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The adsorption of methyl orange (MO) onto goethite (G), chitosan beads (CSB) and goethite impregnated with
chitosan beads (GCSB) as a new and potential adsorbents have been studied. Batch adsorption studies were con-
ducted to evaluate the effect of various parameters such as pH, contact time, initial dye concentration and tem-
perature. The adsorbents are characterized by using Fourier Transform Infrared Spectroscopy (FTIR), Scanning
Electron Microscopy (SEM) and Brunner-Emmet-Teller (BET) analysis, respectively. FTIR results revealed that
hydroxyl, amine and carboxyl functional groups present on the surface of adsorbents. Experimental equilibrium
data for adsorption of MO was analyzed by the Langmuir, Freundlich and Dubinin-Radushkevich models. The
results showed that the best fit was achieved with the Langmuir isotherm equation with maximum adsorption
capacities of 55, 73 and 84 mg/g for G, CSB and GCSB, respectively. The pseudo-first-order and pseudo-second-
order model equations were used to analyze the kinetic data of the adsorption process and the data was fitted
well with the pseudo-second-order kinetic model. The calculated thermodynamic parameters, namely ΔGo,
ΔHo and ΔSo showed that adsorption of MO was spontaneous and endothermic in the temperature range 298–
338 K. Desorption experiments were carried out to explore the feasibility of regenerating the adsorbent and
the adsorbed MO from G, CSB and GCSB were desorbed using 0.1 M NaOH with an efficiency of 91, 94 and
96%, respectively, recovery. Findings of the present study indicated that G, CSB and GCSB can be successfully
used for removal of MO from aqueous solution.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The removal of hazardous materials such as dyes, heavy metals and
aromatic compounds from industrial effluents is of great environmental
concern [1]. The extensive application of dye compounds in various
industries such as textile, leather, paper, rubber, paint and plastics
lead to discharges toxic colored effluent and contaminates surface and
ground water. There are over 100,000 commercially available dyes
and N7 × 105 tones are produced annually. The presence of small
amounts of dyes in water is highly visible and undesirable. Dyes are
resistant to heat, chemical reagent and have the ability to generate
cancer and mutagens. Presence of dyes in water creates serious impact
for different aquatic organisms [2]. Therefore, their removal fromwaste-
water before the dyes had entered into human bodies through water is
of great demand. Azo dyeswith high brightness in color due to the pres-
ence of azo (\\N_N\\) groups in cooperationwith substituted aromat-
ic structures have more toxicity to living organisms [3]. Methyl orange
(MO), an anionic dye belongs to the azo group of dyes. MO has been
widely used in textile, paper, plastics, rubber, cosmetics, printing, dye
manufacturing and pharmaceutical industries [4]. The presence of azo
group on MO and low biodegradability makes it an issue of concern
for environmental science [5]. MO leads to health hazards such as
vomiting, diarrhea, breathing and nausea. It is a weak acid base indica-
tor with potential applicability as toxic and carcinogenic agent. There-
fore, its removal and elimination from various aqueous wastes is
required. There are various methods to treat dyes from contaminated
water, such as adsorption [6], chemical oxidation [7], chemical reduc-
tion [8] photodegradation [9], electrochemical oxidation [10], coagula-
tion-flocculation [11], biological treatment [12] and membrane
separation [13]. Among these methods, adsorption process has been
shown to be an effective technique with its efficiency, capacity, and ap-
plicability on a large scale to remove dyes aswell as having the potential
for regeneration, recovery, and recycling of adsorbents.

Iron oxides, a common constituent of soils, sediments, and aquifers,
have high surface areas and are capable of adsorbing a significant quan-
tity of dyes. Goethite, is a common oxy-hydroxide in natural environ-
ment and has the dia-spore structure which is based on hexagonal
close packing and consists of a large amount of reactive surfacehydroxyl
sites, however it can be synthetically produced. Chitosan, β-(1-4) ace-
tyl-D-glucosamine, is a linear biopolymer of glucosamine. It can be
produced commercially by chemical deacetylation of chitin, a major
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component of the exoskeleton of crustaceans (such as lobster, crabs and
shrimp) and cell walls of fungi and algae, therefore it is the secondmost
abundant biological resource after cellulose. Chitosan has biological and
chemical properties such as non-toxicity, high chemical reactivity, hy-
drophilicity, biocompatibility, biodegradability, chirality, chelation,
anti-bacterial properties and adsorption properties [14]. The application
of biopolymers such as chitin and chitosan is one of the emerging ad-
sorption methods for the removal of dyes and metal ions due to the
presence of amino (\\NH2) and hydroxyl (\\OH) groups, which can
serve as the active sites even at low concentrations [15]. In recent
years, various types of chitosan based adsorbents such as α-Fe2O3 im-
pregnated chitosan beads [16], magnetic nanoparticles impregnated
chitosan beads [17], graphene oxide/chitosan composite fibers [18],
magnetic Fe3O4/chitosan nanoparticles [19], zinc oxide impregnated
chitosan beads [20], chitosan/clay/Fe3O4 [21], magnetic chitosan com-
posites [22], magnetic chitosan/active charcoal composite [23], nano-
ZnO/CT-CB [24], nano-TiO2/CS/PNIPAAm [25], Zr-CCS/BT composite
[26] and chitosan/grapheme oxide nano composite [27] have been
used as an adsorbent material for the removal of heavy metals and
dyes from wastewater.

