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Beads of chitosan-sodium alginate are prepared from naturally occurring biopolymers, chitosan (a
cationic polysaccharide) and sodium alginate (an anionic polysaccharide). These beads are treated with
CaCl; in order to improve the stability as well as the sorption capacity of the biosorbent. The result-
ing chitosan-alginate beads are characterized by BET surface area analysis, Fourier transformer infrared
spectroscopy (FTIR) and wide-angle X-ray diffraction (WXRD) techniques. The efficiency of the biosor-
bent is studied by measuring the uptake using the equilibrium batch technique and breakthrough curves
obtained from column flow experiments. The effect of pH, contact time, initial concentration of adsor-
bate and amount of biosorbent on adsorption capacity of the biosorbent is investigated. The equilibrium
adsorption data are fitted to first-order and second-order kinetic equations, and to Weber-Morris model.
The Freundlich, Langmuir and Dubinin-Radushkevich (D-R) adsorption isotherm models are used for
the description of the biosorption process. Further, column break-through curves are obtained and the
sorbent loaded with phenol and o-chlorophenol is regenerated using 0.1 M NaOH solution. The experi-
mental results suggest that the chitosan—calcium alginate blended biosorbent is effective for the removal
of phenol and o-chlorophenol from an aqueous medium.
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1. Introduction

Phenol and substituted phenols are priority pollutants because
of their high toxicity to human beings at low concentrations [1].
Chlorophenols are used extensively in the manufacture of fungi-
cides, herbicides, insecticides, pharmaceuticals, preservatives, glue,
paint, fibers, leather, and as intermediates in chemical synthesis
[2]. Most of these compounds are recognized as toxic carcinogens.
Industrial sources of contaminants such as oil refineries, coal gasi-
fication sites, petrochemical units, etc., generate large quantities of
phenols. In addition, phenolic derivatives are widely used as inter-
mediates in the synthesis of plastics, colors, pesticides, insecticides,
etc. [3]. Degradation of these substances results in the generation
of phenol and its derivatives in the environment.

In order to keep waters free from phenolic compounds, different
purification methods such as microbial degradation, adsorption,
chemical oxidation, incineration, solvent extraction, reverse osmo-
sis and irradiation, are used for removing phenols from wastewater
[4]. Adsorption onto activated carbon [5] is commonly used to
remove phenolic compounds from wastewater. The high costs of
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activated carbon and disposal of spent carbon led to the investi-
gation of alternate cheaper materials such as bentonite [6], rubber
seed coat [7], acid-activated bituminous shale [8], zirconium(IV)
arsenate-vanadate ion-exchanger [9], rice husk [10], XAD-4 resin
[11], and water-insoluble cationic starch and chitosan [12]. Recently
several industrial waste materials such as blast furnace sludge, dust,
and slag [13], surfactant-modified natural zeolite [ 14] and activated
carbon fibers [15] are used for the removal of phenol and substi-
tuted phenols from water.

In recent years, polymeric adsorbents have been used increas-
ingly as an alternative to activated carbon due to their economic
feasibility, adsorption-regeneration properties and mechanical
strength. Chitosan, a poly(p-glucosamine), is obtained from chitin
by deacetylating its acetamide groups with a strong alkaline solu-
tion. Chitin is a natural polymer extracted from crustacean shells,
such as prawns, crabs, insects, shrimps and fungal biomass. Chi-
tosan has already been described as a suitable natural polymer for
the collection of phenolic compounds, through chelation, due to
the presence of an amino and hydroxyl groups on the glucosamine
unit [16-18]. In most of the studies chitosan has been used in the
form of flakes, powder or hydrogel beads.

