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ABSTRACT

The nanoparticles of templated crosslinked chitosan, ECH-RB5 and ECH-3R, were prepared through the
imprinting process using Remazol Black 5 (RB5) and Remazol Brilliant Orange 3R (3R) dyes, respectively,
as templates and ECH as a crosslinker. The nanoparticles exhibited significantly higher adsorption capaci-
ties of the dyes than other nanoparticles formed without a dye template and with three crosslinkers (ECH,
GLA, and EGDE). The adsorption of the dyes on the nanoparticles was affected by the initial pH, dye con-
centration, and temperature. The results were in accordance with the second-order and the Langmuir
adsorption models. Meanwhile, the E values of the dyes calculated using the Dubinnin-Radushkevich
model revealed that the adsorption process may be due to the dual nature of the process, physisorption
and chemisorption, and that adsorption was predominant in the chemisorption process. The adsorption
processes in the nanoparticles were spontaneous and exothermic. Moreover, competition adsorption
through analysis of the intraparticle diffusion model apparently favored the 3R dye more than the RB5
dye on the nanoparticles in mixture solution B. The nanoparticles for the adsorption of the dyes were

regenerated efficiently through the alkaline solution and were then reused for dye removal.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

Various kinds of synthetic dyestuffs are found in the effluents
of wastewater in the dyestuff, textile, leather, paper, and plastic
industries. Unfortunately, the dyes, particularly azo dyes with aro-
matic structures, are comprised of recalcitrant molecules. Thus, azo
dyes are resistant to aerobic digestion and are stable in oxidizing
agents. Moreover, most of these dye wastes are toxic and may be
carcinogenic. The immense volume of aromatic structures present
in dye molecules makes wastewater treatment through a biologi-
cal process tedious and ineffective. This results in the release of the
materials into the environment [1]. Numerous studies have been
conducted on the different viable techniques in eliminating dyes in
wastewater. The conventional treatment methods for dye removal,
such as chemical coagulation, activated sludge, biodegradation,
oxidation, membrane separation, adsorption, and photodegrada-
tion, have been extensively explored [1,2]. Among the physical
and chemical processes, the adsorption procedure is effective in
producing high-quality effluent without the formation of harmful
substances [3,4]. However, low-cost adsorbents with high adsorp-
tion capacities are still being developed to reduce the adsorbent
dose and minimize the problem of disposal. Significant attention
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has been directed toward various biosorbent materials, such as fun-
gal or bacterial biomass and biopolymers, which may be obtained
in significant quantities and are nontoxic to nature [1].

Chitosan, a type of natural aminopolysaccharide derived from
chitin, is utilized as one of the most popular adsorbents that
eliminate metal ions, dyes, and proteins from aqueous solutions.
Moreover, chitosan has been widely used in waste treatment appli-
cations [5-9]. However, the amino groups of chitosan are fully
protonated at around pH 3.0, and the positively charged polymer
chains disintegrate in the solution. This results in the dissolution
in an acidic medium. Hence, the crosslinking reactions of chitosan
with various crosslinkers have been studied to improve its chem-
ical stability in any acidic media for the extraction of dyes from
industrial wastewater. Chiou et al. studied the adsorption of dif-
ferent dyes onto chitosan beads crosslinked with epichlorohydrin
(ECH)[10-13].Huetal.[4] and Du et al. [14] worked on the biosorp-
tion of Acid Green 27 and ecosin Y dyes, respectively, on chitosan
nanoparticles prepared by ionic gelation with sodium tripolyphos-
phate (TPP). Rosa et al. utilized quaternary chitosan salt crosslinked
with glutaraldehyde (GLA) for the adsorption of Reactive Orange 16
dye [15], whereas Elwakeel prepared magnetic chitosan resins for
the elimination of Reactive Black 5 dye [16]. Chen et al. also pre-
pared glutaraldehyde-crosslinked-chitosan microparticles for the
biosorption of Remazol Black 5 (RB5) and Remazol Brilliant Orange
(3R) dyes and templated epichlorohydrin-crosslinked-chitosan
microparticles for the adsorption of BR5 dyes [17,18]. Although
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Fig. 1. The structures of (a) Remazol Black 5 and (b) Remazol Brilliant Orange 3R.

the crosslinking method may enhance the resistance of chitosan
against acids, the process may reduce its adsorption capacity for
dyes. This may be attributed to the fact that the crosslinking reac-
tion decreases the amount of amino and hydroxyl groups, which
are expected to play a great part in the adsorption process.

To overcome this dilemma, this study was conducted to prepare
templated crosslinked-chitosan nanoparticles using the imprint-
ing method. The nanoparticles were characterized by determining
size distributions, zeta potentials, SEM images, Fourier transform
infrared (FTIR), and solid state !3C nuclear magnetic resonance
(13C NMR) spectra. Afterward, the nanoparticles were used in the
competition biosorption of two azo dyes, RB5 and 3R, in an aque-
ous solution. pH influence, kinetics, equilibrium, thermodynamics,
competition, intraparticle diffusion, and regeneration were also
examined for a more in-depth comparison of the experimental
results. This information is expected to be valuable for further appli-
cations in the treatment of waste effluents from the dye industry.

2. Materials and methods
2.1. Chemicals

Chitosan was purchased from Sigma-Aldrich Co., USA. Chitosan
was hydrolyzed with NaOH to yield a deacetylation percentage
of approximately 90% using the FTIR methods [19]. The average
molecular weight was 690,000 as measured through the vis-
cometric method [20]. RB5 (My =991.82 g/mol; Amax =597 nm),
3R (Mw =617.54 g/mol; Amax =494 nm), ECH, GLA, ethylene glycol
diglycidyl ether (EGDE), and TPP with 55%, 50%, 99%, 50%, 50%, and
85% purities, respectively, were purchased from Sigma-Aldrich Co.,
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Fig. 2. UV/visible spectra of the RB5 and 3R dyes.

