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Abstract

An environmentally friendly nano-sized adsorbent with good adsorption capacity for ionic contaminants, that can be easily
removed from treated water, was obtained. The adsorbent consists in iron oxide magnetic nanoparticles coated with chitosan,
resulting in a core-shell structure. The particles were obtained by a two-step procedure that includes the synthesis of the
magnetic core nanoparticles by the alkaline co-precipitation method, followed by theirimmersion in a dilute chitosan solution.
They were characterized and the presence of the organic coating was verified using different techniques. The adsorbent
properties were studied using Congo red (CR) solutions, as an example of common ionic adsorbates discharged into the waste
streams by textile industries. Adsorption kinetics studies at different CR concentrations and adsorption equilibrium isotherms
at two pHs are reported and modeled theoretically. The pseudo-second-order model was the one that best fitted the
adsorption kinetics and for equilibrium studies, the best fit was with either the Langmuir model (pH 7) or the Freundlich
model (pH 3). The dye adsorption at lower pH was higher than that exhibited by neutral solutions, attributed to the increase
in electrostatic attraction between the negatively charged dye molecule and positively charged amine group of chitosan.
Preliminary results for CR desorption are also reported.
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1. Introduction
Environment contamination, particularly pollution of water
with heavy metals and other ionic compounds is an issue that
affects many ecosystems and communities all around the
world. Contamination of water sources and water scarcity are
increasing by factors like population explosion, urbanization,
harmful
may be

rapid industrialization, and various other

anthropogenic The
contaminated with various inorganic as well as organic

activities. wastewater
pollutants such as dyes,!'? products from pharmaceutical
industries,* pesticides, personal care products (PCP),5
chemicals that may affect the endocrine process of organisms,
surfactants, toxic metals, efc.[%]
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Synthetic dyes are considered unpleasant and dangerous
organic compounds for the environment. They are problematic
as they are toxic and non-biodegradable because of their
complex and stable structures, so the removal of dyes from
waste water has become a great challenge for all scientists in
the world.”” Even so, they are widely used in diverse
applications including textiles, pharmaceuticals, food and
beverages, paper manufacturing, leather, and so on, to impart
color to various substrates.!®% It is estimated that >100,000
kinds of dyes are circulating in the market with an annual
worldwide production of over 7 x 10° tons.[®!%111 The global
textile industry is one of the major contributors to aquatic
pollution across the world.''”) It is one of the heavily water-
dependent industries requiring almost 200-270 tons of water
for producing one ton of textile product, with a global water
requirement of about 79 billion cubic meters of water
annually.l'>'?] The majority of the textile sector globally is also
quite inefficient, leading to almost 2 x 10° tons of synthetic
dyes being discharged into the environment. The World Bank
also estimates the contribution of industrial wastewater from
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textile dyeing and finishing treatment by about 17-20 %
worldwide.l¥] The presence of dye materials even in small
quantities greatly influences the visibility, appearance, and
quality of water, which is esthetically nasty.!'*! Additionally,
most dyes are toxic, mutagenic, and carcinogenic in nature.!'’]
In particular, Congo Red is one of the most widely used
anionic dyes in the textile industry, whose removal from
wastewater is crucial because it can be metabolized to
benzidine, a known human carcinogen.!'!

Owing to their complicated chemical structures, dyes are
difficult to treat with municipal waste treatment operations!'”
and conventional processes for the treatment of metal-bearing
effluents generally face economic or environmental
constraints that make them ineffective for removing toxic or
strategic metal ions at low or trace levels from aqueous waste
streams.'8! In this way, the elimination and subsequent
recovery of contaminants from wastewater require the
development and implementation of new technologies.
Among the options, adsorption is one of the most adequate
techniques for purification purposes because of its simplicity,
low cost, high efficiency, adsorbent disponibility, efc.!'!
Compared to conventional micron-sized supports used in the
separation process, nanometric sorbents have quite good
performance due to their high specific surface areas and the
absence of internal diffusion resistance. However, nano-
adsorbents face serious drawbacks in terms of separation and
recovery from treated solutions: they usually require
sophisticated separation processes, such as very fine filtration
or centrifugation. In this line, magnetic nano-adsorbents offer
interesting alternatives for phase separation using an external
magnetic field for the recovery of spent sorbents!'$! while
reducing the chance of any secondary pollution.?"

Among iron oxides, maghemite, and magnetitel?'! present
ferromagnetic behavior. However, magnetite is generally
preferable for magnetic separation applications.??

Magnetite nanoparticles with their functionalized surface
have received increased interest due to their potential
applications. The unavoidable problems of naked iron oxide
nanoparticles, such as agglomeration and oxidization by air
due to their high chemical activity, limit their application since
would cause damage to magnetic properties.>*?* To provide
the magnetite nanoparticles with higher resistance to highly
acidic aqueous media and to prevent their oxidation,
degradation, and dissolution, it is possible to coat them with
chemically resistant organic or inorganic layers, resulting in
core-shell structures.!'s! Surface modification of magnetite
nanoparticles could include organic compounds that would
provide similar functionality to common extractants for

anionic or cationic species. Thus, these functionalized
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nanoparticles could be used as more specific and highly
effective adsorbent nanomaterials.??! In fact, the adsorption of
dyes by means of natural and biodegradable polymers is one
of the emerging methods for dye removal®! because of their
inherent adsorption properties, but also due to their green
nature.

Chitosan (Ch) is
hydrophilic, and non-toxic natural polymer that is obtained

a biodegradable, biocompatible,
from partial or total chitin deacetylation. Chitin is the main
component of the crustacean exo skeleton and the second most
abundant biopolymer present in nature. As chitosan has
excellent properties for adsorption and encapsulation due to
amino groups (-NH») present in its backbone that act like
reaction and coordination sites, its ideal to be used as a
polymeric coating for adsorption purposes.

The adsorption of Congo red has been studied using
adsorbents based on chitosan, iron oxide nanoparticles,
composite materials/particles based on both (as presented in
this work), or even more complex ones. Among these, it is
worth mentioning the works of Jeyaseelan et al.?” that studied
the use of sulfate-cross-linked chitosan particles, that of Feng
et al.1?® that developed cross-linked porous chitosan films, the
al?!  that
chitosan/hematite nano-composite hydrogel capsules intended
as CR adsorbents, that of Kloster et al.*% that manufactured
chitosan-magnetite composite films, efc. Also, more recently,
Zhang et al.BP"
magnetite

one of Ohemeng-Boahen et synthesized

developed chitosan—vanadium-titanium-
al B2

hydrogel

composite adsorbent, Chatterjee et

manufactured goethite-impregnated  chitosan
capsules while Tan et al.*! fabricated ethylenediamine-
functionalized magnetic microspheres with large mesopores,
Zong et alB% synthesized a magnetically recyclable
Mg(OH)z/Fe304/PEI

composite bio-adsorbent, Wang et al.l*! developed a magnetic

functionalized  enzymatic  lignin
adsorbent from chitosan and Fe;O4 by a solvent-free ball
milling method, Sarojini et al.%) manufactured polypyrrole-
iron oxide-seaweed nanocomposites, and Huang et al.’”
synthesized in situ quaternary-ammonium-functionalized
magnetic chitosan microspheres.

In this work, nanosized adsorbents consisting of a
magnetic iron oxide core coated with a shell of chitosan
biopolymer were prepared by a simple procedure and
systematically characterized by means of XRD, FTIR, TGA,
TEM, DLS, XPS, and magnetic analysis. Congo red was
further used as a model dye to evaluate its adsorption and
desorption properties.