In this study, the G, CSB and GCSB were chosen as the adsorbents.
The adsorption behavior ofMOonto G, CSB andGCSBwere investigated.
Batch sorption experimentswere performed to evaluate the influence of
pH, contact time, initial dye concentration and temperature. The Lang-
muir, Freundlich and Dubinin-Radushkevich isothermmodels were ap-
plied to the experimental data. Kinetic studies were performed using
pseudo-first-order and pseudo-second-order models. Thermodynamic
parameters, such as Gibb's free energy (ΔGo), enthalpy (ΔHo), and en-
tropy (ΔSo), were also evaluated by Van't Hoff equation. Additionally,
the adsorbents were characterized by FTIR, SEM and BET analyses.

2. Materials and methods

2.1. Materials

Chitosan (reagent grade, N85% deacetylation, low molecular weight
of 50,000–190,000 g/mol) was purchased form the Sigma Chemical Co.,
USA. Methyl orange (MO) [formula weight: C14H14N3NaO3S, molecular
weight: 327.3, λmax: 464 nm] was purchased from Junsei Chemicals,
Japan. The structure of the MO is shown in Fig. 1. Double deionized
water (Milli-Q Millipore 18.2 MΩ cm−1 conductivity) was used
throughout the work. A stock solution (1000 mg/L) was prepared by
dissolving required amount of MO in double distilled water which was
later diluted to desired concentrations. Ferric chloride, glacial acetic
acid, potassium hydroxide, sodium hydroxide, hydrochloric acid and
other reagents were of analytical grade. pH of MO solutions was adjust-
ed by adding 0.1 M NaOH (or) 0.1 M HCl solution. MO concentrations
were measured using a UV–Vis spectrophotometer (Optizen Pop,
Korea) after appropriate dilution.

2.2. Preparation of the adsorbents

Goethite was prepared using a method based on the report of
Schwertmann and Cornell [28]. The method was briefly described
Fig. 1.Molecular structure of MO.
here under an 80 mL of the 0.2 M FeCl3. 6H2O is added to a 500 mL bo-
rosilicate glass bottle followed by the rapid addition of 20 mL of 2.5 M
KOH solution. The resulting suspension was aged for 60 h at 70 °C
where a yellow brown precipitate of goethitewas formed. The superna-
tant solution was separated and goethite suspension was washed re-
peatedly with double distilled water and dried at 60 °C for 24 h in an
oven then fine ground. The obtained product was named as goethite.

3.0 g chitosan powder was dissolved in a 100 mL of 2% (v/v) acetic
acid aqueous solution. The homogeneous gel was obtained by stirring
4 h at room temperature. The chitosan gel was transferred drop wise
into the 10% NaOH with continuous stirring. The obtained beads were
immersed in fresh 10% NaOH and stirred mechanically for 4 h. Finally
the beads were washed with double distilled water and dried in an
oven at 60 °C for 24 h.

The chitosan solution (3% w/v) was prepared by dissolving chitosan
powder (3 g) in an aqueous acetic acid solution (2% v/v). Then, goethite
powder (0.34 g) was added into the chitosan solution and stirred vigor-
ously for 6 h. Then followed the sameprocedure discussed in above par-
agraph to get GCSB. All adsorbents are stored in vacuumed desiccators
for further MO adsorption studies.