USA. No further purification of the reagents was performed. Stock
solutions of the dyes (2.0 x 104 mg/L) were prepared by dissolving
RB5 or 3R dyes in distilled water. The RB5 and 3R dye structures
are shown in Fig. 1.

2.2. Preparation

A solution with 50 mg of chitosan dissolved into a 50 mL aqueous
solution of acetic acid (0.5%, v/v) was prepared. A 5.0 mL aqueous
solution of RB5 dye (8.7 mg) was added, and the mixture was stirred
for 30 min. A 5.0 mL aqueous solution of ECH was added dropwise,
and the mixture was stirred for 2 h at 50 °C. Using a syringe, 30 mL
of 1.45% TPP solution was slowly dropped into the chitosan solu-
tion by mechanical stirring (1200 rpm) to obtain a milky emulsion.
The resulting emulsion was frozen at —4°C and then thawed in
the atmosphere to produce nanoparticle precipitates, which were
collected using a centrifuge. Finally, the nanoparticle precipitates
were stirred with a pH 14.0 NaOH solution to remove the dye. This
stage was monitored by a UV/visible spectrophotometer (Shimadzu
UV-2401 PC). The process was followed by collecting the precipi-
tates with a centrifuge and by intensive washing of the nanoparticle
precipitates with distilled water to remove any unreacted ECH. The
nanoparticle precipitates were re-suspended in distilled water for
characterization and were directly used in the adsorption study.

The size distribution and zeta potential of the nanoparticles
were determined using a Zetasizer 3000HS. FTIR spectra were
obtained using a PerkinElmer Spectrum One FTIR spectrometer. The
solid state 13C nuclear magnetic resonance spectra of the materi-
als were obtained on a Brucker Advance 400 NMR spectrometer.
The scanning electron microscopy (SEM) photomicrographs of the
nanoparticles were taken using a Jeol JSM-6700F SOP SEM.

2.3. Adsorption of azo dyes

The nanoparticles prepared from a 0.5 molar ratio of
crosslinker/chitosan, with or without the RB5 or 3R dyes as tem-
plates and with three different crosslinkers (ECH, GLA and EGDE),
were studied to determine the adsorption capacity of the RB5 and
3R dyes. This process was conducted by adding 10 mL of each kind
of the nanoparticles (9 mg/mL) into a 10 mL of 6.0 mg/mL dye solu-
tion, then adjusting to pH 3.0 using HCl or NaOH solutions while
stirring at 30 °C for 120 h. The mixture solution was centrifuged to
remove adsorbents. The filtrate was adjusted to a pH level of 6.0
using HCI or NaOH solutions, and then diluted to 50 mL. The dye
concentration was measured using a UV/visible spectrophotome-
ter at 597 nm for the RB5 dye and at 494 nm for the 3R dye, whereas
the adsorption capacity (Q) was calculated using Eq. (1):
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Fig. 3. Schematic representation for (a) preparation of the templated crosslinked-chitosan nanoparticles with epichlorohydrin and (b) the adsorption of dyes.

where G is the initial concentration of dye (mg/mL); C; is the final
concentration of dye (mg/mL); Vis the volume of dye solution (mL);
and W is the weight of the nanoparticles (g) used.

2.4. Batch kinetics
The adsorption kinetics of the RB5 and 3R dyes on the

nanoparticles was carried out in a batch process. The variable
parameters were studied, including the initial pH values, ini-

tial concentrations of dye, and temperatures. In each test, 10 mL
of the nanoparticles (9 mg/mL) was added into 10 mL of aque-
ous solution of the dye with a known concentration. Whenever
necessary, the pH value was adjusted with diluted NaOH or
HCI solutions. Then 0.1 mL aliquots of the solution were added
to 10mL distilled water at different time intervals. The mix-
ture solution was centrifuged to remove adsorbents. The filtrate
was adjusted to pH 6.0 and then diluted to 25mlL. The dye
concentrations were measured using a UV/visible spectropho-
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tometer. The amount of adsorption was calculated using Eq.
(1)

To measure the rate-controlling and mass transfer mechanism,
kinetic data were correlated to linear forms of the first-order equa-
tion (2):

In(Qe — Qr) = InQe — kyt, (2)
and the second-order equation (3):
t 1 t

Q  (k2Q2) o ®
where Q. and Q; are the adsorption capacities of dye (mg/g) at
equilibrium and at a given time t, respectively; and k; (min~1)
and k;, (g/(mgmin)) are the first-order and the second-order rate
constants, respectively. According to Eq. (2), the plot of In(Qe — Q)
versus t yields a straight line with a slope of —k; and an intercept
of In Qe, In Equation (3), the plot of t/Q; versus t gives a straight line
with a slope of 1/Q. and an intercept of 1/(k;Q2).

2.5. Batch equilibrium

Equilibrium studies were conducted by adding 10 mL of the
nanoparticles (9 mg/mL) into 10 mL of the initial dye concentra-
tions within the range of 1.0-20.0 mg/mL, adjusting to pH 3.0 using
HCI or NaOH solutions, and then stirring for 120 h at 30°C. The
mixture solution was centrifuged to remove adsorbents. The fil-
trate was adjusted to pH 6.0 and then diluted to 50 mL. The dye
concentrations were measured using a UV/visible spectrophotome-
ter. In accordance with Eq. (1), the amount of adsorption was
calculated based on differences in concentration in the aqueous
solution before and after adsorption, as well as on the weight of
the microparticles.

2.6. Competition study

Assuming there is no interaction between the RB5 and 3R dyes,
the total absorbance of a mixture dye solution is equal to the sum-
mation of the absorbance of each dye, which is represented by Eq.
(4). The concentration of each dye in a mixture solution can be
calculated using Eqgs. (5) and (6).

