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ABSTRACT

The aim of this work was to first synthesize biocompatible nanocomposite (chitosan beads loaded
nickel-oxide nanoparticles) (CTS/NiO NPs) and then study its potential application towards adsorp-
tion of anionic azo dye, Congo red (CR), from wastewater. The newly synthesized and characterized
NiO nanoparticles were immobilized onto chitosan beads to prepare CTS/NiO NPs, which was char-
acterized by using Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDX)
and Fourier Transform Infrared (FT-IR) analysis. The effects of different system variables such as initial
dye concentration, contact time, reaction pH, adsorbent dosage and temperature were investigated
and based on the results optimal experimental conditions were ascertained. The results revealed that
the amount of CR adsorbed on the adsorbent increases with increasing initial dye concentration and
by decreasing pH. The Langmuir isotherm was the best-fit adsorption isotherm model for the exper-
imental data obtained from the non-linear chi-square statistic test. Kinetic studies showed that the
adsorption of CR followed pseudo-second order kinetics. Thermodynamic studies revealed that the
adsorption process was spontaneous and endothermic in nature.
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1. Introduction

The term environment has been derived from a French
word “Environia” means to surround. According to P. Gisbert
“Environment is anything immediately surrounding an object
and exerting a direct influence on it [1].” Environmental
pollution refers to the introduction of pollutants into the
environment that causes adverse change into the nature.
Environmental pollution has become a key focus of concern for
both developing and developed nations worldwide because
both are affected by and suffer from it. Among major three
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kinds of environmental pollutions i.e., water, air and soil, pol-
lution of water resources is a matter of great concern. A pollut-
ant can be defined as an unwanted substance introduced into
the environment that has undesired effects, or adversely affects
the usefulness of natural resources. The pollutant materials
are generally classified as organic and inorganic substances.
The synthetic dyes and heavy metals ions are major pollutant
constituents released into the environment every day.
Synthetic dyes are one of the most common constituents
of effluents discharged by various industries i.e., textiles,
leather, paper, printing, food, cosmetics, paint, pigments,
petroleum, solvent, rubber, plastic, pesticide, wood
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preserving chemicals and pharmaceutical industries [2,3].
Even very low concentration of dyes can color large water
bodies which obstruct light penetration, hinder photosyn-
thetic activity, inhibit the growth of biota and also have a pro-
pensity to chelate metal ions which result in micro toxicity to
fish and other organisms [4]. Approximately half of all dyes
are azo dyes, making them the largest group of synthetic col-
orants used in textile industries [5]. Congo Red (CR) [1-naph-
thalene sulfonic acid, 3, 3’- (4, 4’-biphenylenebis (azo)) bis
(4-amino-) disodium salt] is the most commonly used ben-
zidine based azo dye. It has a complex chemical structure
and high solubility in aqueous solution. It is metabolized to
benzidine, a known human carcinogen and exposure to this
dye can cause allergic responses [6]. Although CR, a human
carcinogen, has been banned in many countries due to health
hazards, but it is still widely consumed in several countries
[7] and looking upon its harmful effects it has been selected
as a model anionic azo dye in this study.

The treatment techniques applied to a broad range of
water and wastewater contaminated with dyes include
chemical coagulation/flocculation, ozonation, oxidation,
photo-degradation, reverse osmosis, electrodialysis, ultra-
filtration, ion-exchange, and chemical precipitation [8]. The
application of conventional physico-chemical methods has
been restricted due to consumption of high energy and
extravagant chemicals. In addition these methods generate
large amount of toxic sludge, which also create disposal
problem. The biological wastewater treatment techniques are
also not effective in the treatment of dye containing effluent
because of the low biodegradability of dyes [9]. Amongst all
these techniques adsorption has become one of the most eco-
nomical, effective and widely used treatment techniques for
the removal of dyes from aqueous solution.

A number of non-conventional, low-cost adsorbents have
been used for the adsorption of CR from aqueous solutions
such as cattail root [10]; activated carbon prepared from
Myrtus communis and Pomegranate [11]; hen feather [12];
rubber seeds (Hevea brasiliensis) [13] and tea waste [14].
However, because of the hydrophobic/anionic surfaces, some
of these adsorbents do not have good adsorption capacities.
To overcome from such problems many researchers have
studied various nanocomposite materials such as magnetic
alginate/y-Fe,0,/Cds nanocomposite [15]; carboxymethyl-
cellulose/montmorillonite nanocomposite [16]; a-Fe/Fe,O,
nanocomposite [17]; cobalt hybrid/graphene nanocompos-
ite [18]; ZnS/CdS nanocomposite [19] to remove congo red
from aqueous solution by adsorption technique. However,
preparation of such composites requires grafting by vari-
ous chemicals as well as addition of surfactants which ulti-
mately adversely affects the environment. Thus, it is essential
to develop the more effective and cheaper adsorbents with
higher adsorption capacities and minimum environmental
effects.

Chitosan is a linear polymer of a (1—4)-linked 2-ami-
no-2-deoxy-p-D-glucopyranose and is easily derived by
deacetylation of chitin. It is highly basic polysaccharide hav-
ing non-toxic, biocompatible and biodegradable nature. In
addition, chitosan is an environmentally amiable compound.
To keep in mind these applications of chitosan a number of
different chitosan composites such as N,O-carboxymethyl
chitosan/montmorillonite nanocomposite [20]; chitosan/

montmorillonite nanocomposite [21]; chitosan/organo-mont-
morillonite nanocomposite [22]; hydroxyapatite/chitosan
composite [23] were prepared and used to remove CR. Nickel
oxide (NiO) is an important transition metal oxide which can
be employed in various fields due to its chemical and thermal
stability and environmental benignity [24,25].

