosan is a chemical
reaction, that results in the creation of permanent covalent
bonds between the crosslinking agent and polysaccharide
chains. The covalent crosslinking bond might be any com-
pound having at least two functional groups capable of the
reaction of condensation with the polymer. The most used
covalent crosslinking agents include dialdehydes such as
glutaraldehyde or glyoxal [62]. Aldehyde groups of dial-
dehydes react with first order amino groups of chitosan
creating Schiff alkalines. However, the reactions of dial-
dehydes with hydroxyl groups also cannot be excluded.
Among the popular crosslinking agents there are also com-
pounds having epoxy groups such as epichlorohydrin or
diglycidyl ether of ethylene glycol (Quetol 651). During
crosslinking the epoxy ring of the compound is broken and
the reaction of condensation usually occurs with the partic-
ipation of chitosan hydroxyl groups. Covalent crosslinking
of chitosan is an irreversible reaction [63]. Covalently cross-
linked chitosan sorbent stays stable even in a very acidic
environment (pH 1). A serious disadvantage of covalent
crosslinking of chitosan is, however, the negative influence
on the mechanical durability of the sorbents. Covalently
crosslinked chitosan is not flexible and brittle, making it
more susceptible to destruction [64].

During ion crosslinking, between the crosslinking
agent and the chitosan chains, the electalenic (ionic) bonds
are formed. Ionic crosslinking agent in aqueous solution
has the opposite charge to the one of the modified poly-
mer. The electrostatic attraction of polymer chains to the
ionic crosslinking agent produces the ionic crosslinking
effect.

Ionic crosslinking agent in terms of chitosan might
theoretically be every compound having at least two
functional groups, creating negative charge in water, for
example, -COO-, -S0;, and -O-PO?. Citrates and poly-
phosphates are the most commonly used ionic crosslink-
ing agents. Sodium oxalate and sulfosuccinic acid can also
be included to this group. The polysaccharide of chitosan
connected with ion bonds are responsible for compact
structure of the sorbent. Ionically crosslinked chitosan in
comparison with covalently crosslinked chitosan is less
durable in acidic solutions (pH 2-3). The structure of ioni-
cally crosslinked chitosan hydrogel is however more elastic
and resistant to mechanical damage.

The methods of chitosan modifications include also
methods involving the introduction of side groups into the
substitution chain, methods leading to chain elongation,
and depolymerization methods.

The modification of chitosan particle might also be
based on the inclusion of functional groups, what leads to
the creation of chitosan derivatives of better properties —
adsorption capacity increases, chitosan can be used in wider
range of pH. Grafting might change physical and mechani-
cal properties, but does not affect valuable properties such
as biocompatibility and biodegradability. Through grafting
of chitosan, the diffusion properties can be controlled and
the sensitivity of adsorption to environmental conditions
might be reduced [48].

A large group of chitosan derivatives makes up the
derivatives containing in their structure phosphorus or
sulfur. One of the most frequently tested derivatives of
chitosan is carboxymethylochitosan [65]. This polymer
contains two types of functional groups in its chain: basic
amino groups and acidic carboxyl groups.

In case of grafting, additional functional groups added
to the chitosan molecule increase the number of sorp-
tion sites. The properties of grafted copolymers depend
largely on the chemical character of side chains, their length
(average particle mass) and their number in chain (content
in copolymer) [66].

The method of improvement of chitosan sorption
capability might also be impregnation. For this purpose,
surfactants can be used. They might join with chitosan
throughout electrostatic interactions, giving the chitosan
and surfactant complexes as a result [67]. Use of surfactants
might improve electrostatic interactions, because they cre-
ate chemical bound with chitosan with the use of hydro-
philic groups of surfactants and chitosan. Hydrophobic
interactions might also take place between chitosan back-
bone and hydrophobic part of surfactant, what would
increase sorption capacity of chitosan [68]. It has significant
meaning in case of cationic dyes sorption. Because chitosan
has cationic character, the adsorption capability of cationic
dyes is low due to the repulsion of the charge between
chitosan and dye. Impregnation with anionic surfactant
introduces anionically charged groups on the surface
of the bead what allows to bind dyes of cationic character.