Aj, = Agss + A3r (4)
Ax1 = €1rBsLCras + €13rLC3R (5)
Aj2 = €2rB5LCRBs + €23rLC3R (6)

where A,, A,; and A;, are the absorbance of UV/visible spectrom-
eter at wavelength A, A1 and A,, respectively; Args and Asg are the
absorbance of RB5 and 3R at wavelength A, respectively; €1ggs and
&-orps are the molar absorptivities of pure RB5 at wavelength A4
and A,, respectively; e13g and &;3g re the absorbance coefficients
of pure 3R at wavelength A1 and X,, respectively; Crgs and Csg are
the concentrations of RB5 and 3R in the mixture solution, respec-
tively; Lis the cell with (1 cm); and A1 (597 nm) and A, (494 nm) are
the wavelengths of maximum absorbance for RB5 and 3R, respec-
tively, in Fig. 2. The concentrations of Cggs and C3g are calculated
from Egs. (5) and (6). The adsorption capacity of each dye in the
mixture solution can then be obtained.

3. Results and discussion
3.1. Characterization and azo dye adsorption

The nanoparticles were prepared using the imprinting process
through the following steps: (1) chelation of the RB5 and 3R dyes

as templates into chitosan through ion-dipole and ion-ion interac-
tions, (2) crosslinking reaction of chitosan with three crosslinkers
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Fig. 4. (a) Size distribution and (b) zeta potential for the ECH-RB5 nanoparticles.

(ECH, GLA, and EGDE), (3) nanoparticle formation of chitosan
through ionic crosslinking with TPP, and (4) removal of the dye
template molecules with NaOH solution, as shown in Fig. 3(a) for
the ECH-RB5 nanoparticles through an ether linkage. The nanopar-
ticles were revealed to be insoluble in distilled water, alkaline
medium, and even in acidic medium (pH 1.0). Fig. 4(a) and (b)
shows the typical size distributions and zeta potential profiles of
the ECH-RB5 nanoparticles with a mean diameter of 191.6 nm and
a zeta potential of +14.4 mV, respectively. Other nanoparticles pre-
pared through three crosslinkers, namely, ECH, GLA, and EGDE,
with or without a dye template, had mean diameters ranging from
170.2 to 210.6 nm and zeta potential values ranging from +12.4 to
+16.4mV. The positive charge of the zeta potential suggested that
the nanoparticles were stabilized by the hydrogen bond between

@ (a) ECH-RB5
(b) ECH-3R
(b) (c) EGDE-RB5

(d) EGDE-3R
(¢) GLA-RBS
© () GLA-3R

©)

T (%)

©
®

S
| 1638cnr! 7 U57seni!

n 1 n 1 n
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™1)

Fig. 5. FTIR spectra of the templated crosslinked-chitosan nanoparticles prepared
through three crosslinkers with the RB5 or 3R dyes as templates.
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the amino and hydroxyl groups of the chitosan and the hydroxyl
group and oxygen atom of water [4]. The SEM image of dry ECH-
RB5 nanoparticles on a silicon wafer showed that the nanoparticles
had a diameter of approximately 90 nm due to loss of water. Fig. 5
showed the FTIR spectra of the templated nanoparticles prepared
through ECH, GLA, and EGDE with the RB5 or 3R dyes as tem-
plates. The nanoparticles showed an absorption peak for amide
C=0 and/or imine C=N stretching vibrations at 1638 cm~!, which
were dependent on the crosslinker used, and an absorption peak
of 1575 cm™!, which accounted for the ionic interaction between
the positively charged amino groups of crosslinked chitosan and
the negatively charged groups of triphosphate (P3019>~) [21]. In
Fig. 6, compared with that of chitosan, the solid state 13C NMR of
the ECH-RB5 nanoparticles exhibited three additional peaks at 61.6,
85.0, and 97.6 ppm due to the exit of the -O-CH,-CHOH-CH,-0-
linkage between two chitosan molecules.

The adsorption capacities of the two azo dyes, RB5 and 3R, on
the nanoparticles prepared from three crosslinkers (ECH, GLA, and
EGDE) with or without the RB5 or 3R dyes as templates were con-
ducted at 6.0 mg/mL initial dye concentration with an initial pH of
3.0 and a temperature of 30°C for 120 h. The adsorption processes
may involve ion-dipole and ion-ion interactions between sulfonate
and sulfate anions of the dye molecules and the hydroxyl and pro-
tonated amino groups of chitosan molecules (Fig. 3(b)). The results
showed that the adsorption capacities of the RB5 and 3R dyes on the
templated nanoparticles were significantly higher than those of the
chitosan nanoparticles and the crosslinked nanoparticles formed
without a dye template. In addition, the ECH-RB5 nanoparticles
that formed with the RB5 dye as template showed that the adsorp-
tion capacity of the RB5 dye was much higher than that of the 3R
dye. The ECH-3R nanoparticles that formed with the 3R dye as tem-
plate also yielded similar results. Moreover, the adsorption capacity
of the RB5 dye on the ECH-RB5 nanoparticles and that of the 3R
dye on the ECH-3R nanoparticles were higher than the adsorption
capacities of the two dyes on other nanoparticles. Therefore, the

technique for the preparation of templated nanoparticles yielded a
higher adsorption capacity and a more efficient adsorption of dyes
in an aqueous solution.

