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ARTICLE INFO ABSTRACT

Keywords: Herein, we fabricated a series of bioadsorbents based on chitosan and sodium alginate-iron oxide nanoparticles
Nanoparticles for the adsorption of methylene blue. As known, iron nanoparticle-based bioadsorbents have exhibited
Methylene blue outstanding adsorption behavior while chitosan has been shown low adsorption due to its low surface area. For
Iron oxide . . . . . . s . .

Adsorption this reason, we aimed to increase the chitosan s surface area and dye adsorption behavior by mixing it with
Chito s’; n sodium alginate and iron nanoparticles. Some characterization techniques such as Fourier Transform-Infrared

Spectroscopy (FT-IR), X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), Brunauer-Emmett-Teller
(BET), and thermogravimetric (TG) analysis were used to confirm the structure of bioadsorbents and to inves-
tigate crystalline, surface, and thermal properties. The adsorption of methylene blue onto the bioadsorbents was
fitted to pseudo-second order kinetic and Langmuir isotherm models. The maximum methylene blue adsorption
capacity was found between 162.77 and 212.77 mg/g. Moreover, thermodynamic parameters such as change in
free energy (AG®, in the range from —4. 524 to —0.748 kJ/mol), change in enthalpy (AH®, in the range from
—31.100 to —28.894 kJ/mol), and change in entropy (AS°, in the range from —90.963 to —84.454 kJ mol ! K‘l)
were calculated with negative values. The findings from the thermodynamic studies indicated that the adsorption

process was spontaneous and exothermic.

1. Introduction

Recently, the use of metal-based nanomaterials such as nano-
particles, nanotubes, bioadsorbents, and nanofibers for the adsorption of
organic pollutants and dyes in the aquatic environment has become
promising [1]. Different types of metal-based nanomaterials such as
aluminum (Al), copper (Co), gold (Au), iron (Fe), and titanium (Ti) were
fabricated and used for the adsorption of pollutants [2]. One of the most
important classes of these nanomaterials is iron oxide nanoparticles due
to the low cost of iron, which is the second most abundant element on
earth [3]. In addition, iron-based nanoparticles have exhibited some
superior properties such as high adsorption capacity, reactivity, and
biocompatibility as well as chemical, thermal, and mechanical stability
[4].

Bioadsorbents have been obtained among nanomaterial types by
combining natural biopolymers with metal or metal nanoparticles [5].
Moreover, biopolymers and their derivatives containing chitosan,
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starch, sodium alginate, and pullulan have been generally used to
fabricate the bioadsorbents [6-8]. Chitosan is one of the most bountiful
polymers in nature, and it is a hydrophilic polymer obtained via the
deacetylation of chitin [9,10]. This natural polymer is composed of large
amounts of hydroxyl (-OH) and amine (-NHjy) groups in its structure
[11]. Chitosan and its derivatives can easily create active sites in their
structures due to the presence of these functional groups [12]. Due to
these properties, it is widely used as a bioadsorbent in the removal of
pollutants and heavy metal ions in water by chelating or using the
adsorption method [13,14]. On the other hand, the dye adsorption
behavior of the chitosan-based adsorbents varies depending on some
physicochemical properties such as pore size and specific surface area.
Chitosan has also shown a low dye adsorption performance, and limited
reusability due to its very low specific surface area [15]. Therefore, there
is a need to develop chitosan adsorbents that are porous and have a high
specific surface area.

To our knowledge, the literature has not reported chitosan
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Fig. 1. FT-IR spectra of chitosan (CS), sodium alginate (SA), sodium alginate-
iron nanoparticles (SA-Fe), chitosan nanoparticles (CS NPs), and chitosan
nanoparticles containing 2.5 % sodium alginate-iron (CS@SA _Fe). (Stretching
vibrations = 1: hydroxyl (-OH)/amine (-NHy), 2: aliphatic -CH, 3: -NH, 4:
symmetric —C=0, 5: anti-symmetric —C=O0, 6: carboxylate anion (—C—=0-0),
7. —C-0-C, and 8: Fe-0).

