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A chitosan hydrogel crosslinked with the least amount of trimellitic anhydride isothiocyanate (H;) and filled with 0.6
wt% of single-walled carbon nanotubes (SWCNTSs) (Hi/SWCNTSs) was synthesized. Its structure was proven via Fourier
transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) observations. The adsorption capacity of Hi/SWCNTs for Basic red 12 (BR 12) dye, at pH
7 and 25 °C, was 14.80 mg g"! with a percent removal efficiency of 37.66%, which was greater by 1.8 times than that of
the parent hydrogel H; (8.21 mg g™ and 20.90%, respectively). Its sorption capacity slightly enhanced with decreasing
adsorption solution pH. The optimum adsorption capacity of 15.62 mg g and the % removal efficiency of 39.76% were
observed at pH 10 and 25 °C. The adsorption of BR 12 dye onto Hi/SWCNTs at different temperatures and different dye
solution pH values fitted to the pseudo-second order and the intraparticle diffusion kinetic models. The adsorption
isotherm for BR 12 dye by Hi/SWCNTs fitted to the Langmuir isotherm model, indicating the monolayer nature of
adsorption. BR 12 dye adsorption onto Hi/SWCNTs is an exothermic process. Thus, the inclusion of SWCNTs into the
matrices of functionalized chitosan hydrogel H; improved its features. It is a suitable way to obtain a favorable composite
with high-performance adsorbing characteristic for cationic dyes removal.

Keywords: chitosan hydrogel/SWCNTs composite, Basic Red 12 dye, adsorption, kinetics, adsorption isotherms,
adsorption thermodynamics

INTRODUCTION

Highly purified water is an essential demand for
the physiological activities of the living organisms.
Numerous kinds of non-biodegradable commercial
dyes are discharged into industrial wastewater,
causing water pollution.! The removal of these
dyes from industrial streams is essential before
discharging them into the environment since some
of them are carcinogenic, teratogenic, mutagenic
and toxic.? The cationic dyes are more toxic than
the anionic ones.® Several traditional physico-
chemical techniques have been used for the
treatment of industrial wastewater, such as
electrocoagulation,* photocatalytic degradation,’
flocculation,® reverse osmosis,’ membrane
filtration,® ion exchange,’ biodegradation,'®
oxidation—ozonation'! and chemical
precipitation.'”” Despite the fact that these
techniques have shown high efficiency, some

issues related to their use include high energy
consumption, high costs and toxic by-product
production from the chemicals used, in addition to
poor performance at low dye concentration.

The most efficient technique used for removing
dyes from aqueous medium is the adsorption
process, particularly when the adsorbents are
cheap, abundant and easily obtainable.”*""> In
addition, the adsorption process is characterized by
high performance, simplicity, ease of operation,
high possibility of restoring and reusing the
adsorbents, and its use does not result in any
harmful by-products.!¢-!8

Chitosan is one of the most promising
biopolymers, possessing some interesting
properties, such as water binding capacity,
antimicrobial activity, fat binding capacity, bio-
compatibility = and  bio-degradability, its
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degradation products are non-toxic, non-
immunogenic, and  non-carcinogenic.'*!%%
Chitosan acts as an efficient adsorbent of anionic
dyes due to its unique polycationic character,?-?
but it is not a good adsorbent for the adsorption of
cationic dyestuffs. Chitosan is readily soluble in
acidic solutions with degradation, restricting its
utilization as adsorbent for removing the dyes from
their effluents, which are usually acidic. Thus,
controlling the solubility of chitosan in acidic
solutions 1is a desirable property for such
application. Therefore, it is essential to develop a
stable and durable polymeric material, based on
chitosan, controlling both its solubility and its
adsorption  characteristics.  Modification of
chitosan  via  substitution,”?*  grafting,?>
blending??* crosslinking**3** and nanocomposite
formation®**13637 has been investigated to improve
its properties, such as lowering of its solubility,
inhibiting its degradation rate, and increasing the
life span of its products in different media.

Chitosan has been filled with carbon nanotubes
(CNTs) to improve its adsorption capability for
various dyes. This can be attributed to their nano-
sized layered hollow structures, together with a
great surface area. CNTs have a strong adsorption
interaction with organic aromatic pollutants. This
is due to the donating power of © electron of the
CNTs and the accepting nature of & electron for the
aromatic molecules. The potent surface
complexation of ions with functional groups are
considered the prime mechanism of adsorption of
cationic and anionic dyes onto CNTs.*¥