4. Mechanism of the dye adsorption

The explanation of the mechanism of dye adsorption on
chitin and chitosan is connected with the fact, that interactions
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of various kind such as ion exchange, hydrophobic attraction,
physical adsorption, and others might happen simultane-
ously. The differences in the adsorption degree might result
from the differences in the chemical structure of the dyes.

Adsorption of anionic dyes most efficiently occurs at
low pH. Amino groups of chitosan were protonated due to
the reaction:

R-NH, + H' > R-NH; Q)

Simultaneously, the dissociation of the reactive dye
particle:

D-SO,Na — D - SO; + Na* @)

As a result the process of adsorption takes place through
the electrostatic interactions between the two molecules:
R-NH; and D-SO;.

R-NH; + D-SO; ¢> R-NH: - S0; - D ®)

The increase in pH of the solution decreases the elec-
trostatic interactions as a result of the deprotonation of
amino groups. In strongly basic environment deprotonation
of hydroxyl groups and anion dye binding is as follows:

~CH,0OH + OH" <> CH,0"+ H,0 )
~CH,0" + D-Cl - -CH,-O-D + CI ®)

In case of cationic dyes adsorption increases along with
the increase in the pH. Amino groups protonated at low
values of pH, at which chitosan is positively charged, cause
strong coulomb repulsion between protonated chitosan and
cationic dye because of positive charge of basic dyes. The
increase in the pH weakens strongly repulsive forces and
causes the amino groups of chitosan to deprotonate. The
adsorption od basic dyes increases:

~CH,0OH + OH" <> CH,0"+ H,0 ©6)
~CH,0" + D-N* - -CH,-O-D-N @)

The process of desorption from chitin and chitosan is as
follows:

R-NH; - D-SO; + OH™ — R-NH, + D-SO; + H,O 8)
-CH; - O-D-N*"+ H,0 - -CH,OH + D-N"+ H,0 )
5. Sorption of anionic and cationic dyes on

various chitosan sorbents

5.1. Anionic dyes

Comparison of sorption capacities of various chitosan
sorbents in relation to anionic dyes is presented in Table 3.

According to the literature data (Table 3), the most pre-
ferred form of sorbent is hydrogel bead. The efficiency of
dyes sorption on sorbents in powder, flake or fiber form

is much lower. It may be related to the spatial structure of
the sorbent and its crystalline structure. Densely packed
polysaccharide chitosan chains are a difficult barrier for
dyes to penetrate. The main mechanism for binding dyes
on chitosan sorbents with a “dense structure” is the adsorp-
tion process occurring mainly on the surface. In case of
hydrogel, the dye has the ability to penetrate the sorbent
structure more easily. The adsorption process is therefore
accompanied by a process of diffusion into the structure.
For this reason, the use of sorption centers of the sorbent
is much larger, which leads to the greater sorption capacity.

Research shows that crosslinking of chitosan sor-
bents can have a large impact on their sorption capacity in
relation to anionic dyes. The ionic cross-linking agents such
as sodium citrate and sulfosuccinic acid are the examples
of compounds that increase the sorption capacity of chi-
tosan. It might be proven by comparing the sorption effi-
ciency of anionic dyes on CIT-CHz, SSA-CHz, and CHz.
Effect of pentasodium tripolyphosphate on the sorption
efficiency of anionic dyes was low. Covalent crosslinking
of chitosan with glutaraldehyde limited the sorption capac-
ity of the obtained sorbent. The negative effect of GLA on
the sorption properties of CHz has also been described by
other authors [69]. In contrast to glutaraldehyde, cross-link-
ing of chitosan with epichlorohydrin in most cases had
a positive effect on the sorption of anionic dyes [41,54,70].

5.2. Cationic dyes

Analysis of the data presented in the Table 4 indicates
the relationship between the form of chitosan sorbent and
the sorption efficiency of cationic dyes. The dye sorption effi-
ciency on chitosan powder is greater than on chitosan in the
form of flakes. However, as with anionic dyes, the best form
of sorbent turned out to be hydrogel beads. This relationship
is particularly visible in case of BV3, BB9, and BY37 dyes.