2.3. Characterization of adsorbents

Fourier transform infrared spectroscopy (FT-IR) was recorded using
a Fourier transform infrared spectrophotometer (Nicolet IS10, Thermo
Scientific, USA). The scanning range of the scanning wavenumbers
was 400–4000 cm−1. For IR spectral studies, 10 mg of sample was
mixed and groundwith 100mg of KBr andmade into a pellet. The back-
ground absorbance was measured by using a pure KBr pellet. The mor-
phological images of G, CSB and GCSB were taken using scanning
electron microscope (JEOL, JSM-7600F, Japan). The acceleration voltage
was 30.0 kV. The samples were first sputter-coated with homogeneous
gold layer and then loaded onto a copper substrate. The BET surface
area, pore volume and pore structure of G, CSB and GCSBwere obtained
from nitrogen adsorption data at 77 K using a gas adsorption analyzer
(BELSORP, BEL Japan). Each sample was degassed at 323 K for 12 h to
obtain a residual pressure b 10−6 mmHg. The specific surface areas
andmicro pore volume of the sampleswere calculated by the BET equa-
tion and D-R equation, respectively. The amounts of N2 adsorbed at
relative pressure (P/Po = 0.98) were used to investigate the total pore
volumes, which corresponded to the sum of the micropore and
mesopore volumes.

2.4. Batch adsorption studies

In order to evaluate adsorption properties of G, CSB and GCSB for
MO, a series of adsorption experiments including pH, kinetics, iso-
therms, temperature and thermodynamics were conducted. The effect
of pH was studied in the range of 3.0 to 10.0. Sorption kinetic experi-
ments were conducted with an initial concentration of 100 mg/L at
room temperature. Samples were collected at various time intervals
until the concentration of MO in the dilute phase become constant.
The adsorption isotherm was obtained by varying the initial MO con-
centration between 10 and 100 mg/L. The effect of temperature on the
adsorption of MO was investigated by controlling the temperature at
298, 308, 318, 328 and 338 K. At the end of adsorption, 1 mL sample
was collected and centrifuged at 3000 rpm for 10 min. The filtrate was
then collected in polythene tubes and diluted before measurement.
The MO residual concentration was determined using UV–Vis spectro-
photometer. Each experiment was duplicated under identical condi-
tions, and the mean value was used. The amount of adsorbed MO was
calculated by the difference between initial and finalMO concentrations
in the solutions, which can be expressed by the following equation:

q ¼ CiVi−C f V f

M
ð1Þ
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where q is the amount of adsorbed MO (mg/g), Ci and Cf are the initial
and final MO concentrations in the solution (mg/L), respectively, Vi

and Vf are the initial and final (initial plus the volumeofHCl or NaOH so-
lutions added) solution volumes, respectively, andM is the mass of the
adsorbent (g).

2.5. Desorption and regeneration studies

Desorption of MO from G, CSB and GCSB was investigated using dif-
ferent concentrations ofNaOH (0.1–1.0M). Fresh adsorbentswere load-
ed with MO by agitating mixture of 0.1 g and 30 mL of 100 mg/L MO
solution at pH 3.0 for 4 h. The MO loaded adsorbents were separated
by centrifugation and the residual MO concentration was determined
byUV–Vis spectrophotometer. TheMO loaded adsorbentswerewashed
gently with water to remove any unadsorbed dye and then dried. The
desorption process was carried out by mixing 30 mL of each desorbing
eluent with the dried loaded adsorbents and shaken for a
predetermined time and the desorbed MO was determined by UV–Vis
spectrophotometer. Adsorbents were washed repeatedly with deion-
ized water to remove any residual desorbing solution. The sorbents
were placed into MO solution for the succeeding adsorption cycle after
drying to a constant weight. The cycles were repeated five times using
the same adsorbents. The efficiency of desorbed dye from the adsorbent
was calculated by using the following equation.

Desorption efficiency ¼ Amount of MO desorbed
Amount of MO adsorbed

� 100 ð2Þ

3. Results and discussion

3.1. Characterization

The FTIR spectra of G (A), CSB (B), and GCSB (C) altogether are
shown in Fig.2. In the spectra (A), a broad band appears around
3167 cm−1 is due to the presence of the OH stretching mode in α-
FeOOH. The band at 1651 cm−1is attributed to asymmetric stretching
vibration of C_O groups. The bands at 1447 and 1337 cm−1 are
assigned to the deformation vibration of\\CH2and\\CH3. A band at
1057 cm−1 is due to the C\\O\\C stretching vibrations. Two typical
Fig. 2. FTIR spectra of: (A) G, (B) CSB and (C) GCSB.
bands at 889 and 795 cm−1 can be ascribed to Fe\\O\\H bending vibra-
tions. In the spectra (B), showed broad peak at 3481 cm−1 corresponds
to N\\H and hydrogen bonded O\\H stretching vibration. The peak at
2867 cm−1 was assigned to the symmetric stretching of\\CH2 groups.
The bands appearing at 1652 and 1380 cm−1 were assigned to C_O
stretching vibration of amide group and C\\O stretching of primary al-
coholic group. The absorption band at 1068 cm−1 was attributed to
the C\\O vibrations (for bridge C\\O\\C stretching).In spectra
(C),showed broad intense characteristic bands at 3457 and
1673 cm−1 corresponding to\\OH stretching and bending vibrations
of absorbed water as well as asymmetrical stretching vibrations of
C_O group. However, weak symmetrical stretching and bending vibra-
tions of \\CH and C\\O\\C groups are also appeared near 1498,
1068 cm−1. The absorption band at the low frequency zone of 500–
700 cm−1 is assigned to the stretching vibration of Fe\\O in goethite.
The interaction between the amine groups of chitosan and the surface
hydroxyl groups of goethitemay be the expected reason for attachment
of chitosan with goethite. The FTIR studies confirmed the presence of
hydroxyl (\\OH), amine (\\NH2) and carboxyl (\\C_O) groups
which may be the primary responsible sites for MO adsorption.