2. Experimental procedures
2.1 Materials
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Chitosan in powder form (degree of deacetylation 98%, Mv =
1.61 x 10° g mol') was supplied by Parafarm. The ferric
chloride hexahydrate (FeCl3-6H>O), ammonium hydroxide
(25% NHs), sulfuric acid, and sodium hydroxide were
obtained from Sigma-Aldrich. Glacial acetic acid and the
ferrous chloride tetrahydrate (FeCl,.4H>O) were obtained
from Biopack. All these reagents were analytical grade and
were used without further purification.

Congo red (CR) dye (Solarbio®) of analytical grade
without further purification was used as adsorbate. Congo red
is an anionic diazo direct dye (CR, CI 22120, molecular
weight 696.7 g mol™") that contains NH, and SOs~ functional
groups.

2.2 Methods

2.2.1 Synthesis of core-shell magnetic nanoparticles (NP-
Ch)

The iron oxide nanoparticles (NPs) were obtained by an
alkaline co-precipitation method adapted from that developed
by Massart and Cabuil®! and previously reported by Kloster
et. al. ™. Aqueous solutions of ferric chloride (FeCl3.6H20)
and ferrous chloride (FeCl».4H,0) were prepared and mixed
by magnetic stirring using a molar ratio Fe*>:Fe*3 = 2:1. Once
the solution was completely homogenized, concentrated
NH4OH (25-30%) solution was added to promote the
magnetic NPs precipitation. During this step, the suspension
was manually stirred for 5 minutes, by means of a glass rod.
Then, the particles were separated by magnetic decantation
and washed several times with deionized water until neutral
pH. Finally, NPs were redispersed in deionized water in a mass
ratio NP: H,O = 0.032 and stored until further use.

To prepare the core-shell adsorbent particles, an aqueous
suspension containing 1 g of iron oxide nanoparticles was
mixed with 100 mL of chitosan solution (2 % w/v) prepared
by dissolving chitosan powder in aqueous acetic acid solution
(1% v/v) by magnetic stirring at room temperature. This
dispersion was submitted to orbital shaking at 250 rpm for 1 h
at room temperature. The obtained coated iron oxide
nanoparticles (NP-Ch) were washed with deionized water
several times and separated from the supernatant liquid by
centrifugation (12500 rpm for 15 minutes), until neutral pH.
This synthesis procedure is summarized in Scheme 1. The
final suspensions were kept in dark-colored glass containers
for further use.

2.2.2 Characterization of NP-Ch

X-ray diffraction (XRD)

The crystal structure of the nanoparticles was investigated
using CuKoa radiation (A=1.5418 A) in a PANalytical X'Pert
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Pro diffractometer operated at 40 kV, 300 mA, and 0.6 °C min-
I. The average crystal grain sizes were calculated from the
Scherrer Equation (1) with XRD line broadening, assuming
crystals are spherical:

0941
r= B Cos 6 (1)

where, T the mean size of the ordered (crystalline) domains, A
the wavelength of the X-ray, 6 the diffraction angle in degrees,
and B, in radians, the measured full width at half maximum
intensity. The diffraction peak at 20 = 35.4< which
corresponds to the lattice plane (3 1 1), was used for
calculation since it is well resolved and shows no interferences.

FeCl,.6H,0  FeCl,4H,0 Fe,O,

—

Chitosan (Ch)
+

Acetic acid solution Core-shell structure

(NP-Ch)
Scheme 1 Schematic representation of the synthesis of the core-

shell magnetic nanoparticles.

Transmission Electron Microscopy (TEM)

TEM analysis was performed on a JEOL JEM 2100, 200KV,
and BgLa filament field-emission gun transmission electron
microscope (voltage: 200 kV). Particle suspensions were dried
by lyophilization and then, a small number of nanoparticles
were dispersed in isopropyl alcohol. Samples for the
microscopy experiment were then prepared by drying a drop
of this suspension on a Ted Pella ultrathin cooper film on a
holey carbon.

Infrared spectroscopy (FTIR)

FTIR spectra of chitosan powder and nanoparticles with and
without coating were recorded in transmission mode (samples
included in KBr pellets), using a Thermo Scientific Nicolet
6700 spectrometer. The spectra were recorded over a range of
500-4000 cm™! with a resolution of 2 cm™! and averaged over
32 scans.

Thermogravimetric analysis (TGA)
Thermogravimetric tests of the iron oxides nanoparticles with

Eng. Sci., 2023, 22, 851 | 3



Research article

Engineered Science

and without coating were performed in a TGA-40 Shimadzu
Thermogravimetric Analyzer at a heating rate of 10 °C min"!
under air atmosphere (35 mL min™!) from room temperature to
900 °C.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) chemical state
analysis was performed in a Thermo Scientific, K-Alpha X-
ray Photoelectron Spectrometer that includes a hemispheric
analyzer with the double focus of 180°, a 128 channel detector,
and an EX06 ion source, using Al Ka excitation with variable
point size (from 30 to 400 pm in increases of 5 um).

Magnetic characterization

The magnetic properties of NPs with and without chitosan
SQUID
magnetometer (Quantum Design, MPMS®3). In this way, both
(M(H)) as
magnetization measurements as a function of temperature

coating were obtained using a commercial

isothermal magnetization curves well as
(M(T)) were performed in order to characterize the magnetic
properties of the NPs. M(H) curves were performed at two
different temperatures, 2K and 300K. M(T) curves were
measured with an applied field of 50 Oe in zero field cooling
(ZFC) and field cooling (FC) protocols. For the ZFC protocol,
the sample was first cooled down from T = 300 to 2 K in zero
magnetic fields, then a static magnetic field of 50 Oe was
applied and the magnetization was measured while increasing
the temperature up to 350 K. Subsequently the sample was
cooled down to 2 K under the same applied magnetic field (50
Oe) and the magnetization was measured while warming up
the sample from 2 K to 350 K. The average value of the
blocking temperature distribution function ( f(Tg)) was
calculated from the FC/ZFC curves using the derivative
XT+f(Tp)

xr

M(H) measurements at 300 K were used to determine

expression d(FC-ZFC)/dT and used in < Tz >=

saturation magnetization (Ms) at room temperature and to
estimate the magnetic volume by modeling the magnetization
by fitting the curves with the Langevin function, considering
monodomain magnetic NPs with small dipolar interaction
among them and near the superparamagnetic behavior.
For these measurements, the magnetic NPs were dispersed in
epoxy resin at low concentrations (i.e. sample NP: 0.3 wt.%,
sample NP-Ch: 0.01 wt.% and sample NP-Ch-CR: 0.2 wt.%,
in order to avoid agglomeration and physical rotation of the
NPs with the applied field).

Two repetitions of each of the characterization procedures
presented in this section were carried out since the
measurements gave the same results in both cases.
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Dynamic light scattering

The average particle size and particle size distribution of the
nanoparticle dispersions were measured by dynamic light
scattering (DLS) using a Malvern Zetasizer Nano S90 with a
laser beam 42 of 632 nm (Malvern Instruments Co. Ltd.,
Worcestershire, 43 UK) at 25 °C. Very dilute dispersions in
distilled water (~ 0.005 mg parictes mL!) were used to get
accurate results. Sonication was applied for 30 minutes prior
to the measurements to separate micrometric agglomerates
formed during storage into smaller ones.

Colloidal stability

To evaluate the colloidal stability of the nanoparticles,
suspensions at neutral and acid pH, containing 0.01 mgpartictes
mL-!, were prepared using distilled water and sulfuric acid to
adjust the pH. The flasks containing the suspensions were left
at room temperature for 24 h. The absorbancies of the
suspensions at A=420 nm were measured at t=0 and t=24 h
using a UV-vis spectrophotometer (Agilent 8453). The results
were interpreted according to the suggestions of Xu et al.l*!