The influence of chitosan crosslinking on the sorption of
cationic dyes is inconsiderable. The optimal pH of sorption
of cationic dyes within the pH range of 6-10 suggests that
the use of crosslinked chitosan is economically unjustified.
Crosslinked chitosan remains stable at pH 6-10 and cross-
linking of sorbent only increases its costs.

6. Mathematical description of adsorption

The practical use of adsorption requires mathematical
description of the process. While modeling the process of
adsorption, it is assumed that there will be simplifications.
In case of adsorption models the equations have empirical
character. The adsorption kinetics is described with equa-
tions of pseudo-first and pseudo-second order and equilib-
rium models. Adsorbents have a finite number of active sites,
so it is possible to determine the maximum sorption capacity.

The adsorption kinetics depends on interactions between
adsorbate and adsorbent and the state in which the system
is in. The speed of adsorption of dissolved substance deter-
mines the adsorption time, which can be calculated form
the analysis of the process kinetics. In 1898, Lagergren pre-
sented first order kinetic equation of adsorption of oxalic
and malonic acid on activated carbon. It was the first equa-
tion describing adsorption in liquid-solid system based on
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the volume of the solid, unlike the kinetic equation using
the concentration of the solution and adsorption capac-
ity of the adsorbent. The Lagergren equation is called the
pseudo-first-order equation [131].

The graphic dependence Ingt = f(f) is a straight line
and indicates, that the reaction is of pseudo-first-order.
In 1995, Ho proposed kinetic equation of pseudo-second-
order connecting reaction rate constant and the amount of
ions adsorbed on the surface of adsorbent, instead of the
relation to the concentration of adsorbent substance. In
model presented by Ho, the speed of occupying available
active sites by adsorbate is proportional to the number of
unoccupied sites squared. The number of occupied sites is
proportional to adsorbed ions of the sorbate [132].

The graph presenting the dependence t/q, = f(t), cre-
ated based on experimental data is a straight line with a
slope of 1/q, and at the intersection with the coordinate axis
at 1/(kg?.

The order of reaction and reaction rate constants were
presented in the Table 5. The determination of reaction rate
constants with a graphic method from linearized forms of
kinetic equations consists of plotting in a rectangular coor-
dinate system the concentration values on the y-axis and
the time of reaction values on the x-axis. If the graph is a
straight line, then the reaction is of n-order, and the reac-
tion rate constant k can be determined from the slope of
the line.

A commonly recognized form of adsorbate separation
description (between solution and adsorbent phases) is to
present the amount of dissolved substance adsorbed per
mass unit of adsorbent as a function of concentration of dis-
solved in solution substance at equilibrium state at constant
temperature. This is called adsorption isotherm, which can
be presented as:
Q=£(C), (10)
where Q is the amount of adsorbed adsorbant per 1 g of
adsorbent, C is the concentration in the phase of adsorbate,
and T is the temperature.

Brunauer divided the isotherms describing the
equilibrium of physical adsorption into five types (Fig. 1).

¢ Type I - is the equivalent of the Langmuir adsorption
isotherm and is characterized by monotonic approach-
ing to border adsorption, which is a complete mono-
molecular layer.

e Type II — characteristic for physical adsorption and
results from multilayer adsorption.

¢ Type III - not very widespread, in this type, the adsorp-
tion heat is smaller or equal the heat of condensation
of pure adsorbate (Q_, <Q_ ).

¢ TypesIV and V - connected with types Il and III and with
the fact, that the maximum of adsorption is obtained at
lower pressures than the pressure of saturated steam p,.
It is assumed, that what occurs there is so-called capillary
condensation.

Isotherm of type I is used for dimensioning microporous
adsorbents. Type II and III isotherms are obtained for adsor-
bents with a broad pore distribution. Type IV indicates the

formation of two layers on the surface, and type V occurs
with high intramolecular interactions [133].