To the best of our knowledge, adsorption of CR dye by
Chitosan/NiO nanoparticles (CTS/NiO NPs) has not yet been
reported. Therefore, the aim of the present study was to syn-
thesize nanocomposite with a simple method and character-
ize by TEM, SEM, EDX and FT-IR, and then the application
of the nanocomposite for the removal of CR from aqueous
solutions was investigated by the influence of different
adsorption parameters, such as solution pH, initial dye con-
centration, contact time between adsorbate and adsorbent,
adsorbent dosage and temperature. In addition, the equilib-
rium isotherms, adsorption kinetics and thermodynamics
studies were also carried out.

2. Experimental
2.1. Materials and methods

The dye, Congo Red (C.I.: 22120, MW: 696.68, Molecular
formula: C,H,,N,Na,O,S,, A__: 497 nm), Chitosan powder
and other reagents used in this work were purchased from
ACS Chemicals Pvt. Ltd. and used as such without further
purification. All reagents used in this study were of analyt-
ical reagent grade. Deionized and distilled water was used
to prepare all the solutions. Aqueous 1 M NaOH and 1 M
HCl solutions were prepared from stock HCl and NaOH. The
initial pH was adjusted to the required value using NaOH or
HCl solutions prior to addition of the adsorbent.

2.2. Preparation of NiO nano-particles

The synthesis of Nickel oxide nanoparticles (NiO NPs)
was described in the previous literature [26,27]. Briefly, the
synthesis of NiO NPs was performed in two steps. The first
step consisted of the homogeneous precipitation method,
in which the precursor of the nano-NiO was synthesized.
Where 1 g of nickel nitrate hexahydrate [Ni(NO,),.6H,0O] and
4 g of sodium hydrogen carbonate (NaHCO,) were accurately
weighed and dissolved in 40 mL of distilled water in a sepa-
rate container. The solution of NaHCO, was added drop by
drop to the Ni(NO,),.6H,O solution, which was stirred with
a magnetic stirrer at room temperature until a homogeneous
solution was obtained. The mixture was then transferred to
a round bottom flask, sealed, and the temperature was main-
tained at 80°C for 1 h in a heating mantle. Then, the solution
was filtered and thoroughly washed with distilled water to
remove the possibly adsorbed ions and chemicals. In the sec-
ond step, the collected product was further heated at 500°C
for 2 h to obtain the dark colored NiO NPs.

2.3. Synthesis of NiO NPs loaded CTS beads

Chitosan powder was dissolved in 1% (v/v) acetic acid
solution to produce a viscous solution with 1% (w/v) chi-
tosan. In this viscous chitosan solution 0.5 g of NiO NPs
were added and the solution was stirred for 1 h at 50°C.
Afterwards the above solution was cooled down and then
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The final collected product
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Fig. 1. Synthetic pathways for nickel oxide nanoparticles (a) and chitosan beads loaded nickel oxide nanoparticles (b).

added drop-wise into 100 mL of 5% (w/v) sodium tripoly-
phosphate (STPP) solution, which neutralized the acetic acid
within the chitosan gel and thereby coagulated this gel to
spherical uniform beads loaded with NiO NPs. The chitosan
beads loaded NiO NPs were filtered rinsed with distilled
water and dried under vacuum and can be characterized and
used as an adsorbent. Figs. 1(a),(b) presented the synthetic
pathways for nickel oxide nanoparticles and chitosan beads
loaded nickel oxide nanoparticles, respectively.

2.4. Instrumentation

Transmission electron microscopic (TEM) images of NiO
NPs were taken with a Tecnai 20 (Philips, Holland) electron
microscope, the sample was dispersed in aqueous ethanol by
ultrasonic stirring in order to analyze the structure and mor-
phology of the samples. The surface morphology of NiO NPs

and CTS/NiO NPs were studied by using Nova Nano FEG-
SEM 450 spectrophotometer at an accelerating voltage of
20 kV attached with an X-ray energy dispersive spectrometer
TEAM EDS (EDAX Inc. USA). FT-IR spectra were recorded
from 400 to 4,000 cm™ with a Shimadzu-8400S FT-IR spectro-
photometer using the KBr pellet technique.

A double beam UV-Visible spectrophotometer (Jasco
V-630) was used for determination of CR concentration in
the supernatant solutions before and after adsorption. The
aqueous pH measurements were carried out using Equip-
Tronics pH meter (Digital pH meter Model No.: EQ-615).

2.5. Batch adsorption experiments

A stock solution (1,000 mg/L) of CR dye was prepared
by dissolving an appropriate amount of dye in double dis-
tilled water, which was further diluted to obtain desired



390 N.P. Raval et al. / Desalination and Water Treatment 62 (2017) 387402

concentrations. i.e.,, 25-200 mg/L. Batch adsorption exper-
iments were carried out to investigate the effect of initial
dye concentration, contact time, pH, adsorbent dose, and
temperature on the adsorption of CR onto CTS/NiO NPs
by varying the parameters under study and keeping other
parameters constant. In each experiment pre-weighed
amount of adsorbent was added to 100 mL of dye solution
taken in a 250 mL of conical flask and the pH was adjusted
by using 0.1 M NaOH or 0.1 M HCI. The resulting solution
was agitated at 120 rpm on a stirrer at constant temperature
and centrifuged (Remi Research centrifuge). The dye concen-
tration in supernatant solution were determined at character-
istic wavelength (A__ =497 nm) by double beam UV-visible
spectrophotometer.

The removal percentage (R %) of CR was calculated by
following expression:

(€,-C)

0

R%= x100% )

The amount of CR adsorbed (mg/g) was calculated based
on a following mass balance equation:

_(C,-C)V

7= @

where g, (mg/g) is the equilibrium adsorption capacity per
gram dry weight of the adsorbent; C (mg/L) is the initial con-
centration of CR in the solution; C (mg/L) is the equilibrium
concentration of CR in the solution; V (mL) is the volume of
the dye solution; W (mg) is the dry weight of the adsorbent.