Sodium alginate, a polysaccharide extracted from seaweed, per-
formed excellently in the removal of organic compounds from
water. The soybean peroxidase enzymes were entrapped within
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silica sol-gel/alginate hybrid particles and were used for the
removal of phenol [19]. The fungus Phanerochaete chrysosporium
was immobilized in several polymer matrices such as Ca-alginate,
Ca-alginate—polyvinyl alcohol, and pectin, and was then used as a
biosorbent for removing 2,4-dichlorophenol (2,4-DCP) in wastew-
ater [20]. Calcium alginate-activated carbon composites were used
for phenol adsorption from aqueous solutions [21]. Enzymatic
removal of various phenol compounds from synthetic water sample
was studied by the use of mushroom tyrosinase and chitosan beads
as a function of pH, temperature, tyrosinase dose, and hydrogen
peroxide-to-substrate ratio [22]. The adsorption of 4-nonylphenol
ethoxylates (NPEs) onto chitosan beads having cyclodextrin was
investigated by Aoki et al. [23]. Adsorption of phenol on to chitosan-
coated bentonite was also studied by Cheng et al. [24]. Though
several studies exist on use of alginates and chitosan separately,
we believe that this is the first report on the combined use of chi-
tosan and alginate for the removal of phenolic compounds from
water.

The main objective of the present study is to evaluate the
use of calcium chloride treated chitosan-sodium alginate beads
for removal of phenol and o-chlorophenol from aqueous solu-
tions under equilibrium and column flow conditions. Further, the
biosorbent is characterized using BET, Fourier transformer infrared
spectroscopy (FTIR) and wide-angle X-ray diffraction (WXRD)
techniques. In addition, the effect of pH, contact time, initial con-
centrations of adsorbate and adsorbent dose on the extent of
adsorption is investigated. Equilibrium adsorption data are fitted to
Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherms.
Further, the adsorbent loaded with phenol and o-chlorophenol
is regenerated by solution elution method using 0.1 M NaOH as
eluent.

2. Materials and methods
2.1. Materials

Chitosan, with an average molecular weight of 300,000, is pur-
chased from Aldrich Chemical Corporation, USA. Sodium alginate
used for blending with chitosan is obtained from Loba Chemie,
Mumbai, India, with an average molecular weight of 500,000. Phe-
nol (Ranbaxy, India, A.R. grade) and o-chlorophenol (Spectrochem,
India, A.R. grade) are used without further purification. Stock
solutions are prepared by dissolving 1.0 g of phenol and 1.0g of
o-chlorophenol individually in 11 of double-distilled water. These
stock solutions are used to prepare 50, 100, 200, and 300 ppm
solutions of phenol and o-chlorophenol. The pH of the solutions
is adjusted to the required value with 0.01 M HCl and 0.01 M NaOH
solutions.

2.2. Methods

2.2.1. Preparation of chitosan—calcium (CS/Ca) alginate blended
beads

Chitosan (1.5 wt.%) gel is prepared by using 5% acetic acid, and
1.5wt.% of sodium alginate gel is prepared using double-distilled
water. The chitosan and sodium alginate gels are physically mixed
in the ratio of 4:1, respectively, in order to obtain chitosan-sodium
alginate (CS/SA) gel. This blended solution is stirred for a period of
1 h for homogeneity and kept aside for 1h to obtain a bubble free
solution. Spherical-shaped beads are then prepared by drop-wise
addition of CS/SA blended gel into a 10% NaOH precipitation bath.
The purpose of adding acidic CS/SA mixture to NaOH solution is
to assist rapid neutralization of acetic acid. These spherical-shaped
beads are taken from the NaOH bath, and washed several times

with deionized water to a neutral pH. The beads are dried in a freeze
drier, followed by oven drying at 60°C.

The CS/SA blended beads are chemically modified by means of
pretreatment with 10% CacCl, solution for 24 h at room temperature
at a constant pH (5.0). The resulting chitosan-alginate biosorbent
beads (CS/Ca) are filtered and washed with deionized water to
remove excess calcium, and dried in the oven at 60 °C for 24 h. The
pretreated biosorbent is kept in desiccators at room temperature
for later use.