In our previous studies,’***! four chitosan-
based hydrogels (Hi-H4) have been designed and
synthesized using different concentrations of
trimellitic  anhydride isothiocyanate as a
crosslinker. The resulted crosslinked chitosan
hydrogels possess a variety of bioactive functional
groups (thiourea, amide, carboxylic groups), in
addition to the residual primary amino groups of
chitosan that are not consumed during the
crosslinking process. All the prepared hydrogels
showed higher chemical stability in acidic media
and better antimicrobial activity than those of the
parent chitosan.’! These amphoteric hydrogels
have greater adsorption capacity for both anionic
Congo Red dye* and cationic Basic Red 12 (BR
12) dye*!' from their aqueous solutions at a wide
range of pH values, compared to chitosan. Since
the least crosslinked chitosan hydrogel H; showed
the lowest adsorption capacity for cationic BR 12
dye relative to the other hydrogels,*' it became of
importance to develop its adsorption capacity for
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this dye by incorporating SWCNTSs into its
matrices. It would be expected that the resulting
Hi/SWCNT composites combine the adsorption
mechanisms of both the hydrogel H; and
SWCNTs.*! For this and for the first time, the
present work was directed to study the effect of
incorporating SWCNTSs into H; on its adsorption
capacity for BR 12 dye from its aqueous solution
at different temperatures and different pH values.
The kinetics, isotherms and thermodynamics of the
adsorption process were also investigated.

EXPERIMENTAL
Materials

Chitosan (deacetylation degree = 88%, and
molecular weight = 2.0x10° g mol™') (Funakoshi Co.
Ltd., Japan), glacial acetic acid (99.8%, E. Merck,
Darmstadt), trimellitic anhydride chloride (98%,
Aldrich), = ammonium  thiocyanate  (>97.5%),
polyethylene glycol 400 (99%) and SWCNTs (=95%,
Sigma-Aldrich), methylene chloride (>99.5%) and
sodium hydroxide pellets (98%, Loba Chemie), sodium
carbonate (99-100%, Techno Pharmchem), methanol
(299.9%, HPLC grade, Fisher Chemical), hydrochloric
acid (37%, PanReac. AppliChem-ITW Reagent) and
BR 12 dye (99% Hoechest, Germany) were used in this
study as received. Figure 1 presents the chemical
structure of the BR 12 dye.

Synthesis of trimellitic anhydride isothiocyanate-
cross linked chitosan hydrogel (Hi)

Crosslinked chitosan hydrogel (H;) was prepared
according to the method described in our previous
work.?! Briefly, solid trimellitic anhydride chloride
(0.53 g, 2.5 mmol) was added as one portion to 40 mL
of dichloromethane solution containing ammonium
thiocyanate (0.19 g, 2.5 mmol). To this reaction
mixture, 1 mL of polyethylene glycol-400 was added as
a phase transfer catalyst. The resulting reaction mixture
was stirred at room temperature for 2 h and then was
filtered to remove the ammonium chloride formed as a
white precipitate during the reaction. The filtrate
(trimellitic anhydride isothiocyanate) (Scheme 1A) was
added to chitosan (6.44 g, 40 mmol) that was dissolved
in 400 mL of aqueous acetic acid solution (1% v/v). The
reaction mixture was well stirred at 60 °C for 2 h, and
then at room temperature overnight to produce H;
(Scheme 1B).

Fabrication of H:

The formed crosslinked chitosan hydrogel, Hi, was
fabricated to particles of similar sizes by following the
process described in our previous work.*! Briefly, it was
dropped from a burette equipped with various micro-
pipette tips into an aqueous sodium carbonate solution
as a neutralizing medium for acetic acid. The produced
droplets of the hydrogel that appeared as spherical
particles in the solution were gently stirred for 24 h until



Hydrogel

reaching pH 7, filtered, washed repeatedly with filtered again, and finally dried at 60 °C to constant

deionized water, soaked in methanol for another 24 h, weight.

Figure 1: Chemical structure of BR 12 dye

(o)

Q

(&) Trimellitic anhydride chloride

sen | CHaCL
HNSCN 2Ch
RT /2h

)]
Trimellitic anhydride isothiocyanate
H OH
Q
o :
o~ o CH;COOH/60°C/ 2h
NH
H H
Chitosan
H o o H £ OH
H
Vi 0, 9 Q
o 0 o o P
OH
OH o
HN NHz
H H H H gl SNRES
c==s s
- _C=s
S NH
C=0 c=0
Hooc COOH
o—cC
C=——=0

H

N Ho gy, Hoonm
oH OH OH
Wng © o] o
s} ol o
Sk OH OH

Scheme 1: Synthesis of H;