2.2.3 Adsorption and desorption tests

Congo red (CR) solutions with different concentrations were
prepared by diluting the dye in Milli-Q water. Since Congo red
aqueous solutions are red at pH>5 and blue at pH<3,
calibration curves were prepared by using a UV-vis
(Agilent 8453), the
absorbance of solutions of different concentrations at A=498

spectrophotometer by measuring
nm for neutral pH and A=570 nm for acid pH, where the dye
Then, subsequent
determinations, the concentration of CR was calculated from

has maximum absorbance.*3# for
the corresponding calibration curve.

Equilibrium and kinetic tests were carried out using 0.1 g
of NP-Ch or uncoated NP (only kinetic studies) as adsorbents
that were previously lyophilized for 24 h (100 mbar and -
60 °C). The nanoparticles were added to flasks containing 20
mL of CR solutions and the whole system was submitted to
orbital shaken at 60 rpm at room temperature (25 £+ 1°C). For
kinetic studies, different contact times were evaluated using
CR solutions with initial concentrations of 10 mg L' and 100
mg L', For the equilibrium tests, the contact time was 24 h
and the CR initial concentration was varied from 50 to 200 mg
L. After each period, the particles were separated from the
flasks by magnetic decantation, and the concentration of the
UV-vis
spectrophotometry. The adsorption capacity of the particles
was calculated using Equation 2:

remaining CR solutions was measured by

__(Co-CV
t w

)

© Engineered Science Publisher LLC 2023



Engineered Science

Research article

where g, represents the adsorption capacity (mgcr (Zadsorbent)™!)
at any time, V' is the volume of the solution (L), /¥ is the weight
of adsorbent (g) and C is the concentration of CR at the initial
(Cy) and time t (C,) conditions (mgcr (L solution)!). For
equilibrium measurements (isotherms), C; was replaced by C.
(equilibrium concentration).

Kinetic studies were performed at the natural pH of CR
solutions, which was ~6.5-7 but equilibrium isotherms were
also evaluated with CR solutions of pH ~3, achieving this
condition by adding sulfuric acid 0.1 mol L.

Preliminary desorption tests were carried out on the
samples used in adsorption tests at pH ~3. The particles were
recovered from the treated CR solutions by magnetic
separation and subsequently transferred to flasks containing
20 mL of aqueous NaOH solution at pH~13 for 24 h under
orbital shaking. After this time, ¢ was calculated as the
difference between the initially adsorbed amount of dye and
the one that was desorbed to the aqueous phase.

Two replicates of most of the samples were used in the
adsorption tests. In these cases, the average error in the
measurements was below 10%.

3. Results and discussion

3.1 X-ray diffraction (XRD) analysis

Figure 1 shows the XRD patterns of NP and NP-Ch obtained
by XRD. In both spectra, the positions and relative intensities
of the diffraction peaks (20 =30.1°, 35.5°, 43.3°, 53.4°, 57.2°
and 62.7° that can be attributed to (22 0),(311),(400), (42
2), (51 1) and (4 4 0) planes, respectively), match with a face-
centered cubic (FCC) with inverse spinel structure that
corresponds to standard magnetite (Fe3Oa) crystals (standard
XRD database JCPDS No. 19-0629) and/or
polymorphous maghemite (Fe2O3).[4547)

to its

However, it is clear that the presence of chitosan coating,
expected as a wide band overlapped to the NP diffractogram
and centered at ~ 23°, which would correspond to the
amorphous structure of the natural polymer,*® and peaks at 20
= 9° and 12°, attributed to crystalline hydrated chitosan
structure, cannot be observed in the NP-Ch diffractogram,
although the very small peaks at 26 = 18.5°, 20.7° and 30.5°
(shoulder) that could be related to the weak crystallinity of
chitosan®’ are noticeable, even though with very little
intensity. We believe that this is due to the low mass of
biopolymer incorporated, in addition to the large intensity of
iron oxide peaks that mask the chitosan contribution in the NP-
Ch XRD pattern. Similar results were found in other
works?%#-311 in which the researchers concluded in that the

magnetite structure, e.g. polymer chain embedment in
oxide, contributing to lower the size of coherently diffracting

© Engineered Science Publisher LLC 2023

chemical conjugation of chitosan did not lead to any phase
changes of the NP.

Intensity (arbitray units)

26(°)

JCPDS 190629
Magnetite

{311)

(220) (511) 400)
{400}

{111 (222) ’ 422)

| | |

Fig. 1 X-ray diffraction patterns of NP, NP-Ch, and the standard
diffraction pattern for magnetite (JCPDS no. 19-0629).

(531)
l

As characteristic peaks of NP-Ch are slightly shifted to
lower angles, an inter-planar distance of (3 1 1) results smaller
(2.5305 A) in NP-Ch than that (2.5344 A) of naked NP.
However, these differences are not significant enough to
associate them with more compact particles.

The width at half maximum of the major peak increases
slightly after capping, as noticed in related works.’” In
addition, the characteristic peaks of NP-Ch are slightly shifted
to lower angles in comparison with the spectra of naked NP.
Therefore, the crystallite size decreases after the surface
coating, and the values obtained from the Scherrer equation
were 9.93 nm and 9.61 nm, for NP and NP-Ch, respectively.

These results could be ascribed to chitosan acting as a
controller of the crystallite size that can be associated with the
Fe-chitosan complex formed just on the surface of the particles,
since in the present work neat NP is first synthesized and then
coated with the bio-polymer. During the coating step of the
magnetic core with chitosan, the binding of the biopolymer by
physical and/or chemical interactions can cause distortion in
the crystalline character of the particle surface, consequently
reducing the crystallite size that can be determined by
measurements in XRD. According to Robinson et al., coating
magnetite nanoparticles with starch could induce defaults in
domains.?>?

According to Freire et al.,”* when the Fe-chitosan complex

Eng. Sci., 2023, 22, 851 |5
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is formed prior to the nucleation of the particles, it positively
interferes in the crystal growth process by controlling the iron
ions diffusion, leading to the formation of crystals with a
narrow size distribution and small diameter. Moreover, a
reduction in crystallite size was also observed by Antarnusa et
al.,’®! for iron oxide nanoparticles coated with polyethylene
glycol (PEG) synthesized by a two-step procedure similar to
the used in this work; which was attributed to the influence of
PEG that reacted and functioned as an agent that could limit
crystal growth.

Figure 2 shows representative transmission electron
micrographs of the synthesized iron oxide NP (Fig. 2a) and
NP-Ch (Fig. 2c) as well as the size distributions obtained by
counting more than 100 particles from selected images taken
at high magnification (Figs. 2b and 2d, respectively).

From the analysis of the histograms, average particle
diameters of 8.4 + 0.3 nm and 8.6 + 0.3 nm for NP and NP-Ch,
respectively, with narrow size distributions, were calculated
(dashed line represents the best fit according to a lognormal

ount

Count

Count

size distribution).

The smallness in the mean sizes calculated from the TEM
micrographs of samples (especially when compared to the
respective crystallite sizes) is attributed to the intrinsic
characteristics of the transmission microscopy measurements
that could consider part of the sample instead of the whole
because the observed particles are only those that remained in
the grid after the various washing steps performed on the very
dilute Additionally, the two-step
preparation procedure involves first the preparation of the

suspension deposit.

magnetic cores and then their redispersion in deionized water
and storage until further mixing with the chitosan solution,
which could lead to the larger magnetic particles remaining at
the bottom of the redispersion container where the suspension
was stored, not being transferred to the flask containing the
chitosan solution thus resulting in NP and NP-Ch having
almost the same average diameter (no significant differences),
at least when determined by TEM microscopy.