nanoparticles containing sodium alginate and iron oxide for methylene
blue adsorption [16-18]. Moreover, we aimed to increase the chitosan‘s
surface area and dye adsorption capacity. For this purpose, sodium
alginate and iron oxide (SA_Fe) particles were prepared via the co-
precipitation method. Then, these fabricated particles were mixed
with chitosan to obtain novel bioadsorbents for the adsorption of
methylene blue (MB). As known, MB is a heterocyclic aromatic com-
pound classified as a cationic dye. It is used in different industries such
as pharmaceuticals, dyes, textiles, pesticides, etc. Large amounts of MB
have a negative impact on human health and can cause high blood
pressure, mental disorders, and nausea because of its toxic structure
[19]. The structural confirmation of the SA_Fe nanoparticles and bio-
adsorbents was carried out by using an FT-IR spectrometer. Morpho-
logical and thermal behaviors were investigated by using SEM and TG
analysis techniques. Crystalline structure and surface area were clarified
using XRD and BET analysis. The dye adsorption performance of the
bioadsorbents was also optimized in terms of temperature, pH, bio-
adsorbent amounts, and contact time. Kinetics and isotherm experi-
ments for the adsorption of methylene blue onto the bioadsorbent were
also performed and thermodynamic parameters were calculated.
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2. Material and methods
2.1. Reagents

Chitosan (CS, medium molecular weight, 75-85 % deacetylated),
sodium alginate from brown algae (medium viscosity), iron (II) chloride
tetrahydrate (Fe2+, FeCly-4H,0, Mw. 198.81 g mol 1), iron (IIT) chloride
hexahydrate (Fe®*, FeCly-6H,0, Mw. 270.30 g mol™), sodium hy-
droxide (NaOH, Mw. 40.00 g mol’l), methylene blue (MB, Mw. 319.85
g mol’l), and acetic acid (CH3COOH, Mw. 60.05 g mol™ 1) were pur-
chased from Sigma Aldrich, and they were used without purification
processes.

2.2. Synthesis of sodium alginate-iron oxide particles (SA_Fe)

The sodium alginate-iron oxide particles were prepared via the co-
precipitation method as the following procedure [20]:

0.3 g of sodium alginate was dissolved in 30 mL of deionized water.
After the sodium alginate was completely dissolved, the freshly prepared
50 mL of 1 M Fe?*, and 50 mL of 2 M Fe>* solutions were added into the
sodium alginate matrix drop by drop. The mixture was stirred for 2 h at
ambient conditions. Then, the sodium alginate-iron oxide mixture was
precipitated by using a sodium hydroxide solution (25 %, w:v), and
filtered. Particles were washed with distilled water (2x50 mL) and dried
in a vacuum oven at around 65 °C.

2.3. Fabrication of the bioadsorbents

Chitosan (CS) and sodium alginate-iron oxide (SA_Fe) nanoparticles
were prepared as the ionoprotic procedure, and they were abbreviated
as CS, CS@2.5SA _Fe, CS@5.0SA _Fe, and CS@10.0SA _Fe according to the
SA_Fe amount:

0.5 g of CS was weighed and dissolved in 25 mL of deionized water
containing 2 % acetic acid. After obtaining a homogeneous solution, the
SA_Fe nanoparticles in various amounts (2.5, 5.0, and 10.0 % of the total
CS mass) were added to the chitosan solution, and the mixture was
stirred at room temperature for 2 h. Then, the mixture was taken into a 5
mL syringe, added to the NaOH solution drop by drop to precipitate, and
kept in this solution overnight. Finally, the bioadsorbents were filtered,
washed several times with distilled water, and dried in an oven at
around 70 °C [21,22].

2.4. Structural characterization

The structural characterization of the SA _Fe particles and bio-
adsorbents was performed by using Perkin-Elmer Spectrum Two Fourier
Transform-Infrared spectrometer (FT-IR) with ATR unit in the range
from 500 to 4000 cm !, The surface morphology was clarified by Zeiss
EVO LS 10 Scanning Electron Microscopy (SEM) with the operating
electron voltage of 10 kV, and the SA_Fe particles and bioadsorbents
were coated with gold to obtain better microimages in these measure-
ments. The crystalline nature of SA_Fe particles and bioadsorbents was
detected via an X-Ray Powder Diffractometer (XRD) with a CuKa source.
The specific surface area of the SA_Fe particles and bioadsorbents was
analyzed by measuring the nitrogen adsorption and desorption iso-
therms using Barrett-Joyner-Halenda (BJH), and Brunauer-Emmett-
Teller (BET). These measurements were carried out by using Micro-
meritics Asap 2020 - Quantachrome Quadrosorb SI. The thermal
behavior and stability of the SA_Fe particles and bioadsorbents were
investigated using a Perkin-Elmer Diamond Thermogravimetric analysis
in the range from 20 and 700 oC under a nitrogen atmosphere with a

heating rate of 10 °C min~".

2.5. Methylene blue adsorption

Methylene blue adsorption of CS, CS@2.5SA _Fe, CS@5.0SA _Fe, and
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Fig. 2. SEM image of SA_Fe (a, b) and chitosan@5.0SA_Fe (c, d, e) nanoparticles at different magnitudes 1, 5, and 20 kX.