The particle diameter was governed by the different using a suitable mesh to obtain particles having mostly
micro-pipette tips used. These particles were also sieved equal size. Thus, four different diameters of the
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hydrogel particles were obtained (0.4 mm, 0.8 mm, 1.5
mm and 3 mm), as measured using an electronic micro
Vernier caliper. The adsorption capacity (at pH 7 and 25
°C) of the hydrogel particles of various sizes (0.4 mm,
0.8 mm, 1.5 mm and 3 mm) was 14.8, 12.7, 10.8 and 8.6
mg g, respectively. This indicated that the greater
adsorption capacity was achieved onto hydrogel of 0.4
mm particle size than those of larger sizes (0.8 mm, 1.5
mm and 3 mm). This is ascribed to the larger surface
area of the particles of smaller size (0.4 mm). For this
reason, the present work has been confined to the study
of the kinetics, isotherms, thermodynamics and
optimization of the adsorption process of the hydrogel
of 0.4 mm particle size to remove the cationic BR 12
dye from its aqueous solution for industrial wastewater
treatment.

Synthesis of H/SWCNT composites
Four precalculated weight percent of the SWCNTs
were separately sonicated in 15 mL of aqueous acetic

Dispersed  (pitosan solution

SWCNTs

Trimellitic anhydride

isothiothyanate
——p

60°C for 120 min,
25°C overnight

acid solution (1% v/v) at 25 °C for 20 min to reach a
good dispersion of SWCNTs. Each dispersed SWCNTs
was gradually mixed with chitosan (6.44 g, 40 mmol)
dissolved in 400 mL of aqueous acetic acid solution (1%
v/v) and agitated using a mechanical stirrer at 25 °C for
90 min to realize high dispersion of SWCNTs in the
matrices of chitosan. To these mixtures, the same
amount of trimellitic anhydride isothiocyanate
crosslinker (2.5 mmoL) (Scheme 1A), which was
utilized to prepare H;,’' was added with continuous
mechanical stirring at 60 °C for 120 min and then at 25
°C overnight (Scheme 2). The weight percent of the
SWCNTs based on the weight of H; was 0.2%, 0.4%,
0.6% and 0.8%, to obtain four nanocomposites, which
were fabricated into particles by following the method
described above Hj. It was expected that the n-bonds of
the sidewalls of the SWCNTs would ionically interact
with the functional groups of the crosslinked chitosan
hydrogel Hi, leading to the formation of its
composites.3%31-36

Chitosan/SWCNTs
solution

H; /[SWCNT
composites

Scheme 2: Schematic illustration of Hi/SWCNT composites formation

Characterization
FTIR spectroscopy

A Tescan Shimadzu FTIR spectrophotometer
(Model 8000, Japan) was used for recording the FTIR
spectra of H; and Hi/SWCNTs composites for
identifing their structures.

X-ray diffractometry

Brucker’s D-8 advanced wide-angle X-ray
diffractometer was utilized to identify the interior
structure of SWCNTs, H; and Hi/SWCNTs composites.

Scanning electron microscopy

A scanning electron microscope (SEM) (Jeol-JSM-
6060LV) was used for observing the surface topography
of H; and Hi/SWCNTSs composites.

Transmission electron microscopy

A JEM-1400 transmission electron microscope was
utilized for identification of the morphological structure
of HI/SWCNTs composites.
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UV-visible spectroscopy

A UV-1650 PC Shimadzu spectrophotometer was
used to determine the dye concentration via measuring
the absorbance of its solution at Amax = 485 nm.

Point of zero-charge (pHpzc)

The pHpzc was determined by soaking the
Hi/SWCNTs composite (0.1 g) for 24 h in 10 mL of
aqueous NaCl solution (0.1 M), after adjusting its pH in
the range from 3 to 12. The pH was adjusted using
solutions of 0.1 N HCI and 0.1 N NaOH. Then, the pH
of the solution was measured by a pH meter. The pHpzc
value was obtained by plotting the graph of initial pH
against ApH (final pH — initial pH).*>*

Adsorption studies

The adsorbent (50 mg) and BR 12 dye solution (50
mL, 1x10* mol/L) were mixed into a glass conical flask
with shaking at a speed of 80 rpm and at a
predetermined temperature in a water bath till reaching
equilibrium. The adsorption process was carried out in



the temperature range of 25-55 °C, and at various dye
solution pH (4 to 10). Sodium hydroxide solution or
hydrochloric acid solution was used to modify the pH of
the dye solution.

The adsorption capacity of the adsorbent for the dye at
equilibrium time (qe (mg g!)) and at time t (q:(mg g™'))
was quantified by the weight balance relationships (Eqs.
1 and 2, respectively):

_ (Co=Ce)xV
o (1)
_ (Co=CoixV
T W )

where C, is the initial concentration of dye, C. is the dye
concentration at equilibrium time and C; is the dye
concentration at time t (mg L), V (L) is the dye solution
volume and W (g) is the weight of adsorbent. 443

The removal efficiency percent of the dye in the
equilibrium state was determined by Equation 3:*

% Removal efficiency = % % 100

5 3)
where C, and C. are the initial dye concentration and the
dye concentration at equilibrium time (mg L),
respectively.