2.6. Desorption and regeneration experiments

In order to make the adsorption process economically
more feasible, the desorption efficiency and regeneration
potential of adsorbent was studied by repeated desorption/
adsorption cycles. Desorption studies were carried out by
mixing 100 mg of the CTS/NiO NPs beads with 100 mL of
the dye solutions (100 mg/L). The mixture was shaken for
3 h at 120 rpm under room temperature (35°C). The com-
posite was collected and washed several times with distilled
water to remove unabsorbed CR. Further, dye loaded beads
were regenerated in 100 mL of alcohol solution on a rotary
shaker at 120 rpm, the concentrations of CR in the elutes were
determined to investigate the desorption efficiency, and then
it was washed with distilled water until a neutral pH was
obtained. The regenerated adsorbent was reused in the next
cycle of adsorption experiment.

3. Results and discussion
3.1. Physicochemical characterization
3.1.1. Transmission electron microscope study (TEM)

The size and morphology of NiO nanoparticles has been
established by the transmission electron microscopic (TEM)
studies. Fig. 2 shows the TEM images of the NiO nanoparti-
cles. The TEM image (Fig. 2(a)) shows the presence of dense
agglomerates. The particles have a spherical shape, and their
distribution is not uniform. TEM image (Fig. 2(b)) shows the

Fig. 2. TEM images of NiO NPs.

NiO nanoparticles have spherical shapes with an average
size of 25 nm.

3.1.2. Scanning electron microscope study (SEM)

SEM investigations at different magnifications were
carried out to study the morphological features and sur-
face characteristics of (i) NiO NPs and (ii) CTS/NiO NPs
before and after CR adsorption, and results are illustrated in
Figs. 3(a)—(c).

In Fig. 3(a) the NiO NPs were mostly found as irregular
spherical shape. Some particles with agglomerated surfaces
were also observed. It has been observed from Fig. 3(b) as
well as from the EDX spectra of Fig. 4(b) that the NiO NPs
were successfully assimilated with CTS beads. The surface
of the CTS/NiO NPs before CR adsorption consists of poly-
meric network with uneven pores, which becomes even,
smooth and non-porous after dye adsorption as examined
in Fig. 3(c).

3.1.3. Energy dispersive X-ray microanalysis studies (EDAX)

Figs. 4(a)-(c) shows the Energy Dispersive X-ray
(EDX) spectra of NiO NPs, CTS/NiO NPs and dye loaded
CTS/NiO NPs, respectively. As illustrated in Fig. 4(b), EDX
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Fig. 3. SEM images of NiO NPs (a); CTS/NiO NPs (b) and CR dye
adsorbed CTS/NiO NPs (c).

results showed that the content of nickel on the CTS beads
was 25.28 Weight % and 7.88 Atomic %, respectively, which
revealed that NiO NPs were successfully incorporated with
the CTS beads (Elemental composition (%) shown in the
Supplementary Material).
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Fig. 4. Energy Dispersive X-ray (EDX) spectra of NiO NPs (a);
CTS/NiO NPs (b) CR dye adsorbed CTS/NiO NPs (c).

3.1.4. Fourier transform infrared spectroscopic study (FT-IR)

The surface groups of the adsorbents, which are respon-
sible for the dye adsorption can be examined and identified
by using FT-IR data. The presence of characteristic peaks
and active sites of the adsorbents were confirmed with the
FT-IR spectra. In order to study the formation of Nickel-oxide
nanoparticles and CTS/NiO NPs the FT-IR spectra of CTS
beads (a), NiO NPs (b) and CTS/NiO NPs (c) were shown in
Fig. 5. The characteristic peaks in Fig. 5 confirm the formation
of nanoparticles and composite.

As shown in Fig. 5(b) the broad absorption band centered
at 3,445.46 cm™ was attributable to the O-H bond stretching
vibrations, and the band near 1,635.48 cm™ was assigned to
H-O-H bending vibrations. This provided the evidence for
the water of hydration in the structure, and it also implied the
presence of hydroxyl in the structure. The strong absorption
band around 421.33 cm™ was assigned to Ni-O stretching
vibration, that shows the formation of nanoparticles as com-
pared to the bulk form of NiO in which the bands generally
lies between 390 and 403 cm™ [28].

The wide peak at 3,431.13 cm™, corresponding to the
stretching vibration of hydroxyl, amino and amide groups,
moved noticeably to lower wave numbers 3,188.11 cm?
and became broader, which indicated the strong inter-
action between these groups and NiO NPs. The FT-IR
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Fig. 5. FT-IR Spectra of CTS Beads (a); NiO NPs (b) and CTS/NiO
NPs (c).

spectrum of Chitosan itself showed some features of amide
groups: amide I and amide II bands at 1,450-1,650 cm™.
The decrease of the band related to primary NH, groups at
1,450-1,650 cm™; 3,300-3,500 cm™; and 700-800 cm™ is an
indicative of NiO NPs immobilization onto the chitosan beads.

FTIR spectra of CTS/NiO NPs (a) and CR dye before (b) and
after (c) adsorption are presented in Fig. (6). The major differ-
ences are: the absorption band at 3,473.56 cm™ (Fig. 6(b)), corre-
sponding to the stretching vibration of -N-H in the strucure of
dye CR, diminishes after adsorption with CTS/NiO NPs
(Fig.6(c)).Thebandat1,614.31cm™, assigned to-N=N-stretching
(Fig. 6(b)), diminishes after adsorption (Fig. 6(c)). At the same
time, the strong bands at 1,224.71, 1,180.35 and 1,068.49 cm™,
attributed to S=O stretching (Fig. 6(b)), also diminish after
adsorption (Fig. 6(c)). The results indicated that the NH,,
-N=N- and -SO, groups of CR were involved in the adsorp-
tion process. Furthermore, the bands at 833.19 and 750.26 cm™
assigned to characteristic adsorption of aromatic skeletal groups
have also been reduced after adsorption.