CS@10.0SA_Fe was measured using the batch experiment method. This
experiment was carried out to compare the methylene blue adsorption
efficiencies of the bioadsorbents from an aqueous environment. Also, the
different adsorption parameters effects such as the reaction temperature
(ranging from 20 to 60 °C), the pH of the dye solution (varying from 3 to
9), the contact time (ranging from 0 to 120 min), and the amounts of the
bioadsorbent (ranging from 0 to 100 mg) were clarified on the adsorp-
tion capacity of the bioadsorbents.

In general terms, a certain amount of bioadsorbent was placed into
the Erlenmeyer flask containing 50 mL of dye solution (20 mg L™1). This
mixture was stirred using a shaker for 2 h at 240 rpm. Then, the solution
concentration was measured at 664 nm using a UV-Vis spectropho-
tometer, and the % dye removal efficiency and adsorption capacity (qe)
of the bioadsorbents were calculated with the help of the following
equations [23]:

C, —C,

0

% Removal = x100 (€D)

where C, is the methylene blue concentration at the initial state (mg
L™Y), and C is the dye concentration after the adsorption (mg L™1).
C,—C.
=——x
m

qe \ ()

where ge is the dye equilibrium adsorption capacity (mg g~1), m is the
bioadsorbent amount (mg), and V is the volume of dye solution (50 mL).

2.6. Kinetics and thermodynamics

The pseudo-first and second-order kinetic models were used in the
presence of a 20 mL dye stock solution (20 mg L™1) at 293, 313, and 333
K, and the methylene blue adsorption efficiency of the bioadsorbents
was clarified as a function of time.

The pseudo-first-order kinetic model [24]

In(q. — q) = — kit +1nq. 3)

The pseudo-second-order kinetic model [25]

t 1 t
— = +— 4
q  kag?  q. @

where k; is the rate constant for the first-order kinetic model (min’l),
and kj, is the rate constant for the second-order kinetic model (g mg™?
min’l).

Also, the Langmuir and Freundlich isotherm models were used to
investigate the adsorption capacity of the CS, CS@2.5SA Fe,
CS@5.0SA_Fe, and CS@10.0SA Fe in the presence of 10 mg bio-
adsorbents in the different initial dye concentration varying from O to
100 mg L' and temperature ranging from to 293 to 333 K.

The Freundlich isotherm [26]

Ing, = InKy + %lnCe 5)
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Fig. 3. XRD pattern of SA-Fe, and CS@SA-Fe nanoparticles.

The Langmuir isotherm [27]

c 1 (o
qe KL -Qmax Gmax

(6)

where qmax is the maximum dye adsorption capacity of the bio-
adsorbents (g/mg), Kp is the Freundlich adsorption constant ((mg/g) (L/
rng)l/ M), Ky is the Langmuir adsorption constant (L/mg), and n is the
adsorption intensity.

The basic thermodynamic parameters such as standard free energy
(G®), enthalpy (H®), and entropy (S°) were evaluated by fitting to the
following Egs. (7), and 8 [23]:

AG = —RTInK; @
AS AH
i =3~ RT ®)

where AG°, AH°, and AS° are the changes in free energy (kJ/mol),
enthalpy (kJ/mol), and entropy (kJ/mol), respectively. Ky, is the Lang-
muir adsorption constant (L/mg), T is the absolute temperature (K), and
R is the gas constant (8.314 J mol * K1), respectively.

3. Results and discussion

3.1. FT-IR analysis

To confirm the structure of the SA_Fe particles and bioadsorbents,
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Fig. 4. Pore size distribution of chitosan and CS@5.0SA Fe (a) and BET anal-

ysis of CS@5.0SA _Fe (b).