Adsorption Kinetic studies

To explore the mechanism of adsorption for a dye
onto an adsorbent, the two kinetic models of the pseudo-
first order (Eq. 4) and the pseudo-second order (Eq. 5)
are usually applied:

L ki(ge — a0 “
d
f =k;(q. — Qt)2

(5)

where q. and q; are the quantities of the dyes adsorbed
onto the adsorbent at equilibrium time and at different
time intervals (mg g™), respectively, and k; (min™) and
k> (g mg'min™) are the rate constants of the pseudo-first
order and the pseudo-second order kinetic models,
respectively.*

The linear equations for the pseudo-first order and
pseudo-second order kinetic models are given in
Equations 6 and 7, respectively:2!46

kyt
2.303 (6)

log(qe-q:) = log(qe)—

b, . il t

at  k2qi  qe

(7

Adsorption isotherm studies

The adsorbent (10 mg) was introduced into tubes
containing 10 mL of BR 12 dye solution of different
concentrations (1x1073, 2x1075, 3x1073, 4x 10, 5x107,
6x107, 7x107, 8x10°, 9x103 and 1x10* mol L") at pH

Hydrogel

7 and agitated at a temperature of 55 °C till equilibrium
time.

The Langmuir, Freundlich, Temkin and Dubinin—
Radushkevich (D-R) isotherm models were used to fit
the experimental data. The Langmuir isotherm is
presented by Equation 8:

€u . & Ce

de Amax KL 9max 8)
where e, Ce, qmax, Kv are the amount of dye adsorbed at
equilibrium (mg g), the dye concentration in solution
at equilibrium (mg L), the monolayer sorption capacity
(mg g! and the Langmuir constant (L mg?),
respectively.

The affinity between the adsorbate and the adsorbent
can be obtained from the Langmuir parameter with the
help of the dimensionless separation factor (RL), which
can be presented by Equation 9:

1
Rj= ——
YT (1+KLCo) ©)

The Freundlich isotherm is presented using
Equations 10 and 11:

=KzC.ln
Qe Floe (10)

Ing. =InKg + ks InC,

n (11)
where Ky is the equilibrium adsorption coefficient (mg
¢ (L mg™), and 1/n is the empirical constant. In fact,
the n value depicts the favorability of the adsorption
process and Kr is the adsorption capacity and intensity
of the adsorbate.?!4647

The Temkin model assumes the decrease in the heat
uptake for dye molecules with surface saturation under
the effect of continuous interaction between the studied
adsorbent and dye molecules. The Temkin model can be
expressed by Equation 12:
ge=BInKr+BlInCe (12)
where B is the Temkin constant that is controlled by the
adjusted uptake in temperature (J mol!), Kr is the
binding constant of the Temkin isotherm (L g™), qe is
the amount of dye adsorbed at equilibrium (mg g™'), and
C. is the dye equilibrium concentration at a constant
temperature (mg L"). By plotting g against In C., the
constants B and Kr can be obtained from the slope and
the intercept, respectively.

The Dubinin—Radushkevich (D-R) model is used
for estimating the free energy of adsorption and the
characteristic porosity. This model can successfully
help in determining the type of the adsorption process
whether it is chemisorption or physisorption. The D-R
isotherm model doesn’t assume that the surface is
homogenous; so, it is more general than Langmuir
isotherm. The D-R isotherm is given by Equation 13:
In ge = In (Xm) - &> (13)
where q. is the amount of dye adsorbed at equilibrium
(mg g™"), Xum is the monolayer saturation capacity (mg g
), B is the activity coefficient that is related to
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adsorption mean free energy (mol® j2), and ¢ is the
Polanyi potential, which is determined by Equation 14:
e=RTIn (1+Ci)) (14)
where R is the universal gas constant (8.314 J mol'K™)
and T is the absolute temperature (K).

By plotting In qe versus €* using Equation 13, a

straight line is obtained with a slope and intercept of 8
and In Xp, respectively. The mean free energy of
adsorption, E, (kJ mol ") can be determined by Equation
15; )
E=r0s (15)
This means that the free energy can determine the type
of adsorption; if 8 < E < 16 kJ mol’!' the process is
chemisorption, while if it is less than 8 kJ mol, the
process is physisorption.?!