3.2. Effect of pH

The pH of dye solution significantly affects the complex-
ation of dye molecule with the adsorbent surface. The adsorp-
tion of CR was studied in the pH range of 2.0 — 9.0 as shown
in Fig. 7. The adsorption capacity of CTS/NiO NPs decreased
with increase in solution pH. Tlhe higher adsorption at
lower pH was observed mainly because of the electrostatic
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Fig. 7. Effects of pH on the adsorption of CR by CTS/NiO NPs.
[C,= 100 mg/L; contact time = 60 min; dosage of adsorbent =
100 mg/100 mL; temperature = 308 K; agitation speed = 120 rpm].

interaction between the protonated groups of the adsorbent
and the negatively charged SO,” groups of the adsorbate. In
addition the H-bonding between the oxygen and nitrogen con-
taining functional groups of CR and adsorbent as well as the
hydrophobic-hydrophobic interaction between hydrophobic
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parts of adsorbate and adsorbent play significant role in the
adsorption process. As the pH of the dye solution increases
the excessive hydroxyl ions (OH") may compete with the dye
anions for positively charged sites on the adsorbent and hence
a slow reduction in dye uptake was observed. At higher pH
adsorption was mainly because of the chemical interaction
between adsorbate and adsorbent. Since, CR dye is slightly
soluble in water with a pH value of 2.0 as well as its expo-
sure to acid causes color change from red to blue, due to m — "
transition of azo group, pH 6.0 was considered as an optimum
pH value for adsorption of CR onto CTS/NiO NPs.

3.3. Effect of initial dye concentration and contact time

The adsorption of CR was measured at varying con-
tact times with five different initial dye concentrations. The
results obtained at 35°C temperature and 6.0 pH of CR solu-
tion are shown in Fig. 8. As shown in figure, with increasing
initial dye concentration from 25 to 200 mg/L, the amount of
dye adsorption was also increases from 22.51 to 160.36 mg/g.
The increase in adsorption capacity at higher initial dye con-
centration was mainly because of the high driving force for
mass transfer at enhanced dye concentration as well as the
resistance to the uptake of CR from the solution decreased
with increase in CR concentration.

Fig. 8 also indicates that the adsorption of CR is fast at
the initial stage of contact with the adsorbent, and then, it
becomes slower near the equilibrium. During the initial con-
tact time a large number of vacant surface sites are available
for adsorption, and after a lapse of time, aggregation of dye
molecules makes it difficult to diffuse deeper into the adsor-
bent structure at highest energy sites. Based on the results,
60 min contact time was fixed as equilibrium time through-
out the adsorption study.

3.4. Effect of adsorbent dosage

The adsorption of CR dye onto CTS/NiO NPs was stud-
ied by varying the amount of adsorbent (10-120 mg/100 mL)
while keeping the other parameters like initial adsorbate con-
centration (100 mg/L), contact time between adsorbate and
adsorbent (60 min) and temperature (35°C or 308 K) constant.
The increase in adsorbent dosage form 10 to 120 mg/100 mL
increased the percent removal of adsorbate from 54.97% to
90.08% (shown in Fig. 9), which was attributed to increased
adsorbent surface and availability of more adsorption sites. It
can be seen from the Fig. 9 that after 100 mg dosage the percent
removal of dye remains constant thus further study was car-
ried out by adding 100 mg adsorbent per 100 mL of adsorbate.

Although, the percentage removal of dye increased with
increase of adsorbent dose, the equilibrium adsorption capac-
ity (q,) for CR decreased with increasing amount of adsorbent
as depicted in the inset curve (Inset of Fig. 9). This may be
due to the decrease in total adsorption surface area available
to dye molecules resulting from overlapping or aggregation
of adsorption sites.

3.5. Effect of temperature

The adsorption studies were carried out at 25°C, 35°C
and 45°C and the results of these experiments are shown in
Fig. 10. It was observed that as the temperature increased

180
160 sk
140 - ',,%"'%__ ¥
120 - .-X’/-*------* 5 _Q.f--f'"'é
100 /,X"_ !____!--—Q""
% 80 - P — &
Ewl —‘;___i__i__i___;——i——i— a—3-3
R B e
20 - §//
° W
-20 : : : : : :
0 10 20 30 a0 s0 60 70
Time (min)

| ——25ppm —4—50ppm —&— 75ppm —@— 150ppm —*—200ppm |

Fig. 8. Effects of initial dye concentrations and contact time on the
adsorption of CR by CTS/NiO NPs. [pH = 6.0; dosage of adsorbent =
100 mg/100 mL; temperature = 308 K; agitation speed = 120 rpm].

100

—— % Dye Removal
s |[ 4% D Remoua |

80 4

70

=
H
—
sl ] o’
o E 400
A 40 = N\
- < 200 o
= 304 *Hﬂ-ﬁ
0 T
2057 0 50 100 150
10 4 Amount of Adsorbent (mg)
0 : . :
0 20 40 60 20 100 120 140

Amount of Adsorbent (mg)

Fig. 9. Effects of amount of adsorbent on the percentage removal
of CR by CTS/NiO NPs. [C, =100 mg/L; pH = 6.0; contact time =
60 min; temperature = 308 K; agitation speed = 120 rpm].

Note: Inset of Fig. 9. Effects of amount of adsorbent on the adsorp-
tion capacity of CR by CTS/NiO NPs. [C =100 mg/L; pH = 6.0; con-
tact time = 60 min; temperature = 308 K; agitation speed = 120 rpm].

098 —
10 y¥=-217.14c+ 16331 ifi %
a0 096 RE=1 —
;094 3 A
120 ¥ ™
Il £ o092
@ 100
B o 09 3 =3 s
& 088 ™ = 1

60 00031  0.0032
40 LT (KD

00033 00034

5 10 15 20 25 30 35 40 4as 50
Temperature (°C)

‘ W75 ppm #100ppm A 150 ppm ®175ppm % 200 ppm ‘

v =0.011x+68.474
R*=0834

¥ =0.049x + 87.829
R*=0999

v = 0.045x+ 126.963
R =0.947

v = 0.078x+ 143.358
R*=0926

y = 0.261x+ 150.524
R =0.950

Fig. 10. Effects of temperature for the adsorption of CR onto CTS/NiO
NPs. [pH = 6.0; contact time = 60 min; agitation speed = 120 rpm].
Note: Inset of Fig. 10. Van't Hoff plot of In Kc vs. 1/T for the adsorp-
tion of CR onto CTS/NiO NPs. [C = 100 mg/L; pH = 6.0; contact
time = 60 min; agitation speed = 120 rpm].