3.2. Adsorption kinetics

Fig. 7(a) and (b) presented the influences of the initial pH values
from 1.0 to 12.0 for the adsorption capacities of the RB5 and 3R
dyes on the ECH-RB5 and the ECH-3R nanoparticles, respectively,
at an initial dye concentration of 8.0 mg/mL and at a temperature
of 30°C for 72 h. The pH values were monitored before and after
the adsorption of the dyes with a pH difference of only 0.1 to 0.2.
The adsorption capacities of the RB5 and 3R dyes on the ECH-RB5
nanoparticles increased 40 times from 148 to 6080 mg/g and 39
times from 128 to 5078 mg/g, respectively, as the initial pH of the
solution decreased from 12.0 to 1.0. In addition, the adsorption
capacities of the RB5 and 3R dyes on the ECH-3R nanoparticles
increased 49 times from 92 to 4626 mg/g and 20 times from 306 to
6292 mg/g, respectively, as the initial pH of the solution decreased
from 12.0 to 1.0. This may be ascribed to the fact that at a lower pH
solution, more protons are available to protonate the amino groups
of chitosan to form -NH3* groups. This increases the electrostatic
attraction between the anionic groups (-SO3~ and -0SO3 ™) of the
dye and the protonated amino group (-NH3*) of chitosan, causing
an increase in dye adsorption [17,22]. Fig. 8(a) showed the adsorp-
tion kinetics of the RB5 dye in the ECH-RB5 nanoparticles that had
a 6.0 mg/mL initial dye concentration, a temperature of 30°C, and
initial pH values of 3.0, 4.0, and 6.0. The rapid initial rates of adsorp-
tion on the nanoparticles showed a remarkable increase during the
first 12 h, and the nanoparticles gradually approached the adsorp-
tion limit after 60 h. At the same time, the adsorption kinetics of
the 3R dye on the ECH-3R nanoparticles had the same results. This
may be ascribed to the increase in the number of vacant sites that
are usually available, resulting in an increased concentration gradi-
ent between the sorbate in the solution and that on the adsorbent
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Fig. 7. The effect of pH for adsorption capacities of the RB5 and 3R dyes on the
nanooparticles: (a) ECH-RB5 and (b) ECH-3R, at an initial dye concentration of
8.0 mg/mL and at a temperature of 30°C for 72 h with different initial pHs.

surface. In time, the concentration gradient is reduced due to the
adsorption of the dye molecules onto the vacant sites, leading to
decreased adsorption during the later stages [23].

Fig. 8(b) showed the effects of the initial dye concentration (2.0,
4.0, and 6.0 mg/mL) in the adsorption kinetics of the RB5 dye on the
ECH-RB5 nanoparticles at pH 3.0 and at 30 °C. As the initial concen-
trations of the RB5 and 3R dyes increased from 2.0 to 6.0 mg/mL, the
adsorption capacities of the RB5 dye on the ECH-RB5 nanoparticles
and of the 3R dye on the ECH-3R nanoparticles increased by 138%
(from 2125 to 5057 mg/g) and by 141% (from 1994 to 4811 mg/g).
However, the removal efficiencies of the RB5 and 3R dyes decreased
from 100% to 79.3% and from 100% to 80.5%, respectively, as the ini-
tial dye concentration increased from 2.0 to 6.0 mg/mL. This may be
attributed to the fact that compared with the available surface area,
theratio of the initial moles of dye is low at minimum initial concen-
trations; therefore, the subsequent fractional adsorption becomes
independent of the initial concentration. However, at high concen-
trations, the available adsorption sites are fewer than the moles of
the dye present; hence, the percentage of dye removal is dependent
on the initial dye concentration [23].

The effects of temperature (30, 40, and 50 °C) on the adsorption
kinetics of the RB5 dye in the ECH-RB5 nanoparticles at 6.0 mg/mL
initial dye concentration and pH 3.0 were shown in Fig. 8(c). The
adsorption capacities of the RB5 dye on the ECH-RB5 nanoparti-
cles increased along with temperature during the initial 44 h and
were close to each other at 120 h. At the same time, the adsorp-
tion capacities of the 3R dye on the ECH-3R nanoparticles yielded
similar results. Tables 1 and 2 presented the rate constants for the
RB5 dye on ECH-RB5 and the 3R dyes on the ECH-3R nanoparticles,
respectively, with a different initial pH, initial dye concentra-
tions, and temperatures that were calculated by the first-order and
second-order kinetic models. The correlation coefficients (R?) of
the second-order adsorption model exhibited higher values than

those of the first-order kinetics. In addition, the calculated equilib-
rium adsorption capacities (Qe ¢4 ) fitted the experimental Qe values
well. This suggested that the second-order adsorption mechanism
was predominant and that the overall rate of the dye adsorption
process appeared to be controlled by the chemical process [11].

3.3. Adsorption equilibrium

The adsorption isotherms of the RB5 dye on the ECH-RB5
nanoparticles and the 3R dye on the ECH-3R nanoparticles were
at pH 3.0 and at 30°C for 120h with different equilibrium dye
concentrations (Fig. 9). The steep initial isotherm slopes for the
RB5 dye on the ECH-RB5 nanoparticles and the 3R dye on the
ECH-3R nanoparticles with peak adsorption capacities of 5497 and
5123 mg/g, respectively, were observed under these conditions.

The adsorption isotherm data were studied using three models:

Langmuir isotherm equation (7) [24],
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Fig. 8. Absorption kinetics of the RB5 dye on the ECH-RB5 nanoparticles: (a) differ-

ent initial pH solutions, (b) different initial concentrations of dye and (c) different
temperatures.
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Table 1

The first-order and second-order adsorption rate constants, calculated Q. ¢, and experimental Q. values for different initial dye concentrations, pH, and temperatures for the

RB5 dye on the ECH-RB5 nanoparticles.