RESULTS AND DISCUSSION

Preliminary investigations of the adsorption
capacity (at pH 7 and 25 °C) of the four prepared
Hi/SWCNT composites, containing 0.2, 0.4, 0.6
and 0.8 wt% of SWCNTSs, revealed that the two
nanocomposites that contained 0.2 and 0.4 wt% of
SWCNTs did not show any improvement in the
adsorption capacity relative to Hj. This may be
attributed to their lower content of SWCNTs. The
incorporation of 0.6 wt% of SWCNTs into H,
enhanced the adsorption capacity of the produced
nanocomposite by 1.8 times, compared to that
obtained by the parent hydrogel H;. No further
boosting in the adsorption capacity of the
nanocomposites was observed when the inserted
SWCNTs increased from 0.6 to 0.8 wt%. Thus, 0.6
wt% of SWCNTs was sufficient to reinforce the
adsorption  capacity of the  produced
nanocomposite. For this reason, the present work
has been confined to studying the adsorption
capacity of the nanocomposite containing 0.6 wt%
of SWCNTs (denoted as Hi/SWCNTs) for BR 12
dye from its aqueous solution.

Transmission electron microscopy (TEM) of
Hi/SWCNTSs composite

The insertion of SWCNTs into H; was
confirmed using TEM observation. The presence
of homogeneously dispersed SWCNTs was
demonstrated in Figure 2 (a). This can be attributed
to the fact that the SWCNTs interacted ionically
with the functional groups of H;.

X-ray diffraction analysis of H;/SWCNTs
composite

The orderly structure and crystalline pattern of
SWCNTs are represented by two specific peaks at
diffraction angles of 26.8° (intensive) and 46.5°
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(very weak),*! whilst H; is completely amorphous
(Fig. 2 (b)). The diffraction pattern of Hi/SWCNTs
included both peaks of SWCNTSs, suggesting the
incorporation of SWCNTs into the matrices of H;.
This indicates the spreading of SWCNTs into H;
matrices, padding their interior spaces, leading to
the formation of Hi/SWCNTs.

FTIR spectroscopy of H; and Hi/SWCNTs
composite

FTIR spectra of H; and Hi/SWCNTs (Fig. 2 (c))
confirmed the interaction that occurred between
the functional groups of H; and the n-bonds of the
sidewall of the SWCNTs either via shifting of
some absorption bands to lower frequencies or by
the appearance of some new absorption bands. The
stretching vibration peak that related to NH groups
for H; at 3436 cm™ was shifted to a lower
wavenumber at 3418 cm”' in Hi/MWCNTs,
denoting the participation of these groups in the
interaction with SWOCNTs. This supports
previously published data.*® A new absorption
peak at 2850 cm™ in Hi/SWCNTs appeared,
suggesting the efficient incorporation of SWCNTSs
inside the matrix of the H,. There is a little shift in
the absorption peak of the COOH groups of H; at
1728 cm™ to a lower frequency at 1720 cm™ in the
Hi//SWCNTs, indicating that these groups
interacted with SWCNTs. The absorption peak at
1655 cm™! in Hy, attributable to the overlapped CO
(amide), NH (secondary amide), and C=C
(aromatic), was shifted to 1635 cm! in
Hi/SWCNTs, referring to its overlapping with the
vibrational frequency of the C=C bonds of the
inserted SWCNTs. The absorption peaks related to
N-C-S groups in H; at 1423 and 590 cm™ have
shifted to 1416 and 580 cm™” in Hi/SWCNTs.
Further, the absorption peak (intensive and broad),
attributed to the overlapped C=S with C-O groups,
has shifted from 1065 cm™ to 1055 c¢cm” in
Hi/SWCNTSs. These differences in the spectra
confirm the  successful preparation of
Hi/SWCNTs.

Scanning electron microscopy (SEM) of
Hi/SWCNTSs composite

After SWCNTSs have been incorporated into Hj,
the surface topography of the formed
nanocomposite was significantly changed — its
surface became very rough (Fig. 2 (e)), in
comparison with the surface topography of its
parent H; (Fig. 2 (d)). The SWCNTs were
regularly distributed on the H; composite surface
in a distinctive mode.



Point of zero-charge (pHpzc)

The pH of the zero-charge point is defined as
the pH at which the surface net charge becomes
equal to =zero under certain conditions of
temperature and aqueous solution composition.
This does not imply that the surface has no charge
at pHpzc, but rather there are equal amounts of
positive and negative charges. The magnitude of
the surface charge depends on the abundance and
types of functional groups, and on the pH of the
solution. The pHpzc plays an important role in
surface characterization, as it dictates how easily
an adsorbent can bind potentially harmful ions.
This is due to the fact that the adsorbent surface

a) Hi/SWCNTs

Hydrogel

bears a net negative charge at pH > pHpzc, making
the adsorption of cationic species more favorable.
Conversely, for pH < pHpzc value, the adsorbent
surface bears a net positive charge —NHZ capable
of repelling cations. The pHpzc value for the
Hi/SWCNTs composite obtained using the salt
addition method was found to be 7 (Fig. 3). The
surface of the H/SWCNTs composite becomes
more anionic by the increase in the pH value. This
is attributed to the deprotonation of the carboxylic
groups of the crosslinking linkages into the
carboxylate anions (-COO").*>*
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Figure 2: TEM image (a), X-ray diffraction patterns (b), FTIR spectra (c), and SEM images (d) and
(e) for H; and Hi/SWCNTSs composite
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Figure 3: pHy,. plot for Hi/SWCNTSs composite