6.1. Adsorption isotherms
6.1.1. Langmuir isotherm

The Langmuir theory is based on the assumption, that
even at the complete coverage of the surface, the number
of adsorbed particles cannot be bigger than the number
of active sites. The resulting adsorption layer isolates the
action of adsorption forces, which prevents the formation of
subsequent layers [134].

In the conditions of low concentrations of adsorbate
bC, << 1 then g, = gq__ bC . The adsorption is directly pro-
portional to the concentration of the solution. When the
concentration of adsorbent is very high g, ~ g __, at the
beginning, the adsorption is rising proportionally to the
concentration, and then slows down, to reach constant
value at the very high concentration of adsorbate (graph-
ically the “plateau” effect is obtained). Constants b and
q,... determined from the Langmuir equation reflect the
nature of the adsorbent and allow comparison of adsorp-
tion. The b constant determines how steep is the isotherm,
so the affinity of the adsorbent to adsorbate. If, after the
linearization of the Langmuir isotherm, the broken line is
obtained, it indicates that the substance is bound on adsor-
bent by more than one type of active sites. In double model
of Langmuir it was assumed, that the surface of the adsor-
bent is energetically heterogenous and has adsorption sites
of various energy of bonding of adsorbate particles. Each
type of active sites is described by the Langmuir isotherm
equation [135]. Total sorption capacity (g, ) equals the sum
of maximum adsorption capacity determined in active sites
of first (I) and second (II) type (4, =9, t 9....0)- Constants
b, and b, characterize the adsorption affinity of dye to active
sites of respectively first and second type and correspond
to the inverse of the equilibrium concentration of the adsor-
bate at which the adsorption capacity is more than half the
maximum capacity g, or g, .. Higher values of b con-
stant indicate the increase of the adsorbate affinity to the
active sites of the adsorbent.

6.1.2. Freundlich isotherm

For the description of the adsorption equilibrium indicat-
ing the heterogenous character of the surface, the Freundlich
equations are used [136]. The Freundlich isotherm is an
empirical equation indicating, that the presence of sites
bound with free adsorption energy decreases exponentially
with the increase of free energy [137].

If n=1, all the sites are equal and the adsorption depends
linearly on concentration of adsorbate in equilibrium solu-
tion. The more heterogenous surface, the closer the value of n
is to zero. The Freundlich isotherm provides realistic descrip-
tion of adsorption through the organic matter, because it
includes the diversity of active sites.

6.1.3. Redlich—Peterson isotherm

Redlich and Peterson connected the assumptions of
Langmuir and Freundlich models into a single equation,
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Fig. 1. Types of isotherms of physical adsorption: g is the amount of adsorbate bound per mass unit of adsorbent; C is the

concentration of adsorbate in liquid phase.

which modifies the Langmuir and Freundlich isotherms.
The model of Redlich-Peterson isotherm determines the
equilibrium of adsorption in wide range of concentrations.
It might be used because of its elasticity in case of homoge-
nous surface as well as heterogenous systems. The Redlich—
Peterson equation describes isotherms of I and III type [138].

6.1.4. Sips isotherm

Sips isotherm is a connection between the Langmuir
and Freundlich isotherm [139]. It is used to describe hetero-
geneous adsorption systems, avoiding the disadvantages
of the Freundlich isotherm associated with the increasing
concentration of adsorbate. At low concentrations of adsor-
bate the Sips isotherm is reduced to Freundlich isotherm.
At high, it has the form of monolayer adsorption isotherm
of Langmuir. The parameters of the equation depend on the
operation conditions, such as the change of temperature
and pH as well as concentration of the adsorbate [140].

6.1.5. Dubinin—Radushkevich isotherm

Dubinin—-Radushkevich isotherm describes the adsorp-
tion in small pores or so-called micropores with diam-
eters comparable with the sizes of the adsorbate particle.
Adsorption in small pores is much stronger than on
chemically identical flat surface (bigger amount of adsor-
bate atoms interacts closely with adsorbent) and is most
often described with the use of Dubinin—Radushkevich
equation [141,142].