Alginate polymer contains D-mannuronic acid and L-guluronic
acid. p-Mannuronic acid exists in 1C conformation and is con-
nected in the 3-configuration through the 1- and 4-positions and
L-guluronic acid has the 1C conformation and is a-1,4-linked in the
polymer [25]. Because of the particular shapes of the monomers
and their modes of linkage in the polymer, the geometries of the
G-block regions, M-block regions, and alternating regions are sub-
stantially different. Specifically, the G-blocks are buckled while the
M-blocks have a shape referred to as an extended ribbon. If two
G-block regions are aligned side by side, a diamond-shaped hole
results. This hole has dimensions that are ideal for the cooperative
binding of calcium ions. When calcium ions are added to a sodium
alginate solution, such an alignment of the G-blocks occurs; the cal-
cium ions are bound between the two chains like eggs in an egg box
[26]. Roger et al. [27] reported the complete conversion of sodium
alginate in to calcium alginate in about 10 min after addition of
sodium alginate to calcium chloride solution.

2.2.2. Batch studies

Aseries of batch experiments are conducted to explore the effect
of influencing factors, such as solution pH, contact time, quantity
of adsorbent and the initial concentration of adsorbate. pH of the
adsorbate solution is adjusted to set value with 0.01 M HCl and
0.01 M NaOH at the start of the experiment. Batch adsorption exper-
iments are performed by agitating using a mechanical shaker at
150 rpm in 125 ml stopper bottles with specified amount (0.1g)
of adsorbent in contact with 100 ml of phenol or o-chlorophenol
solution of desired concentration at varying pH for 4h at room
temperature. It is confirmed through the preliminary experiments
that the 4 h is sufficient to attain equilibrium between adsorbent
and adsorbate. The samples are filtered through Whatman No. 5
filter paper to eliminate any fine particles. Then the concentration
of phenol or o-chlorophenol solutions is determined by measuring
absorbance using Shimadzu UV-240 Spectrophotometer at 268 and
274 nm for phenol and o-chlorophenol, respectively. The sorption
capacity of the biosorbent is determined by material balance of the
initial and equilibrium concentrations of the solution. Adsorption
on the glassware is found to be negligible and is determined by
running blank experiments. Each experiment is repeated at least
three times and mean values are taken. The amount adsorbed per
unit mass of adsorbent at equilibrium is given as follows:

Qe = (C",;CE)v (1)

where Q. (mgg~1)is the adsorption capacity at equilibrium, C, and
Ce denote the initial and equilibrium concentrations of phenolic
solutions (mgl~1), v is the volume of the solution in liters and m is
the mass of the adsorbent used in grams.

2.2.3. Column adsorption studies

Column flow studies are carried out in a column made of Pyrex
glass of 1.2 cmi.d. and 15 cm length. The column is filled with CS/Ca
alginate beads by tapping so that the column is filled without gaps.
The influent solution of known concentration of aqueous solution of
phenolic compounds is allowed to pass through the bed at a con-
stant flow rate, 1mlmin—!, in down flow manner. The complete
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cycle of operation of each column experiment includes three steps:
pH precondition of the adsorbate solution, solution flow, and
adsorption of solute until column exhaustion occurs. The effluent
solution is collected as a function of time and concentrations of
phenolic solutions are determined by measuring absorbance using
Shimadzu UV-240 Spectrophotometer. All experiments are carried
out at room temperature. Breakthrough curves are obtained by
plotting volume of the solution passed through the column vs.
ratio of the column outlet concentration to the initial concentration,

Coutlet / Cinlet-

2.2.4. Desorption studies

After the column is completely exhausted, the remaining aque-
ous solution in the column is drained off by pumping air through
the column. Desorption of solute from loaded adsorbent is carried
out by 0.1 M NaOH solution as an eluent. The eluent is pumped
in to the column at a fixed flow rate of 1Tmlmin~! at constant
temperature. From the start of the desorption process, effluent sam-
ples are collected at different time intervals and the concentration
of the adsorbates are determined. When the concentration of the
outlet solution is zero or close to zero, it is assumed that the col-
umn is regenerated. After the regeneration, the adsorbent column
is washed with distilled water to remove NaOH from the column
before the influent adsorbate solution (phenol or o-chlorophenol) is
reintroduced for the subsequent adsorption-desorption cycles. The
adsorption-desorption cycles are performed thrice for each pheno-
lic solution using the same bed to check the sustainability of the bed
for repeated use. Regeneration curves are obtained by plotting vol-
ume of the solution passed through the column vs. concentration
of the column outlet solution.