Removal of BR 12 dye by Hi/SWCNTs
composite
Effect of temperature

Figure 4 (a) shows the results obtained in terms
of the adsorption capacity of Hi/SWCNTs for BR
12 dye as a function of time at 25, 35, 45 and 55
°C. The optimum adsorption capacity of
Hi/SWCNTs was obtained at 25 °C. No further
improvement in the adsorption capacity was
observed at temperatures above 25 °C. The
adsorption capacity (qe, Eq. 1) of HI/SWCNTSs was
14.80, 13.15, 12.54 and 12.33 (mg g!) at 25, 35,
45 and 55 °C, respectively (Fig. 4 (a)). The percent
removal efficiency (Eq. 3) of the BR 12 dye was
37.66, 33.47, 31.90 and 31.38% at 25, 35, 45 and
55 °C, respectively. Thus, the adsorption process
of BR 12 dye on Hi/SWCNTs was exothermic and
the adsorption was impeded by increasing
temperature. This may be explained by to the
desorption process resulted from the breakdown of
adsorption forces that were liable for the
adsorption of dye molecules on the adsorbent
surface, which might be due to damaging of active
sites and the weakening of adsorptive forces
between active binding sites of the adsorbent and
the adsorbate species.** This result is in good
agreement with the adsorption of Methylene Blue
and Orange Il dyes on carbon nanomaterials from
aqueous solutions.’' Interestingly, at 25 °C the
adsorption capacity (q.) and consequently %
removal efficiency of HI/SWCNTs are greater by
1.8 times than those of H; (8.21 mg g! and 20.90%,
respectively) reported in our previous work.*! This
may be attributed to the incorporated SWCNTs
into the matrix of H;.

In general, the adsorption of organic materials
onto carbon nanoparticles may originate through
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the formation of covalent bonds, hydrogen bonds,
electrostatic interactions, ® — 7 bonds, and
hydrophobic interactions.’* The high n electrons
density of sp? carbons of the sidewalls of CNTs
causes their high hydrophobicity. Thus, the
hydrophobic interaction may be responsible for the
adsorption of dyes onto the sidewalls of CNTs.>
The bulk © system of CNTs and the C=C or
benzene rings of the dye molecules may interact
through © — © bonding.’*3 The interaction of BR
12 dye with the SWCNTs is presented in Scheme
3.

Effect of dye solution pH

Figure 4 (b) shows the effect of the dye solution
pH (4, 7 and 10) on the adsorption kinetics of BR
12 dye onto Hi/SWCNTs at the temperature of 25
°C. The optimum adsorption capacity (q., Eq. 1)
(15.62 mg g!) and the % removal efficiency (Eq.
3) (39.76%) of HI/SWCNTs for BR 12 dye at pH
10 were greater than those obtained at pH 7 (14.80
mg g and 37.66%, respectively). Meanwhile, no
adsorption was observed at pH 4. Interestingly, at
pH 7, the adsorption capacity (qe) and the %
removal efficiency of Hi/SWCNTs are higher by
1.8 times than those of H; reported in our previous
work.*! This is supported by the study on the
adsorption of Methylene Blue dye on carbon
nanotubes from aqueous solutions.”’ At low pH
(pH 4), the positively charged adsorbent surface
(polycationic hydrogel) is considerably repulsed
with the cationic dye, resulting in hindering the
adsorption. On the other hand, at high pH (pH 10),
the positively charged cationic dye is attracted
effectively to the negatively charged adsorbent
surface (polyanionic hydrogel).>®
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Figure 4: Adsorption of BR 12 dye onto Hi/SWCNTSs composite (adsorbent dose = 50 mg, initial dye
concentration 1x10* mol L' and volume of dye solution = 50 mL): (a) Effect of temperature at pH 7,
(b) Effect of dye solution pH at 25 °C
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BR12dye T — T stacking

BR 11 dye
Scheme 3: Schematic illustration of the interaction mechanism of BR 12 dye with SWCNTs