Fourier Transform-Infrared (FT-IR) analysis was performed (Fig. 1). In
the spectrum of the pristine chitosan, some stretching vibrations were
recorded at 3203, 2878, 1646, and 1030 cm~! which attributed to the
functional groups such as hydroxyl (-OH)/amine (-NHy), aliphatic -CH
(Al-CH), -NH, and -C-O-C, respectively [28]. According to the pure
sodium alginate FT-IR spectrum, the transmittance values at 3260,
2914, 1590, 1406, and 1296 cm ™! were due to the stretching vibrations
of -OH, Al-CH, symmetric carbonyl (sym —C=O0), anti-symmetric
carbonyl (a-sym —C—O0), and carboxylate anion (—C—=0-0), respec-
tively [23,29]. In the spectrum of sodium alginate-iron oxide particles
(SA_Fe), these stretching vibrations (-OH, Al-CH, sym —C—O0, a-sym
—C=0, and —C =0-0) were recorded at 3355, 2914, 1590, 1406, and
1296 cm ™, respectively. Furthermore, a peak was seen at 540 cm ™! due
to the stretching vibration of Fe-O, and the presence of this vibration
confirmed the formation of SA_Fe nanoparticles [30,31]. As seen in the
FT-IR spectrum of chitosan nanoparticles without SA_Fe, -OH/-NHo,
Al-CH, -NH, and -C-O-C stretching vibrations were recorded at 3448,
2969, 1678, 1453, 1171, and 1059 cm_l, respectively. Compared to the
stretching vibrations of chitosan nanoparticles with the pure chitosan
vibration, they were shifted to higher frequencies. This was attributed to
the reaction conditions during the preparation of chitosan nanoparticles.
As mentioned in the experimental section, the chitosan nanoparticles
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Fig. 5. TG-DTG curves of CS, SA Fe, and CS@5.0SA_Fe nanoparticles.

were fabricated in an acidic medium. Mauricio-Sanchez and coworkers
stated that FT-IR peaks shift to higher frequencies because of the pro-
tonation of chitosan in acidic media during the formation of chitosan
nanoparticles [32]. In addition, a new peak was observed at 621 nm in
the structure of chitosan nanoparticles due to the N-H/O-H wagging
vibrations [33]. All stretching vibrations in the structure of the chitosan
nanoparticles containing 2.5 %SA_Fe were seen at 3455, 2992, 1683,
1454, 1177, 1060, and 576 cm’l, respectively. These results clearly
indicated that the stretching vibrations of both chitosan and CS@SA_Fe
nanoparticles were shifted to higher frequencies, and it was confirmed
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Fig. 6. Ph (a), and temperature (b) effect on the methylene blue adsorption.

that the successful preparation of the nanoparticles [34,35].

3.2. SEM analysis

Fig. 2 displays Scanning Electron Microscopy (SEM) images of SA_Fe,
and chitosan nanoparticles containing 5.0 % SA_Fe. According to the
SEM images of SA_Fe nanoparticles, it was composed of a homogenous
and spherical morphology by the literature [36]. With the addition of
SA _Fe nanoparticles into the chitosan matrix, the formation of nanorod-
like structures was observed in the structure of the bioadsorbent.
Moreover, spherical shapes in the structure of the nanorod-like structure
of chitosan nanoparticles indicate the presence of sodium alginate-iron
oxide nanoparticles [37].

3.3. XRD analysis

The crystalline nature of the SA Fe, and 5.0 % SA_Fe containing
chitosan nanoparticles (CS@5.0SA_Fe) were investigated by using an X-
ray diffractometer (XRD), and XRD curves were given in Fig. 3. As
clearly seen in Fig. 3, SA_Fe nanoparticles have 5 crystalline peaks at 260
= 30.3, 35.6, 43.3, 57.2, and 63.0°, while SA_Fe containing CS nano-
particles have more multiple and sharp crystalline peaks at in the range
from 20 = 19.9 to 85.6°. The broad XRD peak at 20 = 20.31° indicated
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the presence of chitosan in the structure of CS@5.0SA _Fe [38]. Ac-
cording to the literature, sharp peaks around 35° confirmed that the iron
oxide structure was formed in both sodium alginate and chitosan
nanoparticle structures [39].

The particle size of SA-Fe and CS@5.0SA_Fe nanoparticles was
calculated by using the XRD pattern of these nanomaterials and the
Scherrer equation as follows:

0.892

" pcost ©

where ) is the wavelength (0.154 A), 0 is the Bragg diffraction angle, and
f is the width at half maximum, respectively [40,41].

The findings indicated that the average nanoparticle size of the
chitosan and SA_Fe nanoparticles was 10.64 + 3.77 nm whereas it was
determined as 18.73 + 5.41 nm for the CS@5.0SA_Fe nanoparticles.
This could be attributed to the presence of chitosan in the nanoparticle
matrix. Sreekumar and coworkers stated that the particle size of the
nanoparticles was increased with the addition of higher chitosan con-
centrations into the reaction medium [42].