3. Results and discussion
3.1. Characterization of CS/Ca alginate beads

3.1.1. Surface analysis

Surface area, density, pore volume, pore diameter and porosity
of the composite biosorbent are determined with BET and Pycno-
matic ATC instruments. The isotherm plots are used to calculate
the specific surface area (N, /BET method) and average pore diam-
eter of CS/Ca beads, while micropore volume is calculated from
the volume of nitrogen adsorbed at p/py 1.3. The sorbent mate-
rial shows an average surface area of 102.15m2 g~!, pore volume
of 0.5cm3 g~1, porosity of 52.36%, pore diameter of 0.87 nm and
density of 2.15gcm 3.

3.1.2. Fourier transform infrared spectral analysis

The FTIR spectrum of CS/Ca alginate beads synthesized from
sodium alginate and chitosan and blended with CaCl, is shown in
Fig. 1a. The broad band in the region between 3000 and 3700 cm~!
is due to overlapping of the stretching frequencies of ~-OH and -NH,
groups. The bands at 2922.0 and 1428.1cm~! represent stretch-
ing and bending frequencies of -CH, group. The bands at 1645.7
and 1076.9cm™! are observed due to the bending and stretching
of -NH, and -COO~ groups, respectively. The presence of -C-0O
and -C-N linkages are confirmed from the peaks at 1316.4 and
1021.5cm™!. The FTIR spectra of the biosorbent loaded with phe-
nol and o-chlorophenol are given in Fig. 1b and c, respectively. In
the spectra a new band is observed at 1582 cm~!, which can be
assigned to a symmetric -NH, deformation. Further, the figures
indicate that there is a shift in absorption frequency of amino and
hydroxyl groups, which signify the deformation of -OH, -COO—,
and -NH bonds. These may be attributed to the interaction between
the functional groups of alginate and chitosan with phenolic com-
pounds during the adsorption process. These results confirm the
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Fig. 1. FTIR spectrum of CS/Ca alginate blended beads (a), after adsorption of phenol
(b) and after adsorption of o-chlorophenol (c).

participation of amino, carboxylic and hydroxyl groups of CS/Ca
blended beads as potential active binding sites for adsorption of
phenolic compounds.

3.1.3. XRD analysis

A Siemens D 5000 powder X-ray diffractometer is used to study
the solid-state morphology of CA/Ca alginate blended beads. X-rays
of 1.5406 A wavelength are generated by a Cu Ko source. The angle
of diffraction is varied from 10 to 60° to identify the change in the
crystal structure and intermolecular distances between inter seg-
mental chains after adsorption process of phenolic compounds on
CS/Ca alginate blended beads.

Wide-angle X-ray diffractogram of the beads, shown in Fig. 2a,
indicates the amorphous nature of the sorbent as there is no peak
observed. Smitha et al. [28] reported that the membrane synthe-
sized from sodium alginate and chitosan is amorphous compared
to both alginate and chitosan. Fig. 2b and ¢ shows diffractograms
of sorbent after adsorption of phenol and o-chlorophenol on CS/Ca
alginate beads, in which the peaks are appearing at 30.3 and 30.6°
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Fig. 2. Wide-angle X-ray diffraction patterns of CS/Ca alginate beads: (a) before
adsorption, (b) after adsorption of phenol and (c) after adsorption of o-chlorophenol.
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Fig. 3. Effect of pH on adsorption of phenol and o-chlorophenol on CS/Ca alginate
beads.

of 26 value for phenol and o-chlorophenol, respectively. From these
figures, it is observed that after adsorption of phenolic compounds,
CS/Ca alginate beads appear as of semi-crystalline in nature. The
existence of semi-crystalline structure in the beads after adsorp-
tion may be attributed to the possibility of nucleation process or
complex formation between the functional groups present in the
beads with phenolic compounds and also may be partially due to
hydration.