Adsorption Kinetics

The results for the adsorption kinetics of BR 12
dye onto Hi/SWCNTs at dye concentration of
1x10* mol L', adsorbent dose of 50 mg, at
different temperatures (25, 35, 45 and 55 °C) and
at different solution pH (4, 7 and 10) are shown in
Figures 5 and 6, respectively. The different kinetic

parameters of the pseudo-first order and pseudo-
second order models for BR 12 dye adsorption
onto Hi/SWCNTs at different temperatures and at
different pH values were summarized in Table 1.
To investigate the kinetic mechanism that
affects the adsorption process, the pseudo-first
order (Eq. 6) and the pseudo-second order (Eq. 7)
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models were applied to interpret the experimental
results. The correlation coefficient (R?) values for
the pseudo-second order kinetic model were 0.973,
0.980, 0.920 and 0.987 at 25, 35, 45 and 55 °C,
respectively, which are higher than the
corresponding R? for the pseudo-first order kinetic
model (0.917, 0.786, 0.869 and 0.924) (Table 1).
Moreover, Figure 5 demonstrates that the pseudo-
second order kinetic model describes better the
adsorption process than the pseudo-first order
kinetic model for H;/SWCNTs at different
temperatures. Also, the correlation coefficient (R?)
values for the pseudo-second order kinetic model
were 0.973 and 0.961 at pH 7 and 10, respectively,
which are greater than their corresponding R? of
the pseudo-first order kinetic model (0.917 and
0.829) (Table 1). In addition, the values of q. (cal.)

Table 1

determined from the pseudo-second order model
are close to the q. (exp.) values. Therefore, the
adsorption kinetics of the BR 12 dye on
Hi//SWCNTs follows the pseudo-second order
kinetics, suggesting a chemisorption process.
Figure 6 also illustrates that the pseudo-second
order kinetic model describes better the adsorption
process than the pseudo-first order kinetic model
for Hi/SWCNTs at different pH. This supports the
findings of a previous study on the removal of
Methylene Blue from aqueous solution with
magnetite loaded multi-wall carbon nanotube®’ and
those on the adsorption of AB113 dye on C-
Fe»05.38 Further, from Table 1, the adsorption rate
constant k, and the equilibrium adsorption capacity
(qe) of H/SWCNTs for BR 12 dye increased with
increasing pH value.

Kinetic model constants and correlation coefficients for adsorption of BR 12 dye onto Hi/SWCNTs composite at
different temperatures and at different pH values

.. Temperature
Kinetic model Parameter 250 35 °C 45 °C 55 °C
ge (mg g 14.80 13.15 12.54 12.33
Pseudo-first ki x10* (min™") 122.06 292.48 204.97 191.15
order R? 0917 0.786 0.869 0.924
eal. 20.83 16.39 15.15 14.29
Pseudo-second  kox10*(g mg™! min) 5.257 6.791 7.724 9.396
order R? 0.973 0.980 0.920 0.987
o pH
Kinetic model Parameter 4 7 10
ge (mg g™ 0.00 14.80 15.62
Pseudo-first ki x10* (min™) 0.00 122.06 216.48
order R? 0.00 0.917 0.829
eal. 0.00 20.83 22.22
Pseudo-second k%10 (g mg™! min") 0.00 5.257 6.648
order R? 0.00 0.973 0.961
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Figure 5: Pseudo-first order (a) and pseudo-second order (b) for BR 12 dye adsorption onto Hi/SWCNTs
composite at different temperatures
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Figure 6: Pseudo-first order (a) and pseudo-second order (b) for BR 12 dye adsorption onto Hi/SWCNTs
composite at different pH values

Adsorption isotherms

Adsorption  isotherms investigation was
performed to examine the adsorption capacities
and to elucidate the adsorption mechanism of BR
12 dye onto the Hi/SWCNTs surface at the
adsorption equilibrium. The data obtained for the
adsorption of BR 12 dye onto Hi/SWCNTs under
the best conditions (10 mg of composite, 10 mL of
neutral dye solution, and 25 °C) were analyzed by
Langmuir (Eq. 8), Freundlich (Eq. 11), Temkin
(Eq. 12) and D-R (Eq. 13). The Langmuir isotherm
model is based on the assumption that there is
homogeneity along the surface of the adsorbent
since adsorption binding sites had equal affinity
and energy, each adsorbent site is occupied by only
one dye molecule and no further adsorption occurs
at these sites. Thus, the adsorption nature is a
monolayer process. The Freundlich isotherm
model is used to describe heterogeneous
adsorption systems, assuming that the reactions
take place in several sorption sites and the
adsorption is a multilayer process.*¢-3%0