3.4. BET analysis

The porous structure of the SA Fe and -chitosan-containing
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Fig. 8. Plots of pseudo-first-order (a), and second-order (b) for the adsorption
of methylene blue of the bioadsorbents.

bioadsorbents were analyzed by using BET, and BJH. The nitrogen
adsorption and desorption behavior of the SA_Fe, and the CS@5.0SA_Fe
nanoparticles were shown in Fig. 4. The BET surface area and BJH
diameter of the SA_Fe nanoparticles were found as 5.14 + 0.023, and
5.80 m? g~!, while they were detected as 7.29 + 0.035, and 10.36 m>
g~ ! for CS@5.0SA_Fe nanoparticles, respectively. The surface area and
average diameter of CS@5.0SA _Fe nanoparticles were increased with
the addition of SA-Fe nanoparticles into the chitosan solution. The pore
volume and average pore diameter were also determined as 0.0021 cm®
g_l, and 1.05 nm for SA_Fe nanoparticles, and 0.0033 cm?® g_l, and 1.28
nm for CS@5.0SA_Fe nanoparticles, respectively.

3.5. Thermogravimetric analysis

The thermal stability of the fabricated bioadsorbents was clarified by
using the TGA measurements (Fig. 5), and thermal behavior was eval-
uated in terms of char residue at 700 °C, 20 %, and 50 % weight loss. As
can be seen in the thermogram of the bioadsorbents, SA_Fe nanoparticles
were decomposed in two-step whereas CS, CS@2.5SA_Fe, CS@5.0SA_Fe,
and CS@10.0SA_Fe were exhibited in three-step degradation behavior.
The first and second degradation steps of SA_Fe were carried out in the
range of 20 to 300 °C with 7.4 % weight loss, and 300 to 700 °C with 1.3
% weight loss due to evaporation of water molecules with physically
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Table 1
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Kinetic parameters for the adsorption of methylene blue onto the adsorbents (pH 7.0, and bioadsorbent amount: 10 mg).

Adsorbent Temperature First order Second order
0
o kq qe R? ko qe R?
(min") (mg g™ (gmg ' min) (mg g™

Cs 20 0.0178 7.59 0.9884 0.0902 16.72 0.9955
CS@2.5SA Fe 0.0203 6.60 0.9866 0.1152 16.09 0.9912
CS@5.0SA _Fe 0.0220 10.57 0.9758 0.0123 25.63 0.9904
CS@10.0SA_Fe 0.0261 9.58 0.9617 0.0172 22.76 0.9923
Cs 0.0188 9.68 0.9877 0.0968 18.25 0.9902
CS@2.55A Fe 40 0.0147 9.67 0.9884 0.1044 18.09 0.9906
CS@5.0SA Fe 0.0201 14.18 0.9822 0.0679 27.92 0.9908
CS@10.0SA_Fe 0.0235 10.58 0.9793 0.0832 24.23 0.9922
CS 60 0.0296 12.23 0.9839 0.0755 20.45 0.9975
CS@2.55A Fe 0.0188 10.81 0.9748 0.0918 19.95 0.9957
CS@5.0SA Fe 0.0207 16.21 0.9862 0.0608 29.44 0.9961
CS@10.0SA_Fe 0.0275 13.03 0.9808 0.0713 24.69 0.9955

bounded structure, the degradation of iron oxide, and hydroxyl (~OH)
and carboxyl (—C=0) groups of sodium alginate, and carbonization
[29,43,44]. The three degradation steps of the bioadsorbents were
observed in the range from 20 to 170 °C around 18.0 % weight loss, 170
to 330 °C around 7.0 % weight loss, and 330 to 700 °C around 5.0 %
weight loss due to the evaporation of water, degradation of ~-OH and
—C=O0 in the structure of chitosan and sodium alginate, and carbon-
ization [43,45]. Furthermore, the char residue of the SA_Fe nano-
particles was recorded as 91.3 %. The T20 and char residue at 700 °C of
chitosan nanoparticles were determined as 121 °C and 65.3 %. These
values were recorded for the bioadsorbents in the range from 232 to
236 °C, and 70.4 to 71.2 %. These results clearly showed that with the
addition of SA_Fe nanoparticles into the chitosan matrix, thermal sta-
bility (T20, and char) was increased.

3.6. Dye adsorption studies, and optimization

The methylene blue adsorption behavior of the chitosan and sodium
alginate-based bioadsorbents was optimized concerning temperature,
pH, bioadsorbent amounts, dye concentration, and contact time. These
batch experiments were carried out at 25 °C, pH 7.0, and 20 mg L™! dye
concentration for 2 h in the presence of 20 mg bioadsorbent unless
otherwise stated.