Parameters Qe First-order kinetic model Second-order kinetic model
(mg/g)(S.D.) ki(x1073) Qe cal R? ka(x1077) Qe cal R?
(min~")(S.D.) (mg/g)(S.D.) (mg/g)(S.D.) (g/mgmin)(S.D.) (mg/g)(S.D.)
Initial pH: 6.0 mg/mL initial dye concentration, 30°C
3.0 5057 1.17 2205 0.9233 1.77 4881 0.9995
(57) (0.06) (7) (0.13) (168) -
4.0 4806 0.97 2107 1.52 4773
(58) (0.03) (80) 0.9222 (0.02) (322) 0.9996
6.0 3664 0. 86 1996 0.9257 1.40 3775 0.9987
(120) (0.30) (48) - (0.11) (100) -
Initial dye concentration (mg/mL): initial pH 3.0, 30°C
2.0 2125 0.83 1634 0.9563 1.08 2274 0.9982
(57) (0.04) (85) - (0.08) (74) -
4.0 4355 0.98 2742 1.46 4773
(56) (0.14) (512) 0.923 (0.01) (322) Sl
6.0 5057 1.17 2205 1.77 4881
(57) (0.06) % 09233 (0.13) (168) 0.9995
Temperature (°C): 6.0 mg/mL initial dye concentration, initial pH 3.0
30 5057 1.17 2205 1.77 4881
(57) (0.06) ) 09233 (0.13) (168) 0.9995
40 5252 1.55 2159 0.8635 1.84 5588 0.9997
(103) (0.43) (141) - (0.18) (66) -
50 5587 1.82 2590 1.86 5831
(69) (0.03) (17) 09305 (0.01) (72) 0.9996

Note: S.D. in the parentheses is the standard deviation.

Freundlich isotherm equation (8) [25],

In Qe = br InCe + In K,

(8)

¢ is the Polanyi potential. The Polanyi potential (¢) is given as Eq.

(10):

and Dubinin-Radushkevich isotherm equation (9) [26],
InQe = Ke? + In Qpg, (9)

where C. is the equilibrium concentration of the dye; Q. is the
adsorption capacity of the dye, Qm, Kr, and Qpg are the Lang-
muir; Freundlich and Dubinin-Radushkevich maximum adsorption
capacities of the dye, respectively; K, bg, and K are the Langmuir,
Freundlich and Dubinin-Radushkevich constants, respectively; and

Table 2

&=RT In (1+l> (10)
Ce
where R is the gas constant in kJ/mol, and T is the temperate in
Kelvin. The Dubinin-Radushkevich constant (K) can give the valu-

able information regarding the mean energy of adsorption by Eq.
(11):

E=(-2K)'/? (11)

The first-order and second-order adsorption rate constants, calculated Q. ¢, and experimental Q. values for different initial dye concentrations, pH, and temperatures for the

3R dye on the ECH-3R nanoparticles.

Parameters Qe First-order kinetic model Second-order kinetic model
(mg/g)(S.D.) ki(x1073) Qecal R? ka(x1077) Qecal R?
(min~")(S.D.) (mg/g)(S.D.) (g/mg min)(S.D.) (mg/g)(S.D.)
Initial pH: 6.0 mg/mL initial dye concentration, 30°C
3.0 4811 0.99 2784 5.99 5278
(40) (0.25) (209) 0.9244 (0.88) (393) 0.9993
4.0 4500 0.80 3012 6.10 4740
(15) (0.01) 77 0.9710 (0.02) (32) 0.9980
6.0 3525 0.89 2092 8.68 3466
(13) (0.01) (52) 0.9574 (0.13) (25) 0.9959
Initial dye concentration (mg/mL): initial pH 3.0, 30°C
2.0 1994 0.90 1175 0.9467 1.94 2086 0.9993
(40) (0.01) (23) : (0.23) (4) -
4.0 4130 0.99 2374 5.68 4033
) (0.03) 37) 0.9576 (0.88) (46) 0.9973
6.0 4811 0.99 2784 5.99 5278
(40) (0.25) (209) 0.9244 (0.88) (393) 0.9993
Temperature (°C): 6.0 mg/mL initial dye concentration, initial pH 3.0
30 4811 0.99 2784 5.99 5278
(40) (0.25) (209) 0.9244 (088) (393) 0.9993
40 4909 0.98 2193 0.8520 7.00 5051 0.9993
(38) (0.26) (141) : (0.09) (72) -
50 5037 1.49 2471 8.79 5000
(10) (0.44) (40) 0.9005 (0.61) ) 0.9986

Note: S.D. in the parentheses is the standard deviation.
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Fig. 9. Equilibrium adsorption of (a) the RB5 dye on the ECH-RB5 nanoparticles and
(b) the 3R dye on the ECH-3R nanoparticles at initial pH 3.0 and at 30°C for 120 h
with different equilibrium dye concentrations.

where E is the mean adsorption energy, and K is the Dubinin-
Radushkevich constant. According to Eq. (7), the plot of Ce/Qe
against Ce gives a straight line with a slope of 1/Qn, and an intercept
of 1/(QmKy). In Eq. (8), K¢ and bg can calculated from a linear plot
of InQe versus InCe. In Eq. (9), the plot of In Q. versus &2 gives a
straight line with a slope of K and an intercept of In Qpg

The model parameters along with the correlation coefficients
(R?) and standard deviations obtained from the three isotherm
models were listed in Table 3. The Langmuir adsorption model was
found to sufficiently fit the experimental data of the RB5 dye on the
ECH-RB5 nanoparticles and the 3R dye on the ECH-3R nanoparti-
cles compared with the linear correlation coefficients. Moreover,
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Fig. 10. The ratio of the adsorption capacity between the mixture solution A and
the single dye solution on (a) the ECH-RB5 and (b) ECH-3R nanoparticles.

the mean adsorption energy (E) calculated from the Dubinnin-
Radushkevich model may involve the transfer of the free energy
of one mole of solute from infinity (in solution) to the surface of
the adsorbent. The adsorption behavior can predict the physical
adsorption in the range of 1-8 kJ/mol and the chemical adsorption
in more than 8 kJ/mol [17,18]. The E values (13.02 and 11.23 kJ/mol,
respectively) of the RB5 and 3R dyes indicated that the adsorption
process may be due to the dual nature of the process, physisorption
and chemisorption, and the fact that that adsorption was predom-
inant in the chemisorption process.

The degrees of suitability of the nanoparticles of these two dyes
were estimated from the separation factors (Ry) using Eq. (12)
[16,27,28]:

1

Ru = (a1 +K.G)

(12)
where K| is Langmuir constant and G is the initial concentration of
dye.