<D>=8.4 +0.3

12

Diameter (nm)

16

<D>=8.6 10.3

3 6 9 12

Diameter (nm)

<D>=7.3 £0.2

Diameter (nm)

Fig. 2 TEM images and particle size distributions of uncoated NP (a, b), NP-Ch (c, d) and NP-Ch after adsorption dye process (e, f).
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Figure 2 also reveals that NPs seem to be mostly spherical
in shape, presenting some agglomeration as can be expected
for magnetic NP without surface treatments/surfactant.?324
The incorporation of a shell of chitosan into the core of
magnetic iron oxides does not change the shape of the particles.
However, the agglomeration of Fe3Os nanoparticles still
occurred after encapsulation by chitosan, indicating that
particles would have agglomerated in the drying process for
preparing the testing sample, as explained in related studies.l”

Figures 2e and 2f present a TEM image of the
nanoparticles recovered from an adsorption test as well as the
corresponding histogram. The mean average diameter of the
particles is, in this case, 7.3 £+ 0.2 nm, the lower value of the
series, which can be explained again by considering the loss
of the larger particles in the different processing/recovering
stages. On the other hand, it is clear that the shape of the
particles does not change due to dye adsorption, revealing that
the chitosan surface coverage is homogeneous.

3.2 Fourier transform infrared (FTIR) analysis

The presence of chitosan in modified NP was also investigated
through FTIR; Fig. 3a presents the spectra of chitosan
(powder), iron oxide NP and core-shell NP.

In the NP spectrum, the wide absorption band in the rage
700-400 cm™! corresponds to the inorganic lattice vibration and
thus, is attributed to the iron oxide (Fe3O4/y-Fe203).15% This
band includes the presence of two strong absorption peaks at
around 636 and 592 cm™! corresponding to the formation of
magnetic nanoparticles, being the last band confirmed as the
Fe-O stretching vibration of tetrahedral sites of spinel
structure and an additional absorption band at 459 cm™!,
attributed to tetrahedral and octahedral sites in the Fe;O4
structure.’ The peak at 3423 cm! is assigned to the
stretching vibration of O-H (non-dissociated O-H groups), the
peak at 1622 cm’! to the O-H stretching mode, and the peak at
1400 cm™! to the bending vibration of H-O-H due to the water
on the particles surface.[#5%:60

The spectrum of NP-Ch also shows a wide absorption band
starting at about 700 cm™!, which confirms the presence of iron
oxide in the composite particles. It also exhibits a broad band
centered on 3420 cm™!, which in this case is assigned to -OH
hydrogen bonded with the contribution of the -NH, group-
stretching vibration,’3 and peaks at 2926 and 2854 cm’!
corresponding to stretching vibrations of CH; and CH (tertiary)
aliphatic groups, respectively, attributed to the chitosan
coating. The presence of chitosan in the NP-Ch can also be
recognized in the band between 1174 and 1040 cm™!, due to
the stretching vibration of C-O-C links and deformation of C-
O and O-H groups from primary and secondary alcohols

© Engineered Science Publisher LLC 2023

present in chitosan molecules, -l and in the small peak at 895
cm! of the B linkage of the glucoside rings (i.e. wagging of
the saccharide structure).*¢”) The peaks due to the bending
vibrations of methylene and methyl groups at 1375 cm’!
(amide TIT) and 1446 cm™!, respectively, and the distinctive
absorption band at 1630 cm™! (amide I), are also visible in the
spectrum of the core-shell nanoparticles.*6]

On the other hand, the spectrum of chitosan powder
presents all the expected peaks: the characteristic biosorption
peaks of primary amine (-NH>) appear at 3436 (overlapped
with that of the O-H stretching vibration) and at 1655 cm ™!,
the band at 1599 cm™! is assigned to N-H bending vibration
and the peak of 1378 cm™' to the -C-O stretching of the
primary alcoholic group in the polysaccharide. However, these
peaks exhibit different relative intensities as compared with
those of the NP-Ch and, in some cases, they appear at slightly
that chitosan was

shifted positions,?*>*311  confirming

successfully coated on Fe3O4 nanoparticles.

3.3 Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) technique provides
information on temperature-dependent changes in mass
associated with, for example, desorption, decomposition, and
others.[??] 3b the
thermogravimetric curves (TGA) for NP and NP-Ch in an air

sublimation, among Fig. shows
atmosphere. Both particles were previously dried in a vacuum
oven to constant weight and then kept in a desiccator
containing dry silica gel until testing. Despite this, the weight
loss curves as a function of the temperature for NP and NP-Ch
show a small initial mass loss (~ 1.5 %) below 200 °C, which
is attributed to the evaporation of physically adsorbed water,
gained during the preparation of the samples for TGA tests,
due to the high hydrophilicity of both iron oxide and chitosan.
The most important thermal degradation step is observed in
the temperature range of 200 to 400 °C and while the Fe;O4
particles correspond to the escape of the structured water,®] in
the case of the core-shell particles is attributed to the
decomposition of the anchored organic polymer due to
chemical degradation and deacetylation of chitosan and, at
higher temperatures (400 to 600 °C), to oxidative degradation
of the carbonaceous residue formed during the previous
stage.l7% The distinctive TGA curves of the naked Fe;O4 and
Fe3Os—chitosan nanoparticles, could be used to estimate the
content of chitosan coating on the iron oxide nanoparticles.
Thus, the relative amount of chitosan in the NP-Ch was
determined as 1.85 %, calculated from the residual mass after
the degradation of the organic coating. The increase in mass
observed in the curves of both samples at high temperatures is
because the thermal degradation in the air atmosphere of
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magnetite/maghemite leads to oxidation to the oxide of iron
(III), Fe»O3, which was taken into account for the calculation
of the amount of biopolymer coating. This means that for the
same amount of Fe initially present, the number of oxygen
increases due to the oxidation reaction and this is seen
reflected in an increase in mass.

Figure 3b also presents the curve of TGA corresponding to
NP-Ch exposed to the CR adsorption process, washed with
distilled water, and dried before testing. Even when this
sample presents a higher amount of initial water (~ 3.8 %) than
NP and NP-Ch, it is clear that the nanoparticles after the
adsorption process lose more mass (2.1%) than that
corresponding to the percentage of the chitosan capping the
magnetic core (1.85%), which indicates that CR retained by
the particles is also lost during the thermogravimetric analysis
test.

3.4 X-ray photoelectron spectroscopy

The oxidation states of individual elements and the nature of
the intermediate bonding between materials for the neat and
chitosan-coated nanoparticles were also studied using X-ray

8| Eng. Sci., 2023, 22, 851

photoelectron spectroscopy (XPS). The obtained survey
spectra are shown in Fig. 3c. The full-scale survey spectrum
of the NP indicated the presence of iron and oxygen from their
characteristic Fe 2s, Fe 2p1/2, Fe 2p3/2, and O 1s peaks, with
binding energy values of 962.4, 803.0, 791.0 and 514.2 eV,
respectively. On the other hand, the NP-Ch spectrum shows Fe
2s, Fe 2pl/2, Fe 2p3/2, O 1s, and C 1s peaks with binding
energy values of 962.1, 801.0, 789.0, 539.1, and 284.1 eV,
respectively. Both, the O 1s peak due to the oxygen species
and the Fe 2p peaks are present in the spectra of both kinds of
nanoparticles, corroborating the obtaining of Fe3Os-based
structures,!”’- 7 whereas the C 1s peak corresponding to the C—
NH and C-N bonds present in chitosan,/”"’? only appears in
the NP-Ch spectrum thus confirming the chitosan coating in
these nanoparticles.