The SEM images of G, CSB, and GCSB were shown in Fig. 3. The SEM
image of G shows the presence of many irregular particles (Fig. 3A),
which leads to give a rough surface for G. The SEM images of CSB and
GCSB were nearly spherical in shape (Fig. 3B and C). The CSB has rela-
tively smooth surfaces, whereas the GCSB was rough because of G.
Rough surfaces are favorable for molecular diffusion and could provide
a larger surface area for the adsorption of contaminants.

The Brunauer-Emmett-Teller (BET) surface area, pore volume and
pore diameter of G, CSB, and GCSB were determined by BJH analysis.
BET surface area, pore volume and pore diameter of G, CSB, and GCSB
were presented in Table 1. The results revealed that the GCSB has the
highest surface area, pore volume and pore diameter whichwas advan-
tageous for MO adsorption. On the other hand, G and CSB had the
smallest surface area, pore volume and pore diameter. Generally, an ad-
sorbent with large surface area, high pore volume and high pore diam-
eter has more exposed surface sites for dye adsorption [29]. Therefore,
GCSB is more compatible for the enhanced removal of MO compared
to G and CSB.

Fig. 4 shows the most possible schematic illustration of goethite im-
pregnated with chitosan beads structure. Goethite act as cross-linking
agents to link the chitosan chains through the formation of both strong
primary covalent bonds as well as hydrogen bondings.

3.2. Effect of pH

The pH of the solution greatly influences the adsorption process; it
determines the surface charge of the adsorbent and the state of adsor-
bate in solution. The effect of pH on MO adsorption by G, CSB and
GCSB at different pH values was studied and the results were shown
in Fig. 5. It was observed that the adsorption capacities of G, CSB and
GCSB decreased from 51.4 to 8.7 mg/g, from 67.9 to16.3 mg/g and
from 81 to 24.7 mg/g, respectively, with an increase in the pH of the
MO solution from 3 to 10. The maximum adsorption capacity of MO
was achieved at pH 3.0 for all the adsorbents (G, CSB and GCSB).
Under acidic conditions (below pH 3.0) the chitosan undergoes dissolu-
tion [30]. Due to this dissolution, experiments were conducted above
pH 3.0. At low pH values, the surface of the adsorbents was positively
charged and partial\\NH2 groups in the adsorbents were protonated
to\\NH3

+ groups. Thus, the electrostatic attraction between the nega-
tively charged MO anions and the positively charged surface of the ad-
sorbents was enhanced, resulting in high sorption capacity.

Adsorption mechanism may be as follows:

R−NH2 þHþ↔R−NH3
þ

MO−SO3Na→MO−SO3
− þ Naþ



Fig. 3. SEM images of: (A) G, (B) CSB and (C) GCSB.
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R−NH3
þ þMO−SO3

−→R−NH3
þO3S−MO

However, with increasing pH values, the number of the negatively
charged sites increased, and the number of the positively charged sites
decreased. When the pH value was higher than 4.0, the surface of the
adsorbents were negatively charged. The electrostatic repulsive force
became dominant, thereby weakening the adsorption of MO on the ad-
sorbents and consequently reducing the sorption of MO. In addition,
lower adsorption ofMOat alkalinepHwas attributed to the competition
of hydroxyl ions in the solution with the dye anions for adsorptive sites
[31].
Table 1
Surface parameters of G, CSB and GCSB.