3.6.1. pH effect

The initial pH solution value has an important effect as it affects the
charge of the adsorbent and the degree of ionization in the dye
adsorption process [46]. With this aim, the pH effect on the methylene
blue adsorption capacity of the bioadsorbent was studied in the range
from pH 3.0 to 9.0. The pH value of the solutions was adjusted using 0.1
M HCl or 0.1 M NaOH (Fig. 6a). The methylene blue adsorption capacity
of the bioadsorbents was calculated to be almost the same value (around
51 %) at low pH, and this removal value increased with the increasing of
pH between 5 and 7. In the alkaline media, the dye removal capacity of
the bioadsorbents was also decreased. At high pH values (in an alkaline
environment) the amino groups of chitosan polymer remain in the form
of -NH»5, which makes chitosan insoluble and the interaction of meth-
ylene blue molecules with chitosan decreases. Therefore, chitosan-based
nanomaterials exhibited low dye adsorption behavior in alkaline envi-
ronments [47].

Moreover, CS@5.0SA _Fe has the highest methylene blue adsorption
capacity in the tested pH solution.

3.6.2. Temperature effect

Fig. 6b shows the effect of temperature on the adsorption capacity of
methylene blue into bioadsorbents. According to Fig. 6b, the methylene
blue removal capacity of the bioadsorbents was increased with the
increasing temperature. This could be probably due to the adsorption

reaction occurring kinetically faster with the increasing temperature
and, therefore, the adsorption process of the methylene blue molecules
onto the bioadsorbents carried out in lower equilibrium times [48].
Moreover, an increase in the temperature may increase the ionization of
some functional groups such as —C = O, and -OH in the structure of
chitosan and sodium alginate [23].

3.6.3. Contact time

The contact time effect on the methylene blue adsorption capacity of
the bioadsorbents was given in Fig. 7a. The dye removal rate of all
bioadsorbents increased linearly and reached around 40 % removal
capacity within the first 30 min. The maximum methylene blue removal
rate was obtained after 120 min, and they almost reached equilibrium at
the mentioned time. In addition, the biosorbents exhibited a rapid
cationic dye adsorption behavior. This could be attributed to the strong
electrostatic interaction between the bioadsorbents and methylene blue
molecules [49].

3.6.4. Bioadsorbent amount

To determine the bioadsorbent amount effect on the methylene blue
removal behavior, the bioadsorbent amounts were increased from 10 to
100 mg (Fig. 7b). The maximum methylene blue removal rate was found
to be 78.66, 54.98, 97.64, and 80.05 for CS, CS@2.5SA-Fe, CS@5.0SA-
Fe, and CS@10.0SA-Fe in the presence of 25 mg bioadsorbents.
Furthermore, the methylene blue adsorption behavior of the bio-
adsorbents decreased in the presence of 50, 75, and 100 mg adsorbent
doses due to the limited active adsorption sites on the surface of the
bioadsorbents [50]. According to the optimization results, 5
CS@5.0SA Fe exhibited the highest adsorption capacity due to its sur-
face area and active size.

3.7. Adsorption kinetics

The pseudo-first-order (PFO), and pseudo-second-order (PSO) ki-
netic models were used to evaluate the methylene blue adsorption rate
of the bioadsorbents (Fig. 8, and Table 1). As known, adsorption kinetic
studies are critical in dye or heavy metal adsorption experiments as they
provide information about the system’s equilibrium state [51]. K; (the
rate constant for the PFO model), and qe (dye equilibrium adsorption
capacity) values were calculated in the range from 0.0178 to 0.0220
min~?, and 6.60 to 10.57 mg g~ at 20 °C, 0.0188 to 0.0235 min~!, and
9.67 t014.18 mg g~ ! at 40 °C, and 0.0188 to 0.0296 min ', and 10.81 to
16.21 mg g ! at 60 °C. ky, (the rate constant for the PSO model), and qe
value were found in the range from 0.0123 t0 0.1152 g mg ! min !, and
16.09 to 29.44 mg g™, respectively. Also, the correlation coefficient
(R?) was determined between 0.9617, and 0.9884 for the PFO model,
and 0.9902 and 0.9975 for the PSO model, respectively. These findings
indicated that the highest R? values were obtained for the PSO model,
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Fig. 10. Plots for Freundlich (a), and Langmuir for the adsorption of methy-
lene blue.

and these experimental results were fitted with this kinetic model.

3.8. Adsorption isotherms

Methylene blue adsorption isotherm of the bioadsorbents was stud-
ied at various temperatures such as 20, 40, and 60 °C in the presence of
10 mg bioadsorbents and at pH 7.0 (Fig. 9). The methylene blue
adsorption capacities of the bioadsorbents were calculated in the range
from 26.10 to 38.14 mg/g at 20 °C, 35.68 to 86.63 mg/g at 40 °C, and
102.52 to 176.26 mg/g at 60 °C. According to these results, the meth-
ylene blue adsorption capacity of the bioadsorbents was increased with
the increase in temperature. Arnata and coworkers explained that the
increasing temperature of the reaction medium causes changes in the
pore size of the adsorbents, the kinetic energy of the dye molecules, and
an increase in the diffusion rate in dye adsorption studies [52].