394

the adsorption capacity also increased, which indicated that
the process was endothermic in nature. The enhancement in
adsorption with temperature may be due to the increase in
the mobility of the dye molecule with increase in their kinetic
energy and the enhanced rate of intraparticle diffusion of
adsorbate with the rise in temperature.

3.6. Equilibrium adsorption isotherms

Adsorption isotherms describe how the adsorbate inter-
acts with adsorbent and provide comprehensive under-
standing about the nature of the interaction. Isotherms help
to provide information about the optimum use of adsor-
bents. So, in order to optimize the design of an adsorp-
tion system to remove dye from solutions, it is essential to
establish the most appropriate correlation for the equilib-
rium curve [29]. The most widely used isotherm models for
solid-liquid adsorption are the Langmuir and Freundlich.
The equilibrium data were analyzed using these two iso-
therm models.

The Langmuir model assumes that the each adsorbate
molecule is located at specific homogenous sites within the
adsorbent. Thus, it predicts the formation of a monolayer
of the adsorbate on the homogenous adsorbent surface and
does not consider surface heterogeneity of the adsorbent.
The linear form of the Langmuir adsorption isotherm [30] is
represented as:

C_1 .4 ¢

= ‘ ®)
qe KL KL

where C (mg/L) is the equilibrium concentration of the CR in
the solution. g (mg/g) is the equilibrium adsorption capacity
per gram dry weight of the adsorbent corresponding to com-
plete coverage of the adsorptive sites. a, (L/mg) and K, (L/g)
are the Langmuir isotherm constants. The values of a, and
K, were calculated from the slope and intercept of the plot

¢
of —~vs-c,. The parameters of the Langmuir equation were

calculated and given in Table 1.

The maximum adsorption capacities of CR by CTS/NiO
NPs at 25°C, 35°C and 45°C were 227.3, 232.6 and 238.1 mg/g,
respectively, indicating that increasing temperature induced
a higher maximum adsorption capacity.

The maximum monolayer concentration of CR on differ-
ent adsorbents reported elsewhere were also compared with
the present study and shown in Table 2.

Table 1
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The essential characteristic feature of Langmuir iso-
therm can be expressed in terms of “R,”, a dimensionless
constant referred to as “separation factor” or “equilibrium
parameter”. The value of R, is calculated using the following

equation:

1

R=la ) ()

The R, value indicates whether the adsorption is unfavor-
able (R, > 1), linear (R, = 1), favorable (0 < R, <1) or irrevers-
ible (R, = 0) [31]. The values of R, in this study are listed in
Table 1 and all are between 0 and 1, revealing that CTS/NiO
NPs is a favorable adsorbent for CR removal, especially at
lower CR concentrations.

Freundlich adsorption isotherm [32] defines the adsorp-
tion onto the adsorbent with heterogeneous surface. The
linear form of Freundlich isotherm model is as follows:

logg, =logK, +llogCg )
n

where K, (mg!*" L'/g) is the Freundlich adsorption iso-
therm constant, relating to the extent of adsorption. n (g/L) is
the Freundlich exponent. A value for 1/n below 1 indicates a
normal Langmuir isotherm while 1/n above 1 is indicative of
cooperative adsorption.

The values of K, and 1/n are calculated from the slope
and intercept of the plot of log g vs. log C, and were listed
in Table 1. Both the plots of Langmuir (a) and Freundlich (b)
isotherms have been presented in Fig. 11.

3.7. Error analysis

In the single component isotherm studies, the optimi-
zation procedure requires an error function to be defined in
order to be able to evaluate the best fit of the isotherm equa-
tion to the experimental equilibrium data. In this study, linear
coefficient of determination (R?) and a non-linear Chi-square
test (x?) were performed for both the isotherms.

The Chi-square test statistics is basically the sum of the
squares of the differences between the experimental data
and the data obtained by calculating from models, with
each squared difference divided by the corresponding data
obtained by calculating from models. The mathematical
equation can be represented as:

Constants for equilibrium isotherm models with error analysis values for CTS/NiO NPs