The linear form of Langmuir, Freundlich,
Temkin and D-R isotherm equations, for the
adsorption of BR 12 dye onto Hi//SWCNTs, is
shown in Figure 7. The values of all the adsorption
isotherm parameters, with the values of correlation
coefficients (R?), are displayed in Table 2. It is
apparent that the Langmuir isotherm fitted better to
the experimental data, compared to the other
models, with the highest correlation coefficient
value R? (0.999), compared to that of the
Freundlich isotherm model (0.936), Temkin
isotherm model (0.975) and D-R isotherm model
(0.965). This is consistent with the results of
another study on the removal of Methylene Blue
from aqueous solution with magnetite loaded

multi-wall carbon nanotube.’’ For the Freundlich
model, the value of the empirical constant n"! was
less than 1.0, indicating favorable adsorption of the
dye onto the Hi//SWCNTs. This is in agreement
with other previously reported results.’’ The
adsorption processes were defined based on the
separation factor (Rp) value. It is irreversible,
linear, unfavorable or favorable when Ry value is
equal zero, 1, more than 1 or 0 < Ry < 1,
respectively.® In this study, the value of Ry is < 1,
indicating a favorable adsorption process of BR 12
dye onto Hi//SWCNTs. This is in agreement with
previously reported findings.>’

Comparison between the efficiency of
Hi/SWCNTs and other adsorbents for BR 12
dye removal

To evaluate the efficacy of the Hi/SWCNTs
composite, the adsorbent under study, its
maximum adsorption capacity for BR 12 dye has
been compared with those of other previously
reported adsorbents. The Hi/SWCNTSs adsorbent
was more efficient in adsorbing BR 12 dye than
some of the reported adsorbents,**> but less
efficient than others,*%>% as listed in Table 3. This
supports the promising potential of the designed
Hi/SWCNTs composite in applications for the
removal of BR 12 dye from its aqueous solution.

Thus, in the present study, environmentally
friendly chitosan has been modified in order to
obtain an increase in the assorted anionic sites, in
addition to incorporating SWCNTSs into its matrix
for effective adsorption of cationic BR 12 dye. The
findings suggest the possibility of applying the
Hi/SWCNTSs composite for removal of BR 12 dye
from its aqueous solutions.
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Figure 7: Linear Langmuir, Freundlich, Temkin and D-R isotherm models for the adsorption of BR 12 dye onto

Hi/SWCNTSs composite

Table 2
Langmuir, Freundlich, Temkin and D-R isotherm constants for adsorption of BR 12 dye onto Hi/SWCNTs composite
at 25 °C
Isotherm model Parameters Value
R? 0.999
Langmuir Ki (L mg™) 0.273
R 0.959-0.996
R? 0.936
Freundlich K¢(L mg™) 1.063
1/n 0.369
R? 0.975
Temkin Kr(Lmg") 2.653
B (J mol™) 0.776
R? 0.965
Xmax (Mg g7") 2.831
D-R B (mol? J2) 9x107
E (kJ mol ™) 745.356
Table 3
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Comparison between the efficiency of Hi//SWCNTs and other adsorbents for BR 12 dye removal

Removal Adsorption Dye conc. Temperature

Adsorbents efficiency (%)  capacity (mg/L) pH (mg/L) (°C) Refs.
Graphene 5 4 7 80.0 25 62
Graphene oxide 50 40 7 80.0 25 62
Animal bone meal 48.6 29.16 7 60.0 25 63

HI 20.90 8.21 7 393 25 41

H2 47.09 18.51 7 393 25 41

H3 62.28 24.48 7 39.3 25 41
H1/SWCNTs 39.76 15.63 7 39.3 25 This study




CONCLUSION

The combination between the polyanionic
character of trimellitic anhydride isothiocyanate-
crosslinked chitosan hydrogel (H;), which resulted
from the presence of the carboxylic groups, and 0.6
wt% SWCNTs enhanced the adsorption capacity
of the resulting Hi/SWCNTs composite for
removing cationic BR 12 dye from its aqueous
solution. The adsorption capacity of Hi/SWCNTs
was not influenced by the adsorption temperature.
Thus, the adsorption capacity of the composite at
25°C and at pH 7 was 14.80 mg g"!, with a percent
removal efficiency of 37.66%, — higher by 1.8
times than the corresponding values obtained for
the parent hydrogel H; (8.21 mg g and 20.90%,
respectively). Also, its sorption capacity slightly
enhanced with decreasing adsorption solution pH.
The optimum adsorption capacity of 15.62 mg g!
and the % removal efficiency of 39.76% were
observed at pH 10 and 25 °C. The adsorption
isotherm data were described well by the Langmuir
model, indicating that the BR 12 dye has been
chemically  adsorbed onto  Hi/SWCNTs.
Additionally, the chemical adsorption nature has
been evidenced by the fact that the experimental
data were fitted well by the pseudo-second order
kinetic model. Adsorption thermodynamic results
suggested that the adsorption process is exothermic
and spontaneous in nature. Accordingly,
Hi/SWCNTs could be applied as an efficient
adsorbent for removing of BR 12 dye from its
aqueous solution for industrial wastewater
treatment.
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