The separation factor (R ) with values between 0 and 1 reveals
the suitability of the process. The values of Ry in the adsorption of
the RB5 dye on the ECH-RB5 nanoparticles and the values of the 3R
dye on the ECH-3R nanoparticles were between 0.0003 and 0.0044
and between 0.0020 and 0.0328, respectively, for all concentra-
tion ranges at 30, 40, and 50 °C. This indicated the suitability of the
nanoparticles for the adsorption of the RB5 and 3R dyes.

Recently, Yilmaz and Memon reported on solvent extraction
and adsorption of dyes and metals from aqueous solutions using
calyx[n]arene derivatives [29-33]. They revealed that the extrac-
tion of the RB5 dye with calyx[4]arene derivatives was within
the ranges of 1.0% to 11.8%, and adsorption of the RB5 dye by
calyx[4]arene immobilized on the surface of modified Amberlite
XAD-4 resin was approximately within the range of 30% to 60%
[29,30]. The removal percentages of the RB5 and 3R dyes by the
ECH-RB5 and ECH-3R nanoparticles were from 74% to 94% and
from 72% to 87%, respectively. Table 4 listed the comparison of the
maximum monolayer adsorption capacity (Qm) of Remazol Black 5
and Remazol Brilliant Orange 3R dyes on various adsorbents. The
data indicated that the maximum monolayer adsorption capac-
ities (5572 and 5392 mg/g, respectively) of the RB5 dye on the
ECH-RB5 nanoparticles and the 3R dye on the ECH-3R nanopar-
ticles were greater than those of other adsorbents. Furthermore,
they had 3.3 and 2.6 times of Qn, in the RB5 and 3R dyes on the
GLA-crosslinked-chitosan microparticles (149-250 wm) prepared
from homogeneous coupling and microparticle formation using
NaOH solution, respectively [17]. In addition, they had 1.9 times
of Qm in the RB5 dye on the templated ECH-crosslinked-chitosan
microparticles (149-250 pm)[18]. The technique used in this study
offers a convenient and economical method for the preparation of
templated nanoparticles, which can facilitate a higher adsorption
capacity and thus a more efficient adsorption of dyes in an aqueous
solution compared with nature or other synthetic materials.

3.4. Adsorption thermodynamics

The adsorption isotherm data obtained from different tem-
peratures were used to calculate the thermodynamic parameters
associated with the adsorption process. Based on the van’t Hoff
equation, Langmuir constants (K ) were used to determine the stan-
dard Gibbs free energy change (AG°), standard enthalpy change
(AH°), and standard entropy change (AS°), as shown in Eqgs. (13)
and (14) [15,16,23,28]:

AH°  AS°
InKL = — =Tt R (13)
AG° = AH° — TAS® (14)
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Table 3
Langmuir, Freundlich and Dubinin-Radushkevich isotherm parameters for the RB5 dye on the ECH-RB5 nanoparticles and the 3R dye on the ECH-3R nanoparticles at pH 3.0
and at 30°C for 120 h.

Parameter RB5 on ECH-RB5 3R on ECH-3R
Langmuir isotherm

Qm (mg/g) (S.D.) 5572 (66) 5392 (103)

Ky (L/mg) (S.D.) 0.2880 (0.0371) 0.1246(0.0030)
R? 0.9991 0.9934
Freundlich isotherm

Kr (mg/g) (S.D.) 2508 (22) 1138 (29)

be (S.D.) 0.1651 (0.0029) 0.3378(0.0010)
R? 0.9066 0.6749
Dubinin-Radushkevich isotherm

Qor (mg/g) (S.D.) 6004 (5) 5169 (143)
K(x107?J?/mol?) (S.D.) —0.160 (0.002) —3.400 (0.150)
E (kJ/mol) (S.D.) 13.02(0.11) 11.23(0.27)

R? 0.7698 0.7331

Note: S.D. in the parentheses is the standard deviation.

Table 4
Comparison of the maximum monolayer adsorption capacity (Qm) of Remazol Black 5 and Remazol Brilliant Orange 3R dyes on various adsorbents.
Azo dye Adsorbent (diameter) and method of preparation Qm (mg/g) Reference
Remazol Black 5 ECH-RB5 nanoparticles (189-194 nm) homogeneous coupling, using TPP 5572 This work
Chitosan/amino resin and chitosan bearing both amine and quaternary ammonium chloride moieties 625-932 [16]
GLA-crosslinked-chitosan microparticles (149-250 wm), homogeneous coupling, using NaOH 1680 [17]
Templated ECH-crosslinked chitosan (149-250 pm), homogeneous coupling, using NaOH 2941 [18]
Acid-treated biomass microparticles (400-600 wm) of brown seaweed Laminaria sp. 102 [23]
Remazol Brilliant Orange 3R ECH-3R nanoparticles (186-200 nm) homogeneous coupling, using TPP 5392 This work
GLA-crosslinked quaternary chitosan microparticles (53-177 wm), heterogeneous coupling, 1060 [15]
GLA-crosslinked-chitosan microparticles (149-250 wm), homogeneous coupling, using NaOH 2041 [17]

Note: The maximum monolayer adsorption capacity (Qm ) is obtained from Langmuir isotherm equation.

Table 5
The first-order and second-order rate constants and intraparticle diffusion parameters for different mixture solutions of the RB5 and 3R dyes on the ECH-RB5 nanoparticles
at initial pH 3.0 and at 30°C.