3.2. Effect of pH

The effect of solution pH on the removal of phenol and their
derivatives from aqueous solution could be explained by con-
sidering the presence of ionic and molecular forms of phenolic
compounds in aqueous solution. These compounds act as weak
acids in aqueous solution, and the dissociation of hydrogen ion
from phenolic compounds strongly depends on the pH of the solu-
tion. In acidic solutions, the molecular form dominates and in
alkaline medium, the anionic form is the predominant species.
In order to optimize the pH for maximum removal efficiency,
experiments are conducted in the pH range from 3.0 to 10.0
using 0.1 g of CS/Ca alginate beads with 100 ml of 100 ppm adsor-
bate solutions at room temperature. These results are graphically
represented in Fig. 3. The results indicate that the extent of adsorp-
tion varies with pH. Under acidic conditions (below pH 3) the
beads undergo dissolution. Due to this, experiments are con-
ducted above pH 3.0. Experimental results show that the phenol
and o-chlorophenol are removed more effectively by CS/Ca algi-
nate beads at around pH 7.0 and decreased on either sides of pH
7.0. Both phenol and o-chlorophenol exist predominantly as neu-
tral species at pH 7.0. The interaction between the CS/Ca alginate
beads and phenolic derivatives is considered mainly as non-polar,
and the forces responsible for adsorption are physical van der
Waals forces. This behavior provides potential for recovery of the
adsorbate as well as regeneration of adsorbent by simple non-
destructive methods such as solvent washing. Comparing phenol
and o-chlorophenol, the sorbent shows more adsorption capac-
ity towards the former than the latter. This aqueous solubility of
phenol (8.0 g/100 g of water) is more compared to o-chlorophenol
(2.85g/100 g of water). Compared to phenol, o-chlorophenol would
have shown more affinity towards non-aqueous medium as evi-
denced by their octanol-water partition coefficients (logkew of
phenol is 1.46 and of o-chlorophenol is 2.15). Based on aqueous
solubility and octanol-water partition coefficient, o-chlorophenol
is expected to adsorb to a greater extent compared to phenol. But
experimental results indicate that the extent of adsorption of phe-
nol is more than that of o-chlorophenol. The adsorption of phenol
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Fig. 4. Effect of agitation time on adsorption of phenol on CS/Ca alginate beads at
different initial concentrations.

and o-chlorophenol cannot be correlated to physical parameters
such as solubility and octanol-water partition coefficients. Calace
et al. [29] observed similar trend in adsorption of phenols on paper
mill sludge. The sorbent developed in the present study exhibits
an maximum monolayer adsorption capacity of 108.7mgg-! for
phenol and 97.1 mgg~! for o-chlorophenol as obtained from Lang-
muir adsorption isotherm. These values are higher compared with
those reported in the literature. The maximum adsorption capacity
as reported in the literature for phenol is 28.14mgg~! on calcium
alginate [21] and 63.69 mgg~! on chitosan coated bentonite [24].
Juan et al. [20] reported the adsorption capacity of calcium alginate
as 1.63mgg! for 2,4-dichlorophenol.

3.3. Sorption kinetics

3.3.1. First-order kinetics

Data on removal of phenol and o-chlorophenol by CS/Ca alginate
beads as a function of time at pH 7.0 at various initial concentrations
(50-300 ppm) are presented graphically in Figs. 4 and 5. From the
figures it is observed that the adsorption capacity of phenol and
o-chlorophenol increases to saturation with time and maximum
adsorption is attained at 240 min. Therefore, these times are suffi-
cient to attain equilibrium for the maximum removal of phenol and
o-chlorophenol from aqueous solution on CS/Ca alginate beads. The
first-order kinetic parameters of adsorption of these adsorbates on
CS/Ca alginate beads are determined using Lagergren’s equation
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Fig. 5. Effect of agitation time on adsorption of o-chlorophenol on CS/Ca alginate
beads at different initial concentrations.
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Table 1
Adsorption rate constants of Lagergren first-order kinetics for phenol and o-
chlorophenol on CS/Ca alginate beads