Adsorbent Surface area (m2/g) Pore volume (cm3/g) Pore diameter (nm)

G 4.37 0.0159 10.24
CSB 10.81 0.1165 16.69
GCSB 17.81 0.2145 26.18
3.3. Effect of contact time

Equilibrium time plays a vital role and is one of the most important
parameters in kinetic modelling of dyes during the design of a low cost
wastewater treatment system. Fig. 6 illustrates the adsorption capacity
of G, CSB and GCSB in MO solutions as a function of contact time from
0 to 480 min at room temperature. It has been observed that the rate
of adsorption capacity of MO was rapid in the beginning, proceeded at
a slower rate and finally attained equilibrium at about 180 min. This is
due to the availability of the larger surface area of the adsorbent in the
beginning. As the surface adsorption sites become exhausted, the up-
take rate is controlled by the rate at which the adsorbate is transported
from the exterior to interior sites of the adsorbent [32]. The adsorption
occurred due to attractive electrostatic attractions, Van derWaals forces
and fast diffusion onto the external surface of the adsorbent.

3.4. Adsorption kinetic models

Kinetics is oneof the key aspects used in the evaluation of adsorption
as a unit process. The residence time for dye adsorption can be



Fig. 4. The proposed structure of goethite impregnated chitosan beads made from chitosan and goethite.
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determined by kinetics examination of the equilibrium data. In this
study, the kinetics of the MO adsorption onto G, CSB and GCSB from
the solution was investigated by two well-known kinetic models,
namely, pseudo-first-order and pseudo-second-order. The non-linear
forms of these two models are expressed by the following equations:

Pseudo-first-order [33]

qt ¼ q1 1− exp −k1tð Þð Þ ð3Þ

Pseudo-second-order [34]

qt ¼
q22k2t

1þ q2k2t
ð4Þ
where, q1 and q2 are the amount of dye adsorbed at equilibrium (mg/g),
qt is the amount of dye adsorbed at time t (mg/g), k1 is the pseudo-
first-order equilibrium rate constant (1/min) and k2 is the pseudo-
second-order equilibrium rate constant (g/mg min). Values of
pseudo-first-order and pseudo-second-order rate constants and cor-
relation coefficient are given in the Table 2 and non-linear plots are
shown in Fig. 7. The results indicated that among these two models,
the pseudo-second-order kinetic model had higher R2 values and ex-
perimental qe values that agree well with the calculated q2 values.
The low R2 values for pseudo-first-order model indicated that this
model did not fit the data well. Furthermore, for the pseudo-first-
order kinetic model, the experimental qe was not in good agreement
with the calculated q1 values. Therefore, the pseudo-second-order



Fig. 5. Effect of pH on the adsorption of MO by G, CSB and GCSB.

Table 2
Kinetic parameters of pseudo-first-order and pseudo-second-order models for MO ad-
sorption on G, CSB and GCSB.

Adsorbent qe, exp.
(mg/g)

Pseudo-first-order Pseudo-second-order

q1, cal
(mg/g)

k1
(1/min)

R2 q2, cal
(mg/g)

k2 (g/mg
min)

R2

G 51.3 57.8 0.0270 0.9853 51.0 0.0004 0.9953
CSB 67.0 77.6 0.0211 0.9739 67.6 0.0003 0.9939
GCSB 78.1 87.4 0.0203 0.9483 76.4 0.0003 0.9965
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kinetic model provided the best description of the MO adsorption
mechanism.

3.5. Adsorption isotherm models

Successful application of the adsorption technique demands the
studies based on various adsorption isotherm models, because adsorp-
tion isotherm models clearly depict the relationship between the con-
centration of dye in solution and the amount of dye adsorbed on the
solid phase when both phases are in equilibrium [35]. In this study,
the three adsorption isotherm models, Langmuir, Freundlich and
Dubinin-Radushkevich (D-R) isotherm equationswere used to describe
the experimental sorption data.

3.5.1. Langmuir isotherm
The Langmuir isotherm [36] assumes monolayer adsorption onto a

surface containing a finite number of adsorption sites of uniform strate-
gies of adsorption with no transmigration of adsorbate in the plane of
surface. The non-linear form of Langmuir adsorption isotherm is given
below.

qe ¼
qmKLCe

1þ KLCe
ð5Þ
Fig. 6. Effect of contact time on the adsorption of MO onto G, CSB and GCSB.
where qe is the amount of adsorption at equilibrium (mg/g), qm is
the maximum adsorption capacity of adsorbate per unit mass of
adsorbent (mg/g), Ce is the equilibrium concentration of the adsor-
bate (mg/L) and KL is the Langmuir constant related to the
Fig. 7. Adsorption kinetics of MO onto (A) G, (B) CSB and (C) GCSB.



Fig. 8. Adsorption isotherms of MO onto the (A) G, (B) CSB and (C) GCSB.
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adsorption equilibrium (L/mg). The maximum adsorption capacity
of MO was found to be 55, 73 and 84 mg/g for G, CSB and GCSB,
respectively.
Table 3
Parameters of isotherm models for adsorption of MO on G, CSB and GCSB.