Mixture First-order kinetic model Second-order kinetic model Intraparticle diffusion model
ki x 1073 (S.D.) R? ky x 1073 (S.D.) R? kp1 (S.D.) kp2 x 1073 (S.D.) kp3 x 1073 (S.D.)
Solution A (initial conc.: 3.0 mM RB5 and 3.0 mM 3R)
RB5 0.99 0.9631 115 0.9863 0.052 11.29 2.87
(0.01) (0.01) (0.001) (0.11) (0.03)
3R 0.82 0.9129 4.09 0.9990 0.068 18.30 3.67
(0.16) (0.10) (0.001) (0.04) (1.66)
Solution B (initial conc.: 3.0 mM RB5 and 6.0 mM 3R)
RB5 0.87 0.9464 0.69 0.9854 0.072 5.40 2.50
(0.01) (0.01) (0.001) (0.16) (0.20)
3R 1.03 0.9873 0.93 0.9977 0.192 53.50 4.80
(0.11) (0.01) (0.001) (0.73) (0.25)

Note: S.D. in the parentheses is the standard deviation. k; in min~', k; in gmmol~! min~"', and k1, k2 and k3 in mmol g~! min~=03.

Table 6
The first-order and second-order rate constants and intraparticle diffusion parameters for different mixture solutions of RB5 and 3R dyes on ECH-3R nanoparticles at initial
pH 3.0 and at 30°C.

Mixture First-order kinetic model Second-order kinetic model Intraparticle diffusion model
k1 x 1073 (S.D.) R? ko x 103 (S.D.) R? kp1 (S.D.) kp2 x 1073 (S.D.) kp3 x 1073 (S.D.)
Solution A (initial conc.: 3.0 mM RB5 and 3.0 mM 3R)
RB5 0.93 0.9150 1.39 0.9889 0.076 17.30 3.18
(0.01) (0.03) (0.001) (0.15) (0.03)
3R 0.79 0.9645 2.35 0.9988 0.100 23.40 5.06
(0.02) (0.05) (0.004) (0.69) (0.35)
Solution B (initial conc.: 3.0 mM RB5 and 6.0 mM 3R)
RB5 0.91 0.9138 1.00 0.9864 0.055 6.80 3.55
(0.01) (0.01) (0.001) (0.30) (0.40)
3R 0.90 0.9848 1.38 0.9984 0.161 43.20 9.51
(0.01) (0.62) (0.001) (0.39) (0.08)

Note: S.D. in the parentheses is the standard deviation. k; in min~!, k, in gmmol~! min~', and k1, k> and k3 in mmol g1 min—%°
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The values of AH° and AS° can be calculated from the slope
and intercept using the plotted graph of In K| versus 1/T. The ther-
modynamic parameters for the adsorption of the RB5 dye on the
ECH-RB5 nanoparticles and the 3R dye on the ECH-3R nanopar-
ticles were determined. The negative values of AG°® (-32.09,
—33.77 and —34.63 kJ/mol for the RB5 dye and —28.17, —28.83 and
—29.50 kJ/mol for the 3R dye at 30, 40 and 50 °C, respectively) and
AH° (—6.77 and —8.05 kJ/mol for the RB5 and 3R dyes, respectively)
showed that the adsorption processes on the nanoparticles were
spontaneous and exothermic. On the other hand, the positive values
of AS° (86.27 and 87.11]/molK for the RB5 and 3R dyes, respec-
tively) increased the randomness during the adsorption of these
two dyes on the nanoparticles. This may arise from liberation of
water molecules from the hydrated shells of the adsorbed species
[16].

3.5. Competition adsorption

The kinetics of the competition adsorption of the single solution
and mixture solution A (3.0 mM initial concentration of each dye)
of the RB5 and 3R dyes on the ECH-RB5 and ECH-3R nanoparticles,
respectively, was studied with a pH of 3.0 and a temperature of
30°C. The initial adsorption rate of the RB5 dye on the ECH-RB5
nanoparticles in mixture solution A was faster than that of the 3R
dye. However, the initial adsorption of the RB5 dye on the ECH-3R
nanoparticles in mixture solution A was slower than that of the 3R
dye. This may be ascribed to the fact that the ECH-RB5 nanoparti-
cles have more suitable sites for the adsorption of RB5 molecules
than ECH-3R nanoparticles. Fig. 10(a) and (b) showed the ratio of
adsorption capacity of each dye between mixture solution A and
each single solution with the same initial concentration of each dye.
The ECH-RB5 nanoparticles revealed that the ratio of the RB5 dye
remained at 99%, whereas that of the 3R dye appeared to be only
72%. 0n the other hand, the ECH-3R nanoparticles showed that the
ratio of the 3R dye also remained at 95%, whereas that of the RB5
dye was only 69%.

To study the competition adsorption in a mixture with a higher
concentration of the 3R dye, mixture solution B, a mixture with an
initial 3R dye of 6.0 mM and an RB5 dye of 3.0 mM, was used. The
kinetics of the competition adsorption of the RB5 and 3R dyes on
the ECH-RB5 and ECH-3R nanoparticles in mixture solution B had a
pH of 3.0 and a temperature of 30 °C. The adsorption rates of the 3R
dye on the ECH-RB5 and ECH-3R nanoparticles were significantly
faster than that of the RB5 dye. As the 3R dye contained a higher
initial molar concentration, it resulted in a stronger driving force in
the adsorption process [13]. Fig. 11(a) and (b) shows the ratio of the
adsorption capacity of each dye in mixture solution B and in each
single solution. The ratio of the 3R dye on the ECH-RB5 and ECH-3R
nanoparticles remained at 90%, whereas that of the RB5 dye was
less than 70%. This indicates that the adsorption of the 3R dye on
both nanoparticles in mixture solution B, the solution with a higher
initial concentration of the 3R dye, is much less affected by the
existence of the RB5 dye than the other way around in competitive
adsorption.

Tables 5 and 6 showed the analysis of the adsorption rate of
the RB5 and 3R dyes on the ECH-RB5 and ECH-3R nanoparticles,
respectively, using the first-order and second-order kinetic models
for mixture solutions A and B. A comparison of the linear correlation
coefficients (R?) listed in Tables 5 and 6 showed that the second-
order kinetic model fitted well and was better than the first-order
model for mixture solutions A and B.