Initial concentrations Phenol o-Chlorophenol
of adsorbents (ppm) Kug 2 K 2

50 0.0101 0.998 0.0124 0.992
100 0.0111 0.995 0.0108 0.987
200 0.0111 0.996 0.0105 0.966
300 0.0119 0.994 0.0113 0.985
[30]:

o

lo -Q)=lo - ( a ) t 2

8(Qe — Q) =108 Qe — { 5573 (2)

where Q. is the amount of sorbate adsorbed per unit weight of
sorbent at equilibrium (mgg~1), Q; is the amount of sorbate uptake
per unit weight of sorbent at any time t (mgg~!), t is the time in
minutes and K,4 (min—1) is the rate constant of adsorption. The val-
ues of K4, calculated from the slopes of the plot of log (Qe—Qy) vs.
t, are given in Table 1 along with the correlation coefficients (r2).
There is no significant change in the values of K,4 at various con-
centrations of phenol and o-chlorophenol. From this observation it
may be concluded that the adsorption of phenolic compounds on
the CS/Ca alginate beads follow first-order kinetics.

3.3.2. Second-order kinetics
Experimental data are also fitted to the pseudo-second-order
kinetic model, which is given in the following form [31]:

t 1 1

Q& K,Q2 * Qet (3)
where K, (gmg~1 min~1) is the rate constant of the second-order
equation, Qs (mgg~1)is the amount adsorbed at time t (min) and Qe
is the amount adsorbed at equilibrium (mg g~1). This model is more
likely to predict the kinetic behavior of adsorption with chemical
sorption being the rate-controlling step [32,33]. The rate constants
(ky), calculated from the slopes of the plots of t/Q; vs. t along with
correlation coefficients and Qe values, are given in Table 2. From
Tables 1 and 2 it is observed that the experimental data are well
fitted to Lagergren first-order kinetic model compared to second-
order kinetics model.

3.3.3. Weber-Morris method
An intraparticle diffusion model proposed by Weber and Morris
[34] can be written as follows:

Q = kigt'? +C (4)

where Q; (mgl-1) is the amount adsorbed at time t (min), and Kj4
(mgg~! min—1)is the rate constant of intraparticle diffusion. Cis the
value of the intercept, which gives an idea about the boundary layer
thickness, i.e., the larger the intercept; the greater is the boundary
layer effect.

The plots of Q; vs. t1/2 obtained for the adsorption of phenol and
o-chlorophenol onto CS/Ca alginate beads at different concentra-

Table 2
Constants of second-order kinetic equation for adsorption of phenol and o-
chlorophenol on CS/Ca alginate beads
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Fig. 6. Weber-Morris model plot for adsorption of phenol on CS/Ca alginate beads.
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Fig. 7. Weber-Morris model plot for adsorption of o-chlorophenol on CS/Ca alginate
beads.

tions are shown in Figs. 6 and 7, respectively. The intraparticle rate
constant Kig (mgg~! min~—1/2) and intercept C (mgg~!) are given in
Table 3. The values of correlation coefficients (12) for the intraparti-
cle diffusion model are lower than that of the pseudo-second-order
kinetic model. Moreover, intraparticle diffusion cannot be accepted
as a rate-controlling step for the adsorption of both adsorbates onto
CS/Ca alginate beads due to the fact that values of C are not constant
and vary with the concentration of the adsorbate (Table 3).

3.4. Effect of adsorbent dose

The results of the experiments with varying amount of adsor-
bent are represented in Fig. 8 with increase in adsorbent dose,
from 0.05 to 0.4g, while keeping the volume and concentration
of the solution constant. From the figure, it is apparent that the
percent removal of phenol and o-chlorophenol increases rapidly
with increase in the dose of CS/Ca alginate beads due to the
greater availability of binding sites of the biosorbent. Adsorption
is maximum with 0.4 g of CS/Ca alginate beads and the maximum

Table 3
Parameters of Web-Morris equation for adsorption of phenol and o-chlorophenol
on CS/Ca alginate beads

Concentration  Phenol o-Chlorophenol Concentration Phenol o-Chlorophenol

— Q(mgfg) K2(x10%) 2 Qc(mgls) K (x10%) r2 i) Ko c ° Kig c ?