Adsorbent Langmuir Freundlich

qm (mg/g) KL (L/mg) R2 χ2 Kf (mg/g) n

G 55 0.073 0.9951 4.6 8.98 2.51
CSB 73 0.152 0.9899 6.2 17.4 2.85
GCSB 84 0.294 0.9908 7.9 25.4 3.11
The essential characteristics of the Langmuir isotherm may be
expressed in terms of a dimensionless constant called separation factor
(RL) and is given by the following equation:

RL ¼ 1
1þ KLC0

ð6Þ

where RL is the equilibrium constant that indicates the type of adsorp-
tion, KL is the Langmuir constant (L/mg) and Co is the initial dye concen-
trations (mg/L). RL values lies between 0 and 1 for favorable adsorption,
RL=1 represents linear adsorption, RL=0 indicates the irreversible ad-
sorption process and RL N 1 represents unfavorable adsorption. The
values of RL are all in the range of 0–1, which indicate the favorable ad-
sorption of MO onto G, CSB and GCSB. This means that the equilibrium
isotherms can be well described by the Langmuir isotherm model, and
the adsorption process is monolayer adsorption onto a surface with fi-
nite number of identical sites, which are homogeneously distributed
over the adsorbents surface.

3.5.2. Freundlich isotherm
Freundlich isotherm [37] can be applied to an adsorption system

when the number of adsorption sites exceeds the number of contami-
nant molecules/ions. The isotherm thus describes multilayer and phys-
ical adsorption over the heterogeneous surface. According to Freundlich
isotherm, each adsorbing site has specific bond energy and stronger
binding site is occupied first, and adsorption energy decrease exponen-
tially upon the completion of the process. The non-linear form of
Freundlich isotherm is given by the following equation:

qe ¼ K f C
1=n
e ð7Þ

whereKf (mg/g) and n are the Freundlich constantswhich represent ad-
sorption capacity at unit concentration and adsorption intensity, respec-
tively. Both Kf and n predict the feasibility of adsorption process.
Freundlich constants, n, is exponent which is measure of adsorption in-
tensity or surface heterogeneity, whose value lies in the range 1–10 for
favorable adsorption phenomenon. Kf values for MO come out to be
8.98, 17.4 and 25.4mg/g for G, CSB and GCSB, respectively. The n values
were 2.51, 2.85 and 3.11 for G, CSB and GCSB, respectively, thus n values
in the range 1–10, provided information about favorability of MO ad-
sorption onto G, CSB and GCSB.

3.5.3. Dubinin-Radushkevich isotherm
Dubinin-Radushkevich (D-R) isotherm [38], is more general than

Langmuir isotherm, since it does not assumes a homogeneous surface
or constant adsorption potential. This isotherm has been extensively
used to distinguish the physical and chemical adsorption. The non-
linear form of D-R isotherm is represented as follow:

qe ¼ Qm exp −K RT ln 1þ 1
Ce

� �� �2 !
ð8Þ

qe ¼ Qm ¼ exp −Kε2
� � ð9Þ

where Qm is the maximum amount of the dye ion that can be sorbed
onto a unit weight of sorbent, ε is the Polanyi potential which is equal
Dubinin-Radushkevich

R2 χ2 Qm (mg/g) K E (kJ/mol) R2 χ2

0.9201 19.3 40.9 0.048 3.2 0.9167 24.5
0.9103 55 56.1 0.025 4.5 0.8631 67.5
0.9349 46.6 68.2 0.015 5.8 0.9024 83.6



Fig. 9. Effect of temperature on MO of the G, CSB and GCSB.
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to RT ln (1+ 1/Ce), R is the gas constant 8.314 kJ/mol K, T is the temper-
ature (K) and Ce is the dye equilibrium concentration. The mean free
energy of sorption E (kJ/mol) required to transfer one mole of dye
from the infinity in the solution to the surface of G, CSB and GCSB can
be determined by the following equation:

E ¼ 1ffiffiffiffiffiffiffi
2K

p ð10Þ

The value of E is very useful in predicting the type of adsorption and
if the value is b8 kJ/mol, then the adsorption is physical in nature and if
it is in between 8 and 16 kJ/mol, then the adsorption is due to exchange
of ions [39]. In the present study, the values of E b 8.0 kJ/mol, indicated
adsorption of MO onto G, CSB and GCSB as physical process.