3.6. Intraparticle diffusion model

The intraparticle diffusion model was applied to study the com-
petition adsorption of the RB5 and 3R dyes in mixture solutions A
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Fig. 11. The ratio of the adsorption capacity between the mixture solution B and
the single dye solution for (a) the ECH-RB5 and (b) ECH-3R nanoparticles.

and B. The intraparticle diffusion equation is described as Eq. (15)
[34]:

Qr =k t%> 4+ C (15)

where k;, Qr, and C are intraparticle diffusion rate constant, adsorp-
tion capacity of dye at a given time t and a constant, respectively.
k; is the slope of the straight-line portions of the plot of Q; versus
the square root of time (t%°), As shown in Fig. 12(a) and (b), mul-
tilinearities were observed through the plot of Q; versus t%3, for
the competition adsorption of the RB5 and 3R dyes on the ECH-
RB5 and ECH-3R nanoparticles, respectively, in mixture solutions
A and B. This indicates that three steps were undertaken in the
adsorption processes [13,35]. The first sharper portion is the mass
transfer of solute molecules from the bulk solution to the adsorbent
surface; this is also known as instantaneous adsorption. The second
portion is the gradual adsorption stage, wherein intraparticle dif-
fusion is rate limiting. The third portion is the final equilibrium
stage, wherein intraparticle diffusion starts to slow down due to
the extremely low solute concentration in the solution. According
to Fig. 12(a) and (b), the slope of the line in each stage was indi-
cated as the rate parameter kp,; (i=1-3). In Tables 5 and 6, the data
showed that the order of the adsorption rate was kp 1 >kp2>kp3
for each dye on both nanoparticles in mixture solutions A and B.
Furthermore, in mixture solution A, the mixture with equal initial
dye concentrations, the values of k;, ; for the 3R dye on the ECH-RB5
and ECH-3R nanoparticles were 1.6 and 1.4 times more than those
for the RB5 dye, respectively. This is attributed to the fact that the
3R molecule is smaller and diffuses faster than the RB5 molecule.
However, in mixture solution B, the mixture in which the initial
concentration of the 3R dye was twice that of the RB5 dye, the val-
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Fig. 12. The intraparticle diffusion kinetics for the RB5 and 3R dyes on (a) the ECH-
RB5 and (b) the ECH-3R nanoparticles in the mixture solutions A and B at initial pH
3.0and 30°C.

ues of kp, > for the 3R dye in the ECH-RB5 and ECH-3R nanoparticles
were 9.9 and 6.4 times more than those for the RB5 dye, respec-
tively. This is not only caused by the influence of molecular size
but also by the effect of initial dye concentration [13]. This showed
that competition adsorption apparently favors the 3R dye on both
nanoparticles in mixture solution B.

3.7. Regeneration

The adsorption capacities of the RB5 dye on the ECH-RB5
nanoparticles and the 3R dye on the ECH-3R nanoparticles in the
adsorption, desorption, and adsorption steps were shown in Fig. 13.
The adsorption condition was set to 6.0 mg/mL initial dye con-
centration, with an initial pH of 3.0, and a temperature of 30°C,
whereas the desorption condition had an initial pH of 14.0 of
the NaOH solution and a temperature of 30°C. The first adsorp-
tion step lasted for 96 h, and the adsorption capacities of the RB5
dye on the ECH-RB5 nanoparticles and the 3R dye on the ECH-3R
nanoparticles reached the value of 5077 and 4845 mg/g, respec-
tively. The desorption step for 96 h removed 78% and 79% of the
RB5 dye on the ECH-RB5 nanoparticles and the 3R dye on the ECH-
3R nanoparticles, respectively. This may be due to the fact that in
a basic solution, the positively charged amino groups are depro-
tonated, and the electrostatic interaction between chitosan and
dye molecules becomes much weaker [11,17]. At the same time,
the adsorption of the RB5 and 3R dyes on the nanoparticles may
be attributed to the dual nature of the process, physisorption and
chemisorption, which results in incomplete desorption [11,17]. The
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Fig. 13. Adsorption and desorption of the RB5 dye on the ECH-RB5 nanoparticles
and the 3R dye on the ECH-3R nanoparticles at 6.0 mg/mL initial dye concentration
and 30°C with three steps: adsorption step 1 at initial pH 3.0, desorption step at
initial pH 14.0 and adsorption step 2 at initial pH 3.0.

second adsorption step that lasted for 96 h adsorbed again 74% and
70% of the RB5 dye in the ECH-RB5 nanoparticles and the 3R dye in
the ECH-3R nanoparticles at the first adsorption step, respectively.
Thus, the nanoparticles were regenerated and reutilized for further
dye adsorption.

4. Conclusion

The nanoparticles of the templated crosslinked chitosan, ECH-
RB5 and ECH-3R, were prepared through the imprinting process
with the RB5 or 3R dyes as templates, respectively, and with ECH
as a crosslinker. The maximum monolayer adsorption capacities
of the RB5 dye on the ECH-RB5 nanoparticles and the 3R dye on
the ECH-3R nanoparticles were greater than those of other adsor-
bents reported in related studies. The adsorption experiments were
in accordance with the second-order adsorption and the Langmuir
adsorption models. Meanwhile, the E values of the RB5 and 3R dyes
calculated using the Dubinnin-Radushkevich model revealed that
the adsorption process may be attributed to the dual nature of the
process, physisorption and chemisorption, and the fact that adsorp-
tion was predominant in the chemisorption process. In addition,
the adsorption processes on the nanoparticles were spontaneous
and exothermic. The competition adsorption through the analy-
sis of the intraparticle diffusion model apparently favored the 3R
dye more than the RB5 dye in the nanoparticles in mixture solu-
tion B. The adsorption of the dyes on the nanoparticles can be
desorbed efficiently using alkaline solution, and the nanoparticles
can be recycled for dye removal. The technique used in this study
offers a convenient and economical method for the preparation of
templated nanoparticles, which can facilitate a higher adsorption
capacity and thus a more efficient adsorption of dyes in an aqueous
solution compared with nature or other synthetic materials.
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