3.5 Magnetic properties

The magnetic behavior of the core-shell nanoparticles (NP-Ch)
was qualitatively evaluated. Fig. 4 shows the performance of
the synthesized nanoparticles: they are clearly attracted as a
magnet approach, confirming their magnetic character even
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Fig. 4 Magnetic separation of NP-Ch with commercial permanent magnet (NdFeB).

when included in the core-shell structure. Moreover, the
magnetic attraction occurs very quickly, which would lead to
very short processing times in industrial applications,
corroborating that recovery after aqueous remediation
treatment can be easily and economically accomplished.
Figure 5 shows the isothermal magnetization curves
obtained at 2 and 300 K, in applied field H up to 7 Tesla, as
well as the field cooling (FC) and zero field cooling (ZFC)
measurements for the magnetic NP, chitosan-coated iron oxide
particles (NP-Ch) and NP-Ch with adsorbed CR (NP-Ch-CR).
Details of magnetization loops near the coercive field are
shown in the inset of each figure. For the magnetization loops
(M(H)) at 2 K, the obtained saturation magnetization (Ms) was
near ~ 91 emu g and a low value of coercive field (Hc) of
250 Oe was observed. At 300 K (room temperature), no
hysteresis was indicating
behavior. Moreover, from measurements at 300 K, Ms of 76
emu g-' was obtained, very close in magnitude to that for the
bulk Fe3Os4 (Ms ~ 90 emu/g).[”” The difference between bulk
and measured Ms can be attributed to surface effects due to

observed super-paramagnetic

particle diameter reduction.’¥ Ms of the samples does not
change significantly when the magnetic nanoparticles (NPs)
go through the process of adding the Ch and the Ch plus the
CR adsorption on the surface (Fig. 5). This is an important
result for a magnetic adsorbent since variation in Ms can also
change the value of the field needed to attract the NPs and
consequently, the time in which they are attracted, as Ms and
H are directly proportional.

Since no hysteresis (Hc~0) was observed at 300 K, we
obtained the magnetic volume from field dependence
magnetization using Langevin formalism, resulting in an
average magnetic diameter of 7.8 nm, with no significant
differences among samples. Fig. 5 (lower left) shows the good
agreement between the experimental curve and the theoretical

© Engineered Science Publisher LLC 2023

fit obtained for the NP sample, which is representative of the
behavior achieved for the other samples. Moreover, these
results are in agreement with the diameter obtained from the
TEM and confirm that the differences noticed in the latter
technique were due to issues associated with the preparation
of the sample for TEM tests. Furthermore, the good agreement
between “magnetic size” and the size obtained from the TEM
images indicates that all samples have almost negligible
magnetic interaction and are near the superparamagnetic
regime at this temperature, issues that are requirements to
avoid large aggregates during later use.

Regarding M(T) (ZFC and FC protocols) measurements, a
reversible behavior is observed at room temperature but a
progressive blocking of the magnetic moment of the NPs takes
place as the temperature decreases (irreversibility), according
to the distribution of barrier energies. That is, the magnetic
nanoparticles change from the superparamagnetic to the
blocked regime as the temperature decreases. The FC
magnetization curve of any particle decreases with increasing
temperature, a typical response of non-interactive systems,
that is, having no magnetic dipole-dipole interactions.!””!

The mean blocking temperatures <Tg> were calculated and
found to be near 30 K for all samples (i.e. 34 K for NP, 31 K
for NP-Ch, and 32 K for NP-Ch-CR), evidencing that the
magnetic characteristics of the different samples do not differ
substantially. On the other hand, it is interesting to notice that
the NP-Ch sample, despite having a distribution of blocking
temperatures quite similar to the others, has a slightly different
curve shape and a maximum in the ZFC at a slightly lower
temperature than the other two, indicating a better dispersion
between the NPs. In fact, this was the sample that was most
easily dispersed in the organic solvent during the preparation
of the samples for TEM measurements.

Eng. Sci., 2023, 22, 851 | 9
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3.6 Hydrodynamic size

Dynamic Light Scattering (DLS) measurements were carried
out to investigate the hydrodynamic size of bare and coated
magnetic nanoparticles under neutral and acidic conditions. It
should be taken into account that in this case, the calculated
diameters indicate the actual size of the dynamically hydrated
and solvated particle/agglomerates, which is usually much
larger than the diameter obtained from transmission electron
microscope analysis.’ The analysis of DLS curves (Fig. 6)
shows nanoparticle systems forming agglomerates with a
broad size distribution for all samples. The mean size of the
agglomerates of uncoated nanoparticles was found to be 345
+ 40 nm at pH 7 and 397 + 45 nm at pH 3. On the other hand,
for coated nanoparticles, the mean diameter was 226 £+ 13 nm
for neutral conditions and 283 + 19 nm for acidic ones.
Evidently, the coating layer of chitosan prevents, to some
extent, the formation of larger aggregates of magnetic
nanoparticles, leading to a better dispersion of NP-Ch particles
in water as compared to naked NP, with even narrower size

10| Eng. Sci., 2023, 22, 851

distribution. The coated nanoparticles show lower particle size
as compared to uncoated ones due to the decrease in the
agglomerate size by decreasing the dipole—dipole interaction
of magnetic iron oxides. The size was reduced by the repulsive
forces acting on the particles due to the formation of
electrostatic and steric interactions by the presence of chitosan
as the coating material. This observation, which was
confirmed in other related scientific works,7-71 is also indirect
proof of the presence of chitosan as a shell of the magnetic
core. Moreover, similar values were reported in related
papers, 7630831 even when the synthesis of Fe3O4 nanoparticles
by coprecipitation method has been reported to generate
particles with a broad particle size distribution since the molar
ratio and salt (chlorides, sulfates, nitrates) of the ferric and
ferrous ions, the reaction conditions (temperature, pH, and
time), and other parameters such as stirring rate, determine the
size and shape of nanoparticles.[®” On the other hand, it is clear
that the size of the aggregates obtained by DLS is much larger
than those determined by TEM for the corresponding
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nanoparticles, which was attributed to the tendency of both NP
and NP-Ch to form aggregates over time due to their high
surface/volume ratio, in good agreement with what has been
described in the literature for nanometric particles.l7681-54

3.7 Colloidal stability
The relative variation of absorbance (RVA) was calculated
from Equation 3:[1

Absg—Abs¢
Absg

RVA = (3)

where Absy and Abs, are absorbances corresponding to
nanoparticles suspensions at 0 and 24 h, respectively. The
values obtained for NP and NP-Ch are shown in Table 1.

The colloidal stability of FesO4 nanoparticle suspensions
depends on the combined effect of attractive and repulsive
forces. Van der Waals forces and magnetic dipole-dipole
interactions, generated from residual magnetic moments, are
attractive interactions and tend to agglomerate the particles.
On the other hand, the repulsive contribution is given by
electrostatic interaction and steric hindrance, which plays an
important role in stabilizing suspensions.”® Accordingly, with
DLS results, all the samples formed large agglomerates
revealing that the suspensions may not be completely stable.