The non-linear form of adsorption data fitted to the Langmuir,
Freundlich and Dubinin-Radushkevich isotherm models are presented
in Fig. 8. From this non-linear fitting, some parameters of each model
can be determined and the results are presented in Table 3. Compared
to Freundlich and Dubinin-Radushkevich model, the Langmuir iso-
therms model employed to describe the adsorption process fits well
due to the higher value of R2, indicating the monolayer coverage of
MO onto G, CSB and GCSB. The maximum adsorption of G, CSB and
GCSB for MO obeys from Langmuir isotherm model.

The Chi-square analysis was used for comparing all isotherms on the
abscissa ad ordinate. The equation for evaluating the best fit model is to
be evolved as:

χ2 ¼ ∑
qe−qe;m
� �2

qe;m

 !
ð11Þ

where qe,m equilibrium capacity obtained by calculating from model
(mg/g) and qe was the equilibrium capacity (mg/g) from the experi-
mental data. If data from model were similar to the experimental data,
χ2 would be a small number and vice versa. The values of χ2 of each
model were shown in Table 3. In this study, the low Chi-square values
suggest that the Langmuir isotherm model is better fitted, followed by
Freundlich and Dubinin-Radushkevich isotherm models.

3.6. Comparison with other adsorbents

For further comparison with other various adsorbents, the adsorp-
tion capacity (qmax; mg/g) of different adsorbents reported in the liter-
ature [40–55]are listed in Table 4. According to this table, the adsorption
Table 4
Comparison ofMOadsorption capacity ofG, CSB andGCSBwith that of various adsorbents.

Adsorbent qmax (mg/g) Reference

Functionalized-CNTs loaded TiO2 42.85 [40]
Calcium alginate MWNTs 12.5 [41]
Chitosan/alumina composite 33 [42]
γ- Fe2O3/chitosan composite films 29.41 [43]
γ- Fe2O3/MWCNTs/chitosan 60.5–66.1 [44]
γ- Fe2O3/SiO2/CS composite 34.29 [45]
γ- Fe2O3 crosslinked chitosan composite 29.46 [46]
Chitosan/organic rectorite 5.56 [47]
Zirconium-immobilized bentonite 44.13 [48]
Al/CTAB-bent 42.37–47.55 [49]
Zeolite NaA/CuO 79.49 [50]
KGM/GO 51.6 [51]
FA modified Ca(OH)2/Na2FeO4 14.76 [52]
Magnetic MWCNTs 10.89 [53]
CS/Mt.-OREC microspheres 5.56 [54]
Protonated cross-linked chitosan 89.30 [55]
G 55 This study
CSB 73 This study
GCSB 84 This study
capacities of the G, CSB and GCSB weremuch higher than that of the re-
ported adsorbents, indicating that the G, CSB and GCSB have important
potential for the adsorption MO from aqueous solution.
3.7. Effect of temperature

Temperature is an extremely important parameter controlling
the adsorption process. The temperature is an indicator for the ad-
sorption nature whether it is an endothermic or exothermic process.
Fig. 9 shows MO adsorption onto G, CSB and GCSB at different tem-
peratures. TheMO adsorption capacity presents a significant increas-
ing trend with the rise in temperature (298–338 K), and it reached
up to 68.8, 84.3 and 92.8 mg/g for G, CSB and GCSB, respectively at
338 K. The results suggest that MO adsorption on the adsorbents
was favored at higher temperatures within the appropriate temper-
ature range and the G, CSB and GCSB can be used as high efficiency
adsorbents for the removal MO from aqueous solution. The reason
may be ascribed to the mobility of MO molecules increases with
the rise in temperature and more dye molecules can interact with
the active sites on G, CSB and GCSB. The MO adsorption capacities in-
creased with increase of temperature, indicating the endothermic
nature of adsorption.
Fig. 10. Plot of ln Kc vs 1/T for the estimation of thermodynamic parameters for adsorption
of MO onto G, CSB and GCSB.



Table 5
Thermodynamic parameters of MO on G, CSB and GCSB at various temperatures.

Adsorbent Temp. (K) ΔGo (kJ/mol) ΔSo (kJ/mol K) ΔHo (kJ/mol)

G 298 −0.0273
308 −0.4788
318 −0.7297 0.036 10.7
328 −0.1372
338 −1.5147

CSB 298 −1.2041
308 −1.6363
318 −2.0966 0.046 12.4
328 −2.6179
338 −3.0181

GCSB 298 −2.0242
308 −2.4736
318 −3.0642 0.061 16.3
328 −3.8587
338 −4.4119
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The temperature affects through the entropy (ΔSo) and the enthalpy
(ΔHo), in accordance with the van't Hoff Eq. (13) and the Gibb's free en-
ergy ΔGo in Eq. (14):