6.1.6. Radke—Prausnitz isotherm

Radke-Prausnitz isotherm is an experimental three
parameter adsorption isotherm used most commonly for
the description of adsorption of organic substances from
diluted aqueous solutions. The equation of Radke-Prausnitz
isotherm is not a monolayer isotherm — it does not comply
with Langmuir model - is used usually in case of adsorp-
tion on strongly heterogenous adsorbents, most commonly
on active carbons. The Radke-Prausnitz equation for low
concentrations comes down to the linear dependence, and
for high concentrations to Freundlich isotherm, whereas in
case of nn =0, it becomes the Langmuir isotherm. This model
provides good fit in wide range of concentrations [143].

The purpose of the creators was to modify the
Freundlich isotherm in such a way, that for low concen-
trations it resembled Henry isotherm. It was achieved by
adding to the inverse of Freundlich isotherm the inverse
of Henry isotherm, what causes that both components of

the equation smoothly pass into each other. Similar prop-
erties to = Radke-Praunitz isotherm in the range of low
concentrations has the Téth isotherm, however, for the high
concentrations the Téth equation displays monolayer fea-
tures. The Radke-Praunitz isotherm might be, similarly to
most of the other equations, used for the description of gas
and vapor adsorption.

6.1.7. Hill isotherm

The Hill equation suggests defining the binding of dif-
ferent adsorbates on homogeneous adsorbents. Adsorption,
as assumed in this model, is a phenomenon that can
adapt to the prevailing conditions with the possibility of
binding the adsorbate in one place on the molecule [144].

6.1.8. Toth isotherm

Téth isotherm describes physical adsorption and cor-
responds to the asymmetric quasigaussian distribution
of adsorption energy extended toward low adsorption
energy. It might be considered as a special case of four —
parameter isotherm GL, in which the parameter m describ-
ing the shape of function from the site of high energies
equals m = 1.

This isotherm for low pressures might be approxi-
mated with the use of Henry isotherm, which is linear in
logarithmic coordinates, for high pressures its course is

Table 5
Summary of kinetic equations

Reaction order Equation Constant
Zero-order - d;‘ =k, k,
First-order a6 k.C, k,

dt
Second-order a6 k,C? k,

dt

d
% =k,(7.-q) kK,

Pseudo-first-order

d 2
Pseudo-second-order & _ kpz (qe - ‘7,) k

dt 2




Table 6
Summary of adsorptions isotherms

Isotherm Equation Constant
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b, b, b, - Langmuir isotherm constant (L/mg); K, — Freundlich isotherm constant (mg/g) (dm®g); n - related to adsorption capacity;
K, — Redlich—Peterson isotherm constant (L/g); a, - Redlich-Peterson isotherm constant (1/mg); g - Redlich-Peterson isotherm exponent;
ag - Sips isotherm model constant (L/mg); K, - Sips isotherm model constant (L/g); B, - Sips isotherm model exponent; k., - Dubinin—
Radushkevich isotherm constant (mol?/k]?); & - Dubinin-Radushkevich isotherm constant; E - mean free energy (kJ/mol); R - universal gas
constant (8.314 J/mol K); T - temperature (K); A, - Tempkin isotherm equilibrium binding constant (L/g); b, — Tempkin isotherm constant;
K., - Flory-Huggins isotherm equilibrium constant (L/g); n,,, — Flory-Huggins isotherm model exponent; 6 - degree of surface coverage;
K,, - Hill constant; n,, - Hill cooperativity coefficient of the binding interaction; g, - Hill isotherm maximum uptake saturation (mg/L);
K, —Toth isotherm constant (mg/g); a. - Toth isotherm constant (L/mg); A - Koble-Corrigan isotherm constant (L"mg'/g); B - Koble-Corrigan
isotherm constant (L/mg)", a, - Khan isotherm model exponent; b, - Khan isotherm model constant; a,, - Radke—Prausnitz isotherm model
constant; r, - Radke-Prausnitz isotherm model constant; , - Radke-Prausnitz isotherm model exponent; C, - equilibrium concentration
(mg/L); C, - adsorbate initial concentration (mg/L); C, - adsorbate monolayer saturation concentration (mg/L); 4, - amount of adsorbate in the
adsorbent at equilibrium (mg/g); g, - calculated adsorbate concentration at equilibrium (mg/g); g - measured adsorbate concentration