Table 1. Relative variation of absorbance of NP and NP-Ch
suspensions at different pH within 24 h.

pH7 pH3
NP 0.4004 0.8999
NP-Ch 0.7389 0.4595

Comparatively, NP suspensions are more stable at neutral
pH than at acidic ones. The isoelectric point of magnetite
nanoparticles is around 6.851485861 and thus, at pH below it, the
particle surfaces are positively charged because of the
formation of FeOH," groups, while above it they are
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negatively charged due to the formation of FeO™ groups.[41:855¢]
At neutral essay conditions, which are near the isoelectric
point, the surfaces of the particles do not possess enough
charge to repel from each other thus stabilizing the suspension.
Nevertheless, there are other effects apart from surface charges
such as gravitational forces, high surface/volume ratio of the
nanoparticles as discussed above, and elastic work in the case
of mechanically soft particles, which also affect suspension
stability.*”! At acid pH, sulfate ions interact with the magnetite
surface affecting its zeta potential (§). Mansour et al.!*®! found
that the & of magnetite particles do not change above the
isoelectric point at high concentrations of sulfate, but lower it
below this point, practically leading to neutral surfaces. Since
the acid suspension conditions were obtained by the addition
of sulfuric acid, it is expected that the surface charge of NP is
low and thus the particles tend to agglomerate and precipitate
leading to an unstable suspension. These results agree with
those previously observed in DLS studies.

Chitosan coating should contribute to the stabilization of
the suspension because it provides the NP with a steric
hindrance. The isoelectric point of chitosan is around 6.3,
therefore at neutral conditions, the NP-Ch surface charge is
overmuch low to maintain the suspension stable despite the
chitosan coating, and nanoparticles and their agglomerates
precipitate after 24 h. At low pH, the protonation of free amino
groups contained in the chitosan backbone occurs, making the
surface charge more positive.’ A more positive surface
charge added to the steric hindrance makes the suspension
somewhat more stable than at neutral conditions. However, it
is worth mentioning that the orbital agitation supplied for the
adsorption assays reported in the next section was sufficient to
keep both types of particles in suspension and limit the
formation of aggregates during the entire duration of the tests.

3.8 Adsorption tests

3.8.1 Kinetic adsorption studies

The adsorption kinetic results using NP and NP-Ch as
adsorbents and different initial concentrations of CR solutions
(10 mg L' and 100 mg L-!, respectively) are shown in Figs. 7a
and 7b. The pH during the experiments was in the range of
6.5-7. It is clearly observed that the polymeric coating is
essential to achieve a significant colorant removal, in contrast
to uncoated particles, which present an erratic behavior
attributable to surface oxidation?’ and lower adsorption
capacity in the pH range analyzed in this experiment. Since in
the present cases the tests were carried out close to the
isoelectric point of magnetite (~6.85), small variations in the
pH of the CR solutions can favor the obtaining of iron oxides
particles with different and opposite charges and consequently,
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these erratic adsorption behavior can be expected. On the other
hand, the biopolymer and the magnetic nanoparticles develop
strong and synergic interactions*®! that are denoted in the
higher adsorption capacity of NP-Ch than the control sample
(NP), which increases as the concentration of the dye solution
increases.

The kinetic results obtained with NP-Ch were theoretically
modeled using the pseudo-first-order model, pseudo-second-
order model, and Elovich model. The linear equation of the
pseudo-first-order model can be expressed with Equation 4:

In(g. — q) = In(qe) — kst 4
where k; (min') stands for the rate constant of pseudo-first-
order kinetics. g, and g, (mg g') represent the adsorption
capacity of adsorbents at time ¢ and equilibrium time (min),
respectively. The linear form of the pseudo-second-order
equation is presented in Equation 5:

t 1

1
= +—t
a k2.2 qe

)

where k; (g (mg min)™') is the kinetic equilibrium constant.
Moreover, the Elovich model can be written as follows in
Equation 6:

q: = %ln(aﬁ) + %ln t (6)

where o (mg (g min) ') and B (g mg™') corresponds to the initial
adsorption rate and the desorption constant of the Elovich
model, respectively.!® )

Figures 7a and 7b also exhibit fitted plots of the three
kinetics models on the experimental data of Congo red
different The
parameters are summarized in Table 2 for both CR solution

adsorption at concentrations. obtained
concentrations.
The experimental values of adsorption capacity as a

function of the time present the best fit with the pseudo-
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Table 2. Calculated parameters of different models for modeling
kinetic adsorption results.

Initial concentration 10 mg L! 100 mg L!
Pseudo-first order model

ki (min!) 0.0026 0.0018
qe (mg L) 2.0598 8.4267
R? 0.9000 0.5733
Pseudo-second order model

k2 (g (mg min)!) 0.0021 0.0005
qe (mg L) 2.7079 14.3328
R? 0.9881 0.9829
Elovich model

a (mg (g min)!) 0.0402 0.5019
B (g mg™) 2.0631 0.4412
R? 0.9835 0.8947

second-order model (R? = 0.9881/0.9829, Table 2),
independently of dye concentration. This kinetic model is
based on the assumption that the rate-limiting step is the
chemical sorption or chemisorption!!7%! and predicts the
behavior over the whole range of adsorption. In this condition,
the adsorption rate is dependent on adsorption capacity. That
is to say, the adsorption was mainly controlled by chemical
adsorption that depends on the electron sharing or electron
exchange between adsorbent and adsorbate.l'l Moreover, one
major advantage of this model over that of Elovich is that the
equilibrium adsorption capacity can be calculated from the
model; therefore, there is theoretically no need to evaluate
adsorption equilibrium capacity from experiments.'2 koqe?, a
parameter that represents initial adsorption velocity," is
greater for 100 mg L' initial concentration, since in this
condition there is a bigger difference between CR solution
concentration and CR adsorbed on the particles, expressed on
the same basis. Moreover, during this first adsorption stage,
the CR mainly adsorbs on the particle surface and once most
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of these adsorption sites are occupied, the second stage begins,
during which the dye molecules start to enter the pores and are
adsorbed in the interior place. Based on these results, it can be
concluded that the adsorption of the dye mainly takes place via
the surface exchange reactions until the surface active sites are
completely occupied; thereafter dye molecules may diffuse
into the metal-organic framework structure for further
interactions and/or reactions such as ion-exchange or
complexation, as was reported in related papers.['’# On the
other hand, the Elovich model describes the chemisorption
processes by assuming that the reactive sites on the adsorbent
with complex surfaces have heterogeneous energy.”! R?
values of 0.9835 and 0.8947 for 10 mg L' and 100 mg L,
respectively, showed that the Elovich model was also
applicable to our data, although with a poorer fit. The values
of a increase with concentration for the same reason that kaqe?
from the pseudo-second-order model changes, while /S
decreases with initial concentration due to the relative
reduction of available solid surface for CR dye adsorption.*
In the same line, the pseudo-first-order model provides a
rather poor fit for the adsorption data at 10 mg L-! but fails in
modeling the results of concentrated solutions, which was
attributed to that this model follows Lagergren's kinetic and
describes the adsorption as a physisorption process.*!