Although investigating the adsorption behavior of bioadsorbents
using adsorption models such as Langmuir and Freundlich is a basic
approach, the obtained experimental results are very useful in providing
information about adsorption mechanisms and capacities [53]. For this
purpose, linear or nonlinear isotherm models of Langmuir and Freund-
lich of the bioadsorbents were given in Fig. 10, and results were shown
in Table 2. Freundlich adsorption constant (Kg) was determined in the
range from 26.10 to 27.44 mg g~ * (L mg~1)'/", 9.48 t0 20.07 mg g ! (L
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Table 2
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Isotherm model results for the adsorption of methylene blue onto the bioadsorbents (pH 7.0, and bioadsorbent amount: 10 mg).

Adsorbent Temperature Freundlich model Langmuir model

o

co Kr 1/n R? qmax KL R?

(mg g~") (L mg~ 1" (mgg " Lmgh

CS 20 26.37 1.28 0.9875 33.23 6.40 0.9984
CS@2.5SA Fe 26.10 1.27 0.9839 32.26 6.43 0.9978
CS@5.0SA_Fe 27.44 1.37 0.9851 41.95 5.47 0.9985
CS@10.0SA_Fe 27.29 1.35 0.9852 35.71 5.55 0.9982
CS 40 14.06 1.05 0.9676 58.80 2.52 0.9929
CS@2.55A Fe 9.48 0.94 0.9706 50.05 2.68 0.9952
CS@5.0SA _Fe 20.07 1.41 0.9833 86.34 2.34 0.9987
CS@10.0SA_Fe 18.59 1.34 0.9870 82.65 2.47 0.9984
CS 60 10.88 1.35 0.9878 169.49 1.39 0.9982
CS@2.55A Fe 8.38 1.22 0.9882 162.77 1.40 0.9979
CS@5.0SA_Fe 15.72 1.47 0.9862 212.77 1.31 0.9981
CS@10.0SA_Fe 11.93 1.31 0.9860 204.08 1.34 0.9921

Table 3
The maximum adsorption capacities of bioadsorbents containing chitosan, and
sodium alginate.

Bioadsorbent content Qmax (Mg/g) Reference
Cellulose nanofiber, and chitosan 164.5 43
Chitosan, iron, and silver nanoparticles 74.63 47
Cellulose, sodium alginate, and iron 105.93 48
Iron, chitosan, and SBA-15 176.70 49
Sodium alginate, zeolite, and iron 181.85 50
Chitosan and sodium alginate-iron 212.77 This study
Table 4
Thermodynamic data of the bioadsorbents.
Adsorbent Temperature ~ AG® AH° AS° R?
) kJ/ kJ/ (kJ mol !
mol) mol) Kb
CS 293 —4.524 —31.100 —90.963 0.9919
313 —2.406
333 —0.912
CS@2.55A Fe 293 —4.536 —31.064 —90.839 0.9897
313 —2.381
333 —0.932
CS@5.0SA _Fe 293 —4.142 —29.089 —85.335 0.9949
313 —2.213
333 —0.748
CS@10.0SA_Fe 293 —-4.177 —28.894 —84.454 0.9981
313 —2.354
333 —0.811

mg~1)/", and 8.38 to 15.72 mg g~! (L mg™1)!/™ for 20, 40, and 60 °C,
respectively. In addition, R? values for Freundlich isotherm was found
between 0.9676 and 0.9882. According to the obtained results from
Langmuir, Langmuir adsorption capacity and R? were calculated in the
range from 1.31 to 6.41 L mg ™, and 0.9921 to 0.9987. As can be seen in
these results, the experimental results were fitted with Langmuir
isotherm because the calculated R? values were higher than the other
isotherm model and they were close to 1 [54].

The maximum methylene blue adsorption capacities of the chitosan
and sodium alginate-iron oxide nanoparticles containing bioadsorbents
were compared with the previous papers in the literature, and the
findings were summarized in Table 3 [44,50,55-57]. The results indi-
cated that the qmax value for the present study was higher than the other
experimental results, and the fabricated bioadsorbents were competitive
for the adsorption of methylene blue in the aqueous solutions.