Experimental ~ Adsorption isotherm parameters
conditions Langmuir Freundlich

q, (mg/g) K, (L/g) R, R X2 K. (mgL'/g)  1/n R 12
T=298 K 227.3 12.79 0.082-0.416 0.969 3.162 16.48 0.652 0931  16.28
T=308 K 232.6 13.35 0.080 - 0.411 0.961 3.803 17.46 0.644 0928 1331
T=318K 238.1 13.81 0.079 - 0.408 0.967 2.943 17.66 0.653 0936 1292
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Table 2
Comparison of maximum monolayer adsorption capacity of various absorbents for CR removal
Sr.No. Adsorbents /. Kinetic Isotherm Thermodynamic  Contact Adsorbent References
(mg/g) study study study time dosage
1 Chitosan beads loaded ~ 238.1  Pseudo Langmuir ~ Endothermic 60 min 100 mg/100 mL  Present
nickel-oxide nanoparti- 2nd order Study
cles (CTS/NiO NPs)
2 Hierarchical NiO 223.8  Pseudo Freundlich - 120 min  0.02 g/50 mL [39]
architectures 2nd order
3 Modified xanthan gum/ 209.2  Pseudo Langmuir ~ Endothermic 150 min 50 mg/25 mL [40]
silica hybrid nanocom- 2nd order
posite
4 Chitosan beads 166.67 Pseudo Langmuir - 90 min 0.1 g/100 mL [41]
2nd order
5 Carboxymethyl cellu- 161.1  Pseudo Langmuir - 360 min - [16]
lose/montmorillonite 2nd order
nanocomposite
6 Polyethyleneimine- 118.0  Pseudo Langmuir  Endothermic - 10.0 g/L [42]
modified wheat straw 2nd order
7 Chitin (CH) Beads 112.36  Pseudo Langmuir - 90 min 0.1 g/100 mL [41]
2nd order
8 vy - Fe,0,/C nanocom- 10530 - Langmuir - 120 min  0.5gL?! [43]
posite
9 v-ALO,/Ni .Zn  Fe,O, 75.52 Pseudo Temkin - 180 min 2.5gL™? [44]
microfibers 2nd order
10 N,O-carboxymethyl 7424 Pseudo Langmuir ~ Endothermic 480 min  0.05 g/25 mL [20]
chitosan/montmorillon- 2nd order
ite nanocomposite
11 Magnetic cellulose/ 66.09 Pseudo Langmuir  Exothermic 600 min 1.0gL* [45]
Fe304/activated carbon 2nd order
composite
12 Magnetic composite 56.66 Pseudo Langmuir  Endothermic - - [46]
(chitosan coated 2nd order
magnetic Fe,O, particle)
13 Chitosan/montmorillonite  54.52 Pseudo Langmuir  Endothermic 480 min 0.1 g/25 mL [21]
nanocomposite 2nd order
14 Fe,O,/C nanocomposite ~ 48.10 - Langmuir - 120 min  0.5gL™? [43]
15 Magnetic Fe,O,@ 33.66 Pseudo Langmuir - 30min 10 mg/25 mL [47]
graphene composite 2nd order
(FGC)
16 Polyaniline-Montmorril- 251 - Freundlich Endothermic 60 min 50 mg/50 mL [48]
lonite Composite
, (etenpy — Tecea ) The results Qf the lipear coefficient of determination
= (6) (R? and a non-linear Chi-square test (x?) for two adsorp-

qe(cul)

where, g, (ng/g) is the experimental data of the equi-
librium capacity; g, (mg/g) is the equilibrium capacity
obtained by calculating from the model. If data from the
model are similar to the experimental data, x* will be a
smaller number, and if they differ, x> will be a bigger num-
ber. Therefore it is necessary to analyze the data using the
non-linear Chi-square test to confirm the best fit isotherm for
this adsorption system [33].

tion isotherms indicated that the Langmuir isotherm model
appeared to be the best fitting model for adsorption of CR
onto CTS/NiO NPs.

3.8. Adsorption kinetics

Study of sorption kinetics provides valuable insights
into the reaction pathways and in turn controls the resi-
dence time of adsorbate uptake at the solid-solution inter-
face. In addition kinetics study is helpful for selecting
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optimum operating conditions for the full-scale batch pro-
cess [34]. Therefore, several kinetic models including the
pseudo-first-order equation, pseudo-second-order equation
and intraparticle diffusion model were applied to the exper-
imental data obtained.

The linear equations for the applied models were:
Pseudo-first-order model:

0.35
L2 +298K
i R2=0.969
= ¥2=3.162
-
5 2
I 0308K
¥ 015 R%= 0.961
01 1% =3.803
s A318K
RZ=0.967
2 ' : : : 72=2943
a 10 20 30 40 50 =
C. (mg/L)
25
5 +298K
R2=0.931
12 =16.28
15 A
i ®308K
10 1 4 A
R2=0.928
12=13.31
0.5 -
A318K
5 , , , RZ=0.936
0 0.5 1 15 2| y*=1292

log C.

Fig. 11. Langmuir (a) and Freundlich (b) isotherm plots for
the adsorption of CR onto CTS/NiO NPs. [pH = 6.0; contact
time = 60 min; dosage of adsorbent = 100 mg/100 mL; agitation
speed =120 rpm].

Table 3

Kinetic parameters for the removal of Congo Red by CTS/NiO NPs
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k
log(q, —q,) =logq, -~ —t @)

2.303

Pseudo-second-order model:

—= ®

Intraparticle-diffusion model:

q, =K " +1 ©)

where gq(mg/g) and g, (mg/g) are the amounts of dye
adsorbed on adsorbent at equilibrium and at time t, respec-
tively, k, (1/min) and k, (g/mg min) are the rate constants of
pseudo-first-order and pseudo-second-order kinetic models.
K, is the intraparticle diffusion rate constant (mg/g min'?)
and [ (mg/g) is the intercept.

The straight-line plots of log (g-4,) vs. t for the
pseudo-first-order reaction and the t/g, vs. t for the
pseudo-second-order reaction for the adsorption CR onto
CTS/NiO NPs have been investigated toobtain the rate
parametersand are given in Table 3. It can be seen that the
values of the correlation coefficient for pseudo-second-
order rate model were closer to unity as compare to the
pseudo-first-order. As shown in Table 3 the values of the rate
constant k, decreases with increasing initial CR dye concentra-
tion because higher dye concentration corresponds to higher
surface loading which decreases the diffusion efficiency. The
plots of pseudo-first-order and pseudo-second-order were
shown in Figs. 12 and 13.

The adsorbate species are most probably transported
from the bulk of the solution into the solid phase through
intraparticle diffusion/transport process, which is often the
rate-limiting step in many adsorption processes. The pos-
sibility of intraparticle diffusion was explored by using
the intraparticle diffusion model [35], which is commonly
expressed by the Eq. (7).