3.8.2 Equilibrium adsorption studies

The adsorption capacities of core-shell NP-Ch obtained at
equilibrium conditions (i.e. 24 h) in contact with different
initial concentrations of CR were measured. The results of
adsorption qe CR
concentration, Cy, at two different pHs (pH~7 and pH~3), are

equilibrium capacity, VS. initial
shown in Fig. 8. The trend shows that the adsorption capacity
at equilibrium is a linear function of the CR initial
concentration when solutions of neutral pH are treated, but a
different trend is noticed in acidic conditions. The solution pH
can affect the surface charge of the adsorbent, the degree of
ionization of the organic pollutants, the dissociation of the
functional groups on the active sites of the adsorbent as well
as the dye structure.l'” In the present case, it is expected that
the surface charge of chitosan-coated NP was positive in acidic
pH and decreased gradually with an increase in pH, passing
through zero potential at about pH 6.4.5 In the acidic pH
range, the surface charge of the adsorbent increases mainly
due to increased protonation of the amine group (-NH3") of
chitosan, and since Congo red is an acidic dye that contains
negatively charged sulfonated group (-SOs~ Na®), higher
adsorption of the dye at low pH due the increase in
electrostatic attraction between the negatively charged dye

molecule and the positively charged amine group of chitosan
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is expected. Even so, from both kinetics and equilibrium
studies, it is clear that the chemisorption mechanism might be
operative still at neutral pH since significant adsorption of the
anionic dye onto chitosan-coated magnetic iron oxide still
occurred at alkaline pH values, as was also reported in related
papers.l*>%! In this regard, a proposed adsorption mechanism
of CR on NP-Ch is presented in Scheme 2. According to the
results obtained in this work as well as previous results on
similar systems,*! it is inferred that the adsorption driving
forces may include two parts: electrostatic attraction as well as
hydrogen bonding. The electrostatic attraction is due to the
protonated amino groups of chitosan chains and the sulfonate
groups of the dye and it is the main mechanism for adsorption
as is also indicated in the related

at acidic pH,

bibliography.!*¢*7

50
I pH=7
B pH=3

e

g._ (mg dye/g particles)

50

100 150 200

CR Initial concentration (mg/L)

Fig. 8 Equilibrium adsorption as a function of CR initial
concentration and different pH.

Experimental results were modeled theoretically for both
pH conditions using Langmuir, Freundlich, and Dubinin-
Radushkevich (D-R) isotherms. The nonlinear form of the
Langmuir equation can be represented as follows in Equation
7:

qe = AmaxKLCe
€ 1+K;Ce

(7)
where C. is the equilibrium concentration of adsorbate (mg L~
1); ge is the equilibrium adsorption capacity (mg g™'), gmax is
the maximum adsorption capacity of the adsorbate (mg g™!),
and K; represents the affinity constant (L mg™'). This model is
based on the assumption that the adsorption process takes
place at specific homogeneous sites within the adsorbent
surface and that once a metal ion occupies a site, no further
adsorption can take place at that site, that is, it assumes that
the adsorption process is monolayer in nature. For predicting
the favorability of an adsorption system, the Langmuir
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equation can also be expressed in terms of a dimensionless
separation factor R; defined as Equation §:

1
1+CoKy,

®)

where Cy is the maximum initial concentration of adsorbate

RL=

(mg L") and R; indicates the favorability of the adsorption

system, resulting in irreversible, favorable, linear, or
unfavorable adsorption isotherms for R;=0, 0 < R; < I, R;=1,
and Ry > 1, respectively.

Equation 9 represents the Freundlich isotherm as follows:

)
Where Kr ((mg g')(L mg™)"") and n (dimensionless) are the

Go = KFC1/n

Freundlich constants related to the maximum adsorption
capacity®! and

respectively.l'’#l The Freundlich isotherm is an empirical

intensity (or heterogeneity  factor),
equation that assumes that the surface of the adsorbent is
heterogeneous and the adsorption capacity depends upon the
concentration of the adsorbate, thus involving the interaction
between adsorbed molecules,!'74%1 which is suitable for
modeling adsorption on highly hybrid surfaces lacking
saturated adsorption platforms.['%!

Dubinin-Radushkevich isotherm equation can be written as
follows in Equation 10:

In(q.) = In(qm) — B € (10)
where g. (mg g ') is the amount of the dye adsorbed per unit
weight of the adsorbent, ¢, is the D-R adsorption capacity
(mg g 1), and B is a constant related to adsorption energy (mol?
J2). ¢ (J mol") is the Polanyi potential calculated from

)
Ce

Equation 11:

e=RTIn(1+ (11)
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where R is the gas constant (8.314 J (mol K)!) and T the
absolute temperature (K), which is 298 K in this case.

The experimental results were modeled theoretically for
both pH conditions using these three isotherms and the fitting
curves are displayed in Fig. 9. Furthermore, the calculated
parameters from Langmuir isotherm (gmqx and K;), Freundlich
isotherm (n and Kr) and Dubinin-Radushkevich isotherm (g,
and p) along with their corresponding regression coefficients
(R?) for the Congo red adsorption onto NP-Ch are shown in
Table 3. The parameters obtained with the Langmuir isotherm
for acidic conditions were negative, indicating the lacking of
physical sense or, in the best case, an unfavorable adsorption
isotherm (R > I).

Table 3. Parameters are calculated from the different models used
in the modeling of equilibrium adsorption results.

Initial pH 7 3
Langmuir model

Kt (L mg?) 0.9672 -

qmax (mg g1) 36.8186 -

R? 0.9998 -
Freundlich model

Kr (mg g)(L mg!)"m) 15.8646 0.6947
n 3.2612 0.4242
R? 0.7977 0.9802
Dubinin-Radushkevich model

qm (mg g'') 29.3080 69.1460
B (mol? J2) 1.04 1077 3.5110°
R? 0.8629 0.7099

At neutral conditions, the best fit (R?>=0.9998) was
achieved with Langmuir isotherm. Since in this case both K}
and any C are positive numbers, the value of R; is between 0
and 1, indicating a favorable adsorption process.l'’ An
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Fig. 9 Fitting of experimental points with different isotherms: (a) pH~7, (b) pH=3.

advantage of the Langmuir model is that it easily allows
comparing the maximum adsorption capacity among different
adsorbents. As previously indicated, our easy synthesis
procedure endowed NP-Ch particles with gpa= 36.819 mg g
I, while similar particles prepared by Zhu et al.*! through a
methodology a bit more complicated that also involves longer
synthesis times than ours obtained a Langmuir maximum
adsorption capacity of 42.62 + 1.14 mg g*!' at 295 K, which
increases to 56.66 = 2.79 mg g'! at 315 K. On the other hand,
Khan et al.,*® obtained a gmar= 93.4 mg g for their chitosan-
capped Fe’-based Fe-Pd-Ir (Chi-Fe-Pd-Ir)
nanoparticles, fabricated using metal displacement method in

tri-metallic

presence of sodium borohydride, which is a more complex
synthesis procedure.

The pH dependence of the adsorption process, which
reveals also a change in the mechanism of the adsorption, can
be confirmed by modeling the experimental data obtained at
acidic conditions. In this case, the Freundlich isotherm
provides a fairly acceptable fit (R?>=0.9802) of the
experimental data (Fig. 9b). It should be taken into account
that n values higher than 1 indicate favorable adsorption
isotherm,*>*% which is clearly not the present case although
the ge values obtained experimentally for each Cy are higher
than those measured at neutral pH.

The mean free energy of adsorption (E) is the free energy
change when one mole of ion is transferred to the surface of
the adsorbent from infinity in the solution!'?>!%] and can be
calculated from g values of the D-R model according to
Equation 12:

1
Nex; (12)
When E < 8 kJ mol™!, the adsorption process can be explained
by physical adsorption, for E between 8 and 16 kJ mol™! the

E =

© Engineered Science Publisher LLC 2023

adsorption corresponds to ion exchange processes, and if £
above 16 kJ mol!, it is attributed to stronger chemical
adsorption than ion exchange.!' The values of £ found in this
work were 2.194 kJ mol™! for neutral conditions and 0.3775 kJ
mol™! for acid conditions suggesting the high contribution of
physic-sorption for the adsorption of Congo red. However, as
can be noticed from Table 3, the R? values of the D-R isotherm
model are lower than the Langmuir and Freundlich values for
neutral and acid conditions, respectively, so this outcome must
be taken with care.