Kc ¼ CAe

Ce
ð12Þ

lnKc ¼ ΔSo

R
−

ΔHo

RT
ð13Þ

ΔGo ¼ −RT lnKc ð14Þ

where Kc is the ratio of CAe, the solid phase concentration of MO at equi-
librium (mg/L), to Ce, the equilibrium concentration of MO in solution
(mg/L), R is the universal gas constant (8.314 × 10−3 kJ/mol K), and T
is the absolute temperature (K). The values of entropy (ΔSo) and the en-
thalpy (ΔHo) were obtained from the slope and intercept of the van't
Hoff plots shown in Fig. 10, and the Gibb's free energy (ΔGo) was calcu-
lated from Eq. (14). The obtained values of the thermodynamic param-
eters ofMO adsorption onto G, CSB andGCSB are summarized at various
temperatures in Table 5. The negative values of Gibbs free energy
change (ΔGo) show that the adsorption of MO onto G, CSB and GCSB
are extremely favorable. Moreover, ΔGo values were found to decrease
with the rise of temperature confirmed the spontaneous nature of the
adsorption process at elevated temperatures, this may be explained
that the enlargement of adsorbent pores and more surface activation.
Generally, a value of ΔGo in between 0 and −20 kJ/mol is consistent
with electrostatic interaction between adsorption sites and the
Fig. 11. Effect of NaOH concentration on desorption of MO from the G, CSB and GCSB.
adsorbing ion (physical adsorption) while a more negative ΔGo value
ranging from −80 to −400 kJ/mol indicates that the adsorption in-
volves charge sharing or transferring from the adsorbent surface to
the adsorbing ion to form a coordinate bond (chemisorption) [56]. As
shown in Table 5, themagnitude of ΔGo indicates a typical physical pro-
cess. The positive values ofΔHo indicate that the adsorption processwas
endothermic and higher temperature was more favorable to the ad-
sorption. The positive ΔSo values suggest the increased randomness at
the solid-solution interface during the fixation of dye on adsorbent
surface.
Fig. 12.Methyl orange adsorption–desorption cycles: (A) G, (B) CSB and (C) GCSB.
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3.8. Desorption and regeneration studies

The recycling and regeneration of adsorbent is important for the
practical application of adsorption process. The adsorbents having re-
generation ability are considered as cost effective and applicable at
pilot scale. To test the suitability and stability of the adsorbent, it was
subjected to successive adsorption and desorption cycles. Dilute solu-
tions of bases could be employed for desorption studies. Here, NaOH so-
lution was selected as an eluent to desorb MO from the MO-loaded G,
CSB and GCSB. Various concentrations of NaOH (0.1–1.0 M) were used
as desorbing media for the regeneration of G, CSB and GCSB and results
are presented in Fig. 11. The results showed that with increase in con-
centration of NaOH solution the desorption efficiency decreased. From
Fig. 10, the desorption efficiency of 91% for G, 94% for CSB and 96% for
GCSB were observed, when the recovery of MO was obtained by 0.1 M
NaOH. Hence, 0.1 M NaOH was chosen as a suitable concentration for
the regeneration of MO. The regenerated adsorbents were reused for
adsorption-desorption cycles and the data were shown in Fig. 12. In
each cycle, the adsorbents were filtered and repeatedly washed with
deionized water after each desorption to eliminate the excess of base.
The results showed that the desorption percentage of MO decreased
to about 81, 85 and 88% after five cycles for G, CSB and GCSB, respective-
ly. It can be concluded that G, CSB, and GCSB can be used repeatedly
with negligible loss in their adsorption capacity for the representative
MO.
4. Conclusions

In this study, G, CSB andGCSB are employed as novel adsorptionma-
terial for the removal of MO from aqueous systems. The effects of the
pH, contact time, initial MO concentration and temperature were also
examined. FTIR spectra of the G, CSB and GCSB are clearly elucidated
the nature of the functional groups (\\OH,\\NH2 and\\C_O) onto
the surface are involved in the adsorption mechanism for the removal
of MO. The experimental data of MO sorption onto G, CSB and GCSB
were well fitted by Langmuir isotherm model. The maximum adsorp-
tion capacities were found to be 55, 73 and 84 mg/g at pH 3.0 for G,
CSB and GCSB, respectively. The adsorption kinetics followed the pseu-
do-second-ordermodel for all the systems. Further, the increase in tem-
perature favored the removal ofMO and the sorption processwas found
to be spontaneous and endothermic in nature. Regeneration studies
showed that up to five cycles G, CSB andGCSB can be effectively utilized
for the recovery of MO. These results show that G, CSB and GCSB are po-
tential adsorbents for removing MO from aqueous solution.
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