The value of intercept I provides information about the
thickness of the boundary layer, the resistance to the external
mass transfer increase as the intercept increase. If the intra-
particle diffusion is involved in the adsorption process, then
a plot of {2 vs. g, would result in a linear relationship and

Adsorption kinetics rate  Kinetic parameters

Initial concentration of CR dye

models (308 K)

25 mg/L 50 mg/L 75 mg/L 100 mg/L 150 mg/L 200 mg/L

Pseudo-first-order k, (1/min) 0.038 0.081 0.090 0.047 0.045 0.049
model T, ) (M/8) 7.114 32.73 77.25 90.82 120.98 172.47

R? 0.959 0.994 0.918 0.835 0.899 0.923
Pseudo-second-order k, (g/mg.min) 0.012 0.004 0.002 0.0005 0.0004 0.0002
model T, oy (MB/8) 23.04 51.02 76.92 108.7 153.8 208.3

R? 0.997 0.999 0.997 0.942 0.960 0.945
Intraparticle diffusion K, (mg/g.min'?) 1.021 3.748 5.595 9.746 14.001 19.06
model I (mg/g) 14.46 20.43 28.71 11.01 16.37 10.19

R? 0.939 0.856 0.973 0.974 0.990 0.984
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log (g,-q) (mg/g)

T
o 10 20 30 40 50 60
Time (min)

| W25 ppm 450 ppm A75ppm ®150ppm X 200 ppm |

y=-0017x+ 0.852
R*=0.959

y=-0.035x+ 1521
R* =0.994

v =-0.039x + 1.888
R'=0918

v =-0020x+ 2083
R*=0.899

y=-0022x+ 2237
R*=0923

Fig. 12. Pseudo-first-order model for the adsorption of CR onto
CTS/NiO NPs. [pH = 6.0; dosage of adsorbent = 100 mg/100 mL;
temperature = 308 K; agitation speed = 120 rpm].
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Fig. 13. Pseudo-second-order model for the adsorption of
CR onto CTS/NiO NPs. [pH = 6.0; dosage of adsorbent =
100 mg/100 mL; temperature = 308 K; agitation speed = 120 rpm].
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y = 5.535x+ 28711
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v =14.001x+ 16.366
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¥ =19.060x+10.194
R* =0.984

Fig. 14. Intraparticle diffusion model for the adsorption of
CR onto CTS/NiO NPs. [pH = 6.0; dosage of adsorbent =
100 mg/100 mL; temperature = 308 K; agitation speed = 120 rpm].

the particle diffusion would be the controlling step if this
line passed through the origin. When the plots do not pass
through the origin, this is indicative of some degree of bound-
ary layer control and the further show that the intraparticle
diffusion is not the only rate-controlling step, but also other
processes may control the rate of adsorption, all of which
may be operating simultaneously [36]. From Fig. 14 it can be
seen that the linear portions of curves do not pass through
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the origin. This indicates that the intraparticle diffusion is not
the sole rate controlling step for the adsorption mechanism of
CR onto nanocomposite. The intraparticle diffusion rate con-
stant, K, were in the range of 1.021 to 19.06 mg/g min'?and
it increase with increase of initial dye concentration. From
the above results it may be concluded that surface adsorp-
tion and intraparticle diffusion were concurrently operating
during the CR and adsorbent interactions [37].

3.9. Thermodynamic study

The thermodynamic parameters such as change in Gibb’s
free energy (AG°), change in enthalpy (AH°) and change in
entropy (AS°) were also studied to understand better the
effect of temperature on the adsorption process.

The Gibbs free energy of adsorption AG® is calculated
from the following equation:

AG®=-RTInK, (10)

where K _is the adsorption equilibrium constant. The value of
K_is calculated from the following equation:

K Ce
°C

e

(11)

where C_ is the equilibrium dye concentration on the adsor-
bent (mg/L) and C, is the equilibrium dye concentration in
solution (mg/L).

Standard enthalpy and Standard entropy of adsorption
can be estimated from Van't Hoff equation:

AH° AS°
+

InK =-—
¢ RT R

(12)

The value of AH® and AS° were calculated from the slope
and intercept of Van't Hoff plot (presented in the inset curve
of Fig. 10) of InK_vs. 1/T and are shown in Table 4.

The Gibbs free energy demonstrates a spontaneous
and favorable adsorption process. The higher negative
value reflects a more energetically favorable adsorption. As
shown in Table 4, the values of AH®° and AS°® were positive
for adsorption of CR onto CTS/NiO NPs. The important ther-
modynamic function AH® is very useful whenever there is a
differential change occurs in the system. The positive value
of AH® indicates that the adsorption process is endothermic
in nature and the positive value of AS® showed the increase
in degree of freedom or increases the disorder of adsorp-
tion process. It also suggests increased randomness during
adsorption [38].

3.10. Desorption and regeneration studies

In order to evaluate the possibility of regeneration of
composite adsorbent desorption experiments have been per-
formed. The cycles of adsorption/desorption experiments
were carried out up to three times. After four cycles, the
adsorption capacities of CR dye on adsorbent decreases from
61.59% to 50.32%. This behavior indicates that the adsorbent
can be reused successfully three times for the CR adsorption
from aqueous solution.
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Table 4
The obtained thermodynamic parameters of CR adsorption on CTS/NiO NPs
Sr.No. Initial CR concentration ~ Temperature AG® AH° AS° R?
C, (mg/L) (K) (kJ/mol) (kJ/mol) (kJ/mol/K)

1 25 298 -5.432 2.784 0.027 0.84
308 -5.640
318 -5.985

2 50 298 -5.780 8.243 0.047 0.773
308 -6.500
318 -6.716

3 75 298 -5.933 1.527 0.025 0.944
308 -6.204
318 —6.434

4 100 298 -5.195 4.158 0.031 1
308 -5.509
318 -5.822

5 125 298 —4.833 3.264 0.027 0.861
308 -5.032
318 -5.378

6 150 298 —4.383 1.924 0.021 0.937
308 —4.567
318 —4.807

7 175 298 -3.949 2.553 0.022 0.914
308 —4.123
318 —4.386

8 200 298 -3.188 6.390 0.032 0.962
308 -3.580
318 -3.829

3.11. Mechanism of adsorption

The investigation of adsorption mechanism is an import-
ant function to be performed in the dye adsorption study. The
possible interactions between adsorbate (congo red dye) and
adsorbent (nanocomposite) were hydrogen bonds, electrostatic
interaction and availability of larger surface area due to the
presence of nanoparticles. Hydroxyl was the major functional
groups of nanocomposite which adsorb dye by the formation
of hydrogen bond. In addition, presence of carboxyl and amide
functional groups adsorbs the dye by electrostatic interaction.