50 51.0 1.960 0.9987 41.5 4.029 0.9932 50 2.2978 2.1821 0.9982 1.9097 5.2148 0.9955
100 71.4 1.854 0.9956 50.8 3.174 0.9929 100 3.5406 3.4267 0.985 2.4099 5.6572 0.9946
200 95.2 1.462 0.9955 55.6 2.968 0.9891 200 4.6732 5.9953 0.986 2.6156 6.7437 0.9965
300 116.3 1.158 0.9915 64.9 2.718 0.9989 300 5.7113 6.5578 0.9901 3.27 7.6628 0.9959
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Fig. 8. Effect of dose of adsorbent (CS/Ca alginate beads) on percent removal of
phenol and o-chlorophenol.

percent removal is about 68% with phenol and about 74% with
o-chlorophenol.

3.5. Adsorption isotherm models

An adsorption isotherm describes the relationship between
the amount of adsorbate that is adsorbed on the adsorbent and
the concentration of dissolved adsorbate in the liquid at equi-
librium. Several models have been published in the literature to
describe experimental data of adsorption isotherms. Three impor-
tant isotherms are selected in this study, namely, the Langmuir,
Freundlich and Dubinin-Radushkevich (D-R)isotherm models. The
Langmuir and Freundlich models are the most frequently used
models. The Langmuir model is obtained under the ideal assump-
tion of a totally homogenous adsorption surface, whereas the
Freundlich isotherm is suitable for a highly heterogeneous sur-
face. The Dubinin-Radushkevich isotherm, on the other hand, is
based on the potential theory of adsorption for adsorbents with an
energetically non-uniform surface where the dominant adsorption
interaction is dispersion forces.

The Langmuir theory was first used to describe the adsorption
of gas molecules on to solvent solution surfaces [35]. However,
this model has found successful application in many other sorption
processes. The Langmuir model can be expressed by:

QbCe

QE:l-i-bCe

(5)

where Q. is the amount of solvents adsorbed (mgg-1), Ce is the
equilibrium concentration of adsorbate (mgl-1); Q° and b are
Langmuir constants related to adsorption capacity and energy of
adsorption, respectively.

The empirical model proposed by Freundlich is shown to be
consistent with an exponential distribution of active centers,
characteristic of heterogeneous surfaces. The amount of sorbate
adsorbed, Qe, is related to the concentration of sorbate in the solu-

Table 4

tion, Ce, through the following equation:
Qe = KeCllm (6)

where Kr and n are Freundlich constants. Experimental data of the
present study are fitted to Eq. (6) and the parameters (Kf and n) are
evaluated from the plot of log Qe vs. log Ce. The values of Langmuir
constants Q° and b and Freundlich parameters K; and n along with
the correlation coefficients (r2) are presented in Table 4. Among,
these two models, the experimental data are well fitted to Langmuir
compared to Freundlich model.

The equilibrium data are also correlated with the
Dubinin-Radushkevich (D-R) model to determine if adsorption
occurred by physical or chemical processes [36]. Mathematically
the model is represented as:

Q=Qce ™™ (7)
Linearized form of the equation is given as:
InQ =InQe — ke? (8)

where ¢ is the Polanyi potential, Q is the amount of solute adsorbed
per unit weight of adsorbent (molg=1), k is a constant related to
the adsorption energy (mol2 k]) and Qp, is the adsorption capacity
(molg1).

The values of Qn, and k were calculated from the intercept and
slope of the InQ vs. &2 plots and presented in Table 4. The mean
free energy of adsorption (E), defined as the free energy change
when one mole of ions is transferred to the surface of the solid
from infinity in solution can be calculated from k value using the
equation:

E = (=2k)™%° (9)

The magnitude of E is useful for estimating the type of adsorp-
tion process. The mean free energy of adsoption E, gives information
about adsorption mechanism as chemical ion-exchange or phys-
ical adsorption. The magnitude of E is between 8 and 16 k]/mol,
the adsorption process follows chemical ion-exchange while for the
values of E <8 kJ/mol, the adsorption process is of a physical nature
[37]. The mean adsorption energy (E) was calculated as 12.5 kJ/mol
for phenol and 15.81 kJ/mol for o-chlorophenol on to CS/Ca alginate
beads. These values indicate that the adsorption processes is asso-
ciated with chemical ion-exchange mechanism. Actually, chitosan
can interact with adsorbates through physical as well as chemical
forces to varying degrees depending on the conditions.