e,calc ¢,meas

at equilibrium(mg/g); g, - theoretical isotherm saturation capacity (mg/g); Q, - maximum monolayer coverage capacities (mg/g).
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close to Langmuir-Freundlich isotherm. After the formal
change of pressure p to concentration ¢, the Téth isotherm
might be used for the description of adsorption from diluted
solution (e.g., aqueous solution of organic substance).
Multilayer adsorption may also be included [145].

6.1.9. Temkin isotherm

The Temkin isotherm is an experimental two param-
eter equation of the adsorption isotherm describing
heterogenous solid body. The Temkin equation is not a
monolayer isotherm (is not compatible with the Langmuir
isotherm model). This isotherm presents continuous, end-
less (unlimited with minimal or maximal energy) energy
distribution of adsorption sites. The assumption above
(unlimited energy distribution) is not very realistic, as well
as the constancy in probability density in all adsorption
sites. The model ignores very low and very high concen-
trations [146].

The equations for adsorption isotherms and constants
are presented in Table 6.

6.2. Multilayer adsorption isotherms

In 1938, Brunauer, Emmett, and Teller presented mul-
tilayer isotherm (BET) assuming buildup of further layers
of adsorbate on a monolayer. The basic assumption of the
BET theory is the possibility of use of Langmuir equation
for the description of each adsorption layer. According
to the theory the adsorbate particle falling into the occu-
pied active site does not leave it, but creates short term
adsorption complex [147].

In the model it is assumed, that the adsorbate particles
adsorb in a localized way, what means that they cannot
move across the surface because of strong adsorbate—
adsorbent interactions. Thanks to the adsorbate—adsorbate
interactions particles can adsorb “perpendicularly” on
already adsorbed particles, etc. A model formulated this

Table 7
Summary of multilayer adsorptions isotherms

way usually predicts adsorption higher than observed
experimentally. In general case, a 3-parameter equation
is obtained (restriction of adsorption layer thickness to
n-layers, e.g., through restrictions resulting from the pore
sizes or the sizes of intergranular spaces). After the sim-
plifying assumption, that the number of adsorption layers
might not be limited by anything, a classical 2-parameter
BET equation is obtained.

Despite the not very realistic assumptions, this model
achieved remarkable success thanks to its simplicity, becom-
ing the base of method for marking the surface of solid
bodies.

Other models of multilayer adsorption are: Frenkel-
Halsey-Hill (FHH) MacMillan-Teller (MET) (Table 7).

6.3. Flow models

In practice, for the prediction of breakdown curves,
simplified adsorption dynamics models are being used
[148-151].

The analytical solution of Thomas model is based
on non-linear Langmuir isotherm as well as kinetics or
pseudo-second order reaction [149,152,153]. The Borhart
and Adams solution is based on the assumption of rect-
angular isotherm [154]. The Yoon and Nelson model
assumes, that the probability of adsorption and desorp-
tion of each adsorbed particle is proportional, it assumes
symmetry of breakdown curves in relation to stoichiomet-
ric point and does not require specific data considering
adsorbate and adsorbent [148,153]. The Clark model is
based on the conception of mass transfer in connection
with the Freundlich isotherm as well as the piston fluid
flow in adsorber with the omission of the phenomenon
of axial dispersion [150]. The Wolborska model assumes,
that adsorption in first period is controlled by the mech-
anism of diffusion in film [148]. The Yan model is based
on Thomas equation and was developed as a modi-
fied dose-response model, in order to precisely predict

Isotherm

Equation

Constant

Brunauer-Emmett-Teller BET

(c, —Ce)'[“(cm _1).[? H Cyor d.