3.9. Thermodynamic parameters

The thermodynamic parameters such as Gibbs free energy (G°),

enthalpy (H®), and entropy (S°) are very important as they provide in-
formation about whether the adsorption process will be endothermic or
exothermic and whether it will occur spontaneously or not [58]. These
adsorption thermodynamic parameters were calculated using different
temperatures such as 293, 313, and 333 K (Table 4). AG® values of the
bioadsorbents were found between — 4.536 and — 0.748 kJ mol~!. AHC,
and AS° values of the CS, CS@2.5SA_Fe, CS@5.0SA_Fe, and
CS@10.0SA_Fe were determined as — 31.100 kJ mol~?, and — 90.963 kJ
mol ™ K™%, — 31.064 kJ mol ™, and - 90.839 kJ mol ' K™, — 29.089 kJ
mol ™}, and - 85.335 kJ mol ! K1, and - 28.894 kJ mol !, and — 84.454
kJ mol~! K™, respectively. These results showed that the methylene
blue adsorption process onto the bioadsorbents was carried out via
spontaneous and exothermic reactions due to negative values of AG°,
and AH° [59]. The negative value of AG® showed that bioadsorbents
tended to have more methylene blue adsorption behavior in the aqueous
solution compared to the non-spontaneous reaction [58]. Moreover, the
bioadsorbents and methylene blue molecules interacted with each other
via electrostatic interactions, hydrogen bonding, or van der Waals due to
the negative value of AS® [23,60]. According to these findings, the
possible interaction mechanism between the bioadsorbents and methy-
lene blue molecules was given in Fig. 11.

FT-IR spectra of CS@5.0SA _Fe bioadsorbent in the presence and
absence of methylene blue were given in Fig. 12 to confirm the inter-
action between dye molecules and bioadsorbents. The characteristic
stretching vibrations such as hydroxyl (-OH)/amine, aliphatic —CH,
—-NH, symmetric —C = O, anti-symmetric —C = O, carboxylate anion
(—C = 0-0), and —C-O-C were observed at 3454, 2938, 1681, 1452,
1057, 847, and 562 cm ™! for the CS@5.0SA_Fe. When mixed biosorbent
with dye molecules, these mentioned stretching vibrations were seen at
3308, 2885, 1637, 1367, 1052, 894 (as a shoulder) and 662 (as a
shoulder) em ™! for CS@5.0SA_Fe-dye mixture, respectively.

3.10. Regeneration of the bioadsorbents, and ion leaching effect

To determine the adsorption/desorption behavior of CS@5.0SA _Fe
nanoparticles, 5 consecutive experiments were performed, and the re-
sults were given in Fig. 13a. It was found that a decrease of around 15 %
was found after 5 consecutive adsorption/desorption cycles. According
to these results, the fabricated bioadsorbents could be effectively used
for the adsorption of methylene blue from wastewater.

To investigate the stability of the CS@5.0SA_Fe nanoparticles, ion
leaching studies were done in the presence of 20 mg bioadsorbents, 20
mg/L methylene blue, and at pH 5.0, 7.0, and 9.0 under ambient con-
ditions (Fig. 13b). The finding showed that the ion leaching effect of the
tested ions on CS@5.0SA _Fe nanoparticles was lower than 5 pg/L. Ac-
cording to these results, it was found that the leaching effect of tested
metal ions during the adsorption process was insignificant and the CS
@5.0SA_Fe nanoparticles exhibited quite high stability in a wide pH
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range [61-63].
4. Conclusion

In the present paper, a series of bioadsorbents containing chitosan,
and sodium alginate-iron oxide nanoparticles were successfully pre-
pared to remove methylene blue from the aqueous solution. Sodium
alginate-iron oxide particle was obtained and mixed with chitosan due
to the increased surface area of the chitosan, and the enhanced
adsorption behavior of the bioadsorbents. As known, biopolymers such
as chitosan and sodium alginate-based bioadsorbent are more advan-
tageous than synthetic polymer-based adsorbents in terms of environ-
mental and economic sustainability due to their biodegradable and low-
cost properties. The average particle size of the SA_Fe and CS@5.0SA_Fe
was found to be 10.64 + 3.77, and 18.73 + 5.41 nm. The methylene
blue adsorption behavior of the bioadsorbents was optimized in terms of
pH, temperature, contact time, and bioadsorbent amount. The findings
showed that CS@5.0SA_Fe exhibited maximum methylene blue
adsorption behavior in all tested conditions due to its high surface area
and active size. Kinetic and isotherm adsorption models were also
investigated, and methylene blue adsorption of the bioadsorbents was
fitted with the pseudo-second kinetic and Langmuir isotherm model.
Maximum methylene blue capacity was found to be 212.77 mg g™ ! in
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the presence of 10 mg CS@5.0SA_Fe at 60 °C, and pH 7.0.
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