3.6. Column adsorption data

The results of dynamic flow experiments are used to obtain the
breakthrough curves for adsorption of phenol and o-chlorophenol
from aqueous solutions by plotting bed volume vs. effluent con-
centration. The breakthrough curves are shown in Figs. 9 and 10.
The breakthrough capacity, which is the amount adsorbed until
the effluent concentration of the adsorbate is equal to the influ-
ent solution concentration, are computed from the breakthrough
curves. An examination of the curves indicates that no leakage of
solute is observed up to a volume of about 100 ml of the influent
solution in the first cycle.

Parameters of Langmuir, Freundlich and D-R isotherms for adsorption of phenol and o-chlorophenol on CS/Ca alginate beads

Adsorbate Langmuir constants Freundlich constants Dubinin-Raduskevich isotherm

Q° b r2 K¢ 12 K InQ° E 12
Phenol 108.69 0.0120 0.9883 1.966 1.2918 0.9383 0.0032 3.584 12.5 0.9912
o-Chlorophenol 97.08 0.0166 0.9802 2.977 1.4920 0.9106 0.0020 3.587 15.8 0.9983
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Fig. 9. Column break through curves for adsorption of phenol on CS/Ca alginate
beads.

When the bed is exhausted or the effluent coming out of the
column reaches the allowable maximum discharge level, the regen-
eration of the adsorption bed to recover the adsorbed material
and/or to regenerate the adsorbent becomes quite essential. The
regeneration could be accomplished by a variety of techniques
such as thermal desorption, steam washing, solvent extraction, etc.
Each method has inherent advantages and limitations. In this study,
several solvents are tried to regenerate the adsorption bed. 0.1 M
NaOH solution is found to be effective in desorbing and recover-
ing adsorbates quantitatively from the adsorption bed. The fixed
bed columns of CS/Ca alginate beads saturated with phenol or
chlorophenol is regenerated by passing 0.1 M NaOH solution as
an eluent at a fixed flow rate of 1 mlmin~!. To evaluate the sol-
vent recovery efficiency, the percent of phenol and o-chlorophenol
recovered is calculated from the breakthrough and recovery curves.
The desorption profile is graphically represented in Figs. 11 and 12.
From the plots it is observed that the rate of desorption increases
sharply reaching a maximum with 8 and 6 ml of 0.1 M NaOH solu-
tion. The regenerated column is further used for the removal of
phenol. The results indicate that the column gets saturated early
and adsorption capacity decreases. As a result, the percent desorp-
tion also decreases from first cycle to second cycle. Similar behavior
is observed in case of third cycle of adsorption-desorption experi-
ments.
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Fig. 10. Column break through curves for adsorption of o-chlorophenol on CS/Ca
alginate beads.
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Fig. 11. Regeneration curves of CS/Ca alginate beads loaded with phenol.
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Fig. 12. Regeneration curves of CS/Ca alginate beads loaded with o-chlorophenol.

4. Conclusions

It is demonstrated in this study that removal of phenol and
o-chlorophenol from aqueous solutions is feasible through adsorp-
tion on CS/Ca alginate beads at neutral pH under equilibrium and
column flow experimental conditions. The adsorption capacity is
maximum around pH 7.0 and decreases significantly on either side
of pH 7.0. Langmuir and D-R isotherm models represent the experi-
mental data adequately and better than Freundlich isotherm model.
Experimental kinetic data are also fitted to first-order, second-
order and Web-Morris kinetic equations and the rate constants
are evaluated. The results indicate that CS/Ca alginate beads show
higher adsorption capacity for phenol than o-chlorophenol. Further,
results from the limited number of column adsorption-desorption
cycle indicates that the adsorption capacity of the CS/Ca alginate
beads decreases in the second and third adsorption-desorption
cycles.
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