Frenkel-Halsey—Hill FHH | Ce |- %[ 4 o
C, RT\q,-d )

1

) kc
MacMillan-Teller MET q.=q.| ——— k q,
¢ *lIn(C.,-C,) :

C

BET

- BET adsorption isotherm relating to the energy of surface interaction (L/mg); d - interlayer spacing (m); g, - Hill isotherm maxi-

mum uptake saturation (mg/L); r - inverse power of distance from the surface; R - universal gas constant (8.314 J/mol K); T - temperature
(K); o - Frenkel-Halsey-Hill isotherm constant (Jmr/mol) with r is the sign of inverse power of distance from the surface; k - MacMillan-Teller
(MET) isotherm constant; q_ - theoretical isotherm saturation capacity (mg/g); C, - equilibrium concentration (mg/L); C_- adsorbate monolayer

saturation concentration (mg/L).
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Table 8
Dynamic models

Dynamic models Equation Constant
Th del £ ! k
omas mode G 1+exp(kTH'qo'm/Q_kTH'Co't) e o
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Yoon-Nelson model C, 1+ exp[ Ko (Fya — t):l ki tn
Co_ k. .Ct—k z
Adams-Bohart model - exp| k,sCit = k54, o ke 4.,
C -C, -t ‘H
Wolborska model - = eXP[BLO - BLJ B, g
CO qﬂ’l w "
£ _ 1
Yan model G, 1+€Xp(kTH gy m/Q—k,, -C, .t)ky-Cu/Q k., g,
C 1
Clark model c = Ag
ark mode Co (1+A, exp(-1, .t)l/(L 1) o'e

k., — rate constant in Thomas model, (m*/kg s); m — adsorbent mass, (g); k

\n — Tate constant in Yoon and Nelson model, (1/s); t,, — time to

reach half of the adsorbent saturation (s); k,, — rate constant in Bohart and Adams model, (m*/kg s); B, — mass transfer coefficient, H — height
of bed in the column, (m); g, — maximum volumetric sorption capacity, (kg/m’); k, — rate constant in Yan model, (m*/kg s); A. - Clark model
constant, (-); r. — rate constant in Clark model, (1/s); Q — volumetric liquid flow rate, (m*/s); g, — sorption capacity of the adsorbent (kg/kg);
t — time, (s); w - linear velocity of liquid flow in the column, (m/s); (1/s); C, C —inlet and outlet concentration of adsorbate, (kg/m?)

the concentration in the beginning and end part of the
breakdown curve [149] (Table 8).

These models require the knowledge of parameters such
as initial concentration of adsorbate, volumetric liquid flow
rate, linear velocity of fluid in the column and mass, height,
density, and porosity of the bed [148,153]. Despite restric-
tions, they are widely used for the predictions of break-
down curves, both for adsorption in the gas phase and in
liquid phase.

7. Summary

The adsorbents based on chitosan might soon replace
the currently used adsorbents, for example, active carbons.
However, in order to do that, they should not require much
treatment, and need to be profitable, accessible, environmen-
tally friendly, and most importantly, effective.

In order to achieve high sorption capacity of chitosan
adsorbents, the modification of the chitosan particle is nec-
essary. There are many ways of chitin and chitosan modifica-
tion. The change in the properties of chitosan sorbent might
be obtained through the reaction of crosslinking — covalent
or ionic (the connecting of macroparticle chains with each
other), grafting (insertion of additional functional groups),
or impregnation which leads to the creation of chitosan
materials of higher sorption capability, better mechanical
properties or allows to carry out the process of adsorption
in wider range of pH.

For the description of experimental data, many adsorp-
tion isotherms, taking into account various parameters of
the process, are used. Most of the experimental results are

described with Langmuir, Freundlich, or BET models but
there are many more adsorption isotherms, which might
be better suited to the varying conditions of the process of
adsorption.

Based on carried out research, it can be stated, that the
chitosan might meet up most of these expectations due to
its special features such as low cost, high sorption capabil-
ity and selectivity, versatility, environment friendliness, and
biodegradability.

Chitin and chitosan might be attractive adsorbents for
the removal of contamination from water and wastewater
in the process of adsorption because of high supply, low
cost, high sorption capability, and simplicity of modifica-
tion as well as environmental friendliness and easiness of
regeneration.
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