The surfaces of CTS/NiO NPs have the positive charges
relevant to metal cations (Ni*) that can adsorb the anionic
CR dye as there are two sulfonate groups in CR molecule.
Therefore below the neutral pH, the adsorbent surface is pos-
itively charged, and anion adsorption occurs due to electro-
static attractions. Another theory at acidic pH is also existence
of hydrogen bonds between adsorbent’s hydroxyl groups
and sulfonate or amine sites of dye molecule. As the pH of
the CR solution increased, an extreme decrease in adsorption
took place. Generally at higher pHs, the anion OH" can com-
pete with anionic sites of CR dye.

4. Conclusions

Novel biocompatible nanocomposite (Chitosan beads
loaded nickel oxide nanoparticles) was synthesized,

characterized and its adsorption properties were inves-
tigated for hazardous anionic azo dye congo red. TEM,
SEM, FT-IR and EDX were analyzed, and the results indi-
cate that the nanocomposite has been successfully pre-
pared and further can be used as an adsorbent. Various
system variables like pH, adsorbate concentration, con-
tact time, dosage of adsorbents and temperature on
adsorption of CR were investigated. The results indicate
that the adsorption of CR increases with increasing ini-
tial dye concentration, decreasing pH and reaches equi-
librium within 60 min of contact time. The adsorption
process followed well to the Langmuir adsorption iso-
therm and the highest adsorption capacity approaches
238.1 mg/g. The thermodynamic parameters calculated
from the temperature-dependent isotherms indicate that
the adsorption is spontaneous process and endothermic in
nature. Further, the pseudo-first-order and second-order
kinetic models were used to describe the kinetic data, and
the rate constants were evaluated. The experimental data
fit well with the second-order kinetic model.
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Abbreviations

CTS Beads —  Chitosan Beads

CTS/NiONPs —  Chitosan beads loaded nickel oxide
nanoparticles

CR — Congo red

TEM —  Transmittance electron microscopy

SEM —  Scanning electron microscopy

EDX —  Energy dispersive X-ray spectroscopy

FT-IR —  Fourier transform Infrared spectroscopy

UV-Vis. —  Ultraviolet—visible spectrophotometer

Symbols

R % —  Removal percentage of dye

q, —  The equilibrium adsorption capacity of
the adsorbent, mg/g

G, —  The initial concentration of CR in the
solution, mg/L

C, —  The equilibrium concentration of CR in

the solution, mg/L
1% —  The volume of the solution, mL
w —  The dry weight of CTS/NiO NPs, mg
t —  Time (minute)
a, —  The Langmuir isotherm constant, L/mg
K, —  The Langmuir isotherm constant, L/g.

q, —  The monolayer sorption capacity of the
nanocomposite, mg/g

R? —  The Linear coefficient of determination

R, — Separation factor or Equilibrium
parameter (Dimensionless)

K, — The Freundlich adsorption isotherm
constant (mg''" L' / g)

n —  The Freundlich exponent (g/L)

x? — Anon-linear Chi-square test

Donpy —  The experimental data of the equilib-

rium capacity, mg/g

egeay —  The equilibrium capacity obtained by
calculating from the model, mg/g

T —  Absolute temperature, K

q, — The amounts of dye adsorbed on
adsorbent at time ¢, mg/g

k, — The pseudo-first-order rate constant,
(per minute)

k, — The pseudo-second-order rate con-
stant, g/mg.min

K —  The equilibrium constant at temperature
T (Dimensionless)

C, —  The equilibrium dye concentration on
the adsorbent, mg/L

AH° —  Change in Enthalpy, k]/mol

AS° —  Change in Entropy, J/mol/K

AG° —  Gibbs free energy, kJ/mol

R —  Universal gas constant, 8.314 J/mol/K
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Fig. S1(a). Energy Dispersive X-ray (EDX) spectra of CTS beads. (b) Energy Dispersive X-ray (EDX) spectra of nanocomposite
[CTS/NiO NPs].

Table T1

Elemental composition of chitosan beads
Element Series unn. C (wt.—%) norm. C (at.—%) Atom. C (%) Error
Carbon K-Series 14.66 14.66 18.86 4.7
Nitrogen K-Series 9.76 9.76 10.77 32
Phosphorus K-Series 5.07 5.07 2.53 0.2
Sodium K-Series 0.83 0.83 0.56 0.1
Silicon K-Series 0.00 0.00 0.00 0.0

Oxygen K-Series 69.67 69.67 67.28 21.2
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Table T2

Elemental composition of nickel oxide nanoparticles (NiO NPs)
Element Weight % Atomic%  NetInt.  Error % K ratio zZ R A F
CK 11.19 29.94 68.03 12.38 0.03 1.24 0.87 0.23 1
NK 1.56 3.58 9.72 25.44 0.00 1.21 0.88 0.25 1
OK 12.68 25.45 254.13 8.83 0.06 1.18 0.89 04 1
CIK 0.63 0.57 21.53 27.62 0.01 1 0.97 0.85 1.01
NiK 73.94 40.46 430.53 4.83 0.68 091 1.02 1 1

Table T3

Elemental composition of nanocomposite (CTS/NiO NPs)
Element Weight %  Atomic%  NetInt.  Error % K ratio zZ R A F
CK 30.24 46.05 130.12 10.63 0.09 11 0.94 0.27 1
NK 3.77 4.92 9.72 23.41 0.01 1.08 0.96 0.17 1
OK 30.96 35.39 276.22 9.48 0.10 1.05 0.97 0.3 1
PK 9.63 5.69 233.83 4.93 0.07 091 1.02 0.85 1
SK 0.12 0.07 2.83 62.18 0.00 0.93 1.02 0.86 1
Ni K 25.28 7.88 86.58 12.61 0.20 0.79 1.05 1.01 1