3.9 Thermodynamics of adsorption

A basic thermodynamic analysis was also conducted in this
case: the standard free energy change (AGy) was calculated as
AGp=—R T In K12283%.105] where R is the gas constant (8.314 J
mol™! K1), T is the absolute temperature (298 K in this case)
and K is adsorption equilibrium constant. For conditions
where the adsorbent follows the Langmuir isotherm (neutral
pH), the equilibrium constant (X) can be related to the
Langmuir constant K; (with units of L mol") as K = 55.5 K,
where the value 55.5 corresponds to the molar concentration
of the solvent (in this case water) with units of mol L-'.[1% The
AG value obtained in this case is -9.87 kJ mol™.

A similar analysis was also conducted, by using the
standard Gibbs energy change (AGY) that can be calculated
using the van’t Hoff equation (Equation 13):

AG® = —RTInkg, (13)
where K’ is the dimensionless, standard thermodynamic
equilibrium constant. According to Tran,[''7 K’ should be
obtained from Equation 14:

0 _ KL 0

(14)

in which K; (L mg™') is the Langmuir adsorption equilibrium

Y Adsorbate
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constant, y4dsorbate (dimensionless) is the activity coefficient of

adsorbate and C? is the standard concentration of the adsorbate.

YVadsorbate can be considered = 1.0 under dilute conditions, when
ionic strength is lower than 0.001 mol L-1,1'%] and, according
IUPAC, the
thermodynamic quantities is C° = 1 mol dm11"I Moreover, in

to recommended value for standard
order to get the dimensionless K, value, K. in Eq. 14 should
be affected by CR molecular weight (696.7 g mol™!) and a 1000
mg g! factor.'*”)

For neutral conditions K’z results 6.74 10° and, therefore,
AGis -33.25 kJ mol!. As in the previous case, the negative
value of the standard Gibbs energy confirms the feasibility of
the adsorption of Congo red dye under these conditions and
that the analysis cannot be carried out for adsorption
conditions in an acidic medium. Indeed, although Ky in Eq. 14
can be replaced with other constants, they must have units of
L mg"!, and Freundlich or D-R constants do not satisfy this
condition.  Furthermore, thermodynamic  parameters
calculated based on Kr do not bring physical meanings.!?”
On the other hand, when the adsorption process is carried out
by the interaction of a solution with a solid adsorbent, the
change in the chemical potential of the system can be
calculated if the initial and equilibrium concentrations (Cyp and

Ce., respectively) are known, as follows in Equation 15:

Ay = RTIn (i—) (15)

and since C./Cy relationship can be taken as the adsorption
equilibrium constant of the transient adsorption process, the
chemical potential calculated in this way also could be
ascribed to the change in the molar free energy of the
adsorption process.!''”) Therefore, the obtained standard free
energy changes for both neutral and acid conditions using Eq.
15 were calculated and are reported in Table 4.

Table 4. Standard free energy change (AGy) for the adsorption of
Congo red at 298 K and different dye concentrations and pH

conditions.

pH condition Co(mg L Ce(mg L") AGo (k] mol ")
50 0.362 -12.20
100 1.155 -11.05

Neutral
150 2.581 -10.06
200 21.970 -5.47
50 ~0 -

o 100 3.367 -8.40

Acidic
150 5.013 -8.42
200 5.838 -8.75

From Table 4 it is clear that all calculated values are
negative since C. is always lower than Cy, which confirms the
feasibility and spontaneous nature of the adsorption of Congo
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red dye under both, neutral and acidic conditions. Moreover,
the obtained AGy values are comparable with the values
reported for similar systems and conditions.?®!%! Additionally,
it can be noticed that for neutral conditions the absolute value
of AGy decreases as the initial concentration of the CR solution
increases while in acidic conditions it does just the opposite,
confirming that the adsorption mechanism is pH dependent.
To summarize this section, it is interesting to notice that,
although the calculated AG° values differ according to the
methodology selected for the calculation of the equilibrium
constant, the obtained values are always negative and, in
general, one order of magnitude less than those of other
adsorbent materials.[''!]

3.10 Stability and reusability/desorption

The stability and reusability of an adsorbent are important
indexes for practical applications. NP-Ch stability was
evaluated by washing the NP-Ch in ethanol (96%) in the last
step of the purification process using ultra-centrifugation to
separate the particles from the solvent. Other samples were
tested in two aqueous sulfuric acid solutions (pH=4.1 and 2.7)
by orbital shaking at 100 rpm for 24 hours. Those samples
were washed with distilled water until neutral pH, separating
the particles by magnetic decantation after each washing step.
Finally, the washed particles were dried until reaching
constant mass and tested in a TGA analyzer. Surprisingly, no
mass loss was observed in any of the samples with respect to
the original particles, which indicates that chitosan coating is
firmly attached to the magnetic core but also that Fe’s leaching
was effectively prevented even at extremely acidic conditions.
Another important factor related to the use of adsorption
processes in industrial applications is the possibility to reuse
the adsorbent materials. Thus, a procedure consisting of
subjecting the CR-saturated NP-Ch to a 1-day immersion in
highly alkaline NaOH solutions, that could promote the
desorption of anionic dyes!''? was tested as an attempt to
regenerate the adsorbent. As expected, once the particles were
placed in the alkaline solution (initially colorless), they started
to gain a reddish color, thus, the dye concentration at the end
of the immersion period was measured by UV spectroscopy.

The results obtained are shown in Fig. 10, in which exactly
the same particles used to measure equilibrium adsorption at
pH ~ 3 were separated from the adsorbent solution and
subsequently transferred to the alkaline solution.

The percentage of colorant desorbed from NP-Ch from the
pH 3 experiment is around 50% in all the studied cases (Fig.
10b). Although this result is preliminary, indicates the
possibility to reuse the adsorbent material and encourages us
to continue looking for alternative procedures to achieve more
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Fig. 10 a) CR adsorbed onto NP-Ch before and after the desorption test. b) Regeneration percentage as a function of the initial

concentration of CR in NP-Ch particles.

complete desorption.

4. Conclusions

This paper reported the results of a systematic study that
started from the obtaining and physical, chemical, and
magnetic characterization of adsorbent nanoparticles and
concluded with the analysis of their performance as Nano
adsorbents of a toxic synthetic dye widely used in the textile
industry. Accordingly, iron oxide nanoparticles coated with
chitosan were prepared and tested as potential adsorbent
material for Congo red. The particles presented a good
magnetic response that facilitates their separation from
contaminant or dye solutions. Their nanometer size was
proved through XRD and TEM, which demonstrates also that
the particle and crystallite sizes are similar. The presence of
the polymer coating, on the other hand, was confirmed through
FTIR, TGA, and XPS analysis. Furthermore, dynamic light
scattering revealed that NP and NP-Ch aqueous suspensions
formed agglomerates with a broad size distribution both in
neutral and acidic conditions, although the chitosan coating
reduced, to some extent, the agglomerate mean size. Since the
NP-Ch suspensions are not completely stable, the agitation
should be maintained during the adsorption test in order to
achieve the reported adsorption capacity.

Chitosan coating was responsible for the good adsorption
capacity achieved under the different conditions studied via
both the chemisorption mechanism and electrostatic attraction
due to the presence of amino groups in its backbone. As a
general trend, it was found that the equilibrium adsorption
capacity increases with the increased initial dye concentration
and decreases with the increase of pH, which is related to the
driving force of the concentration gradient and to the reduction
of electrostatic interactions (i.e. decrease of the amount of
positively charged amine group of chitosan), respectively.

© Engineered Science Publisher LLC 2023

The results from the different adsorption experiments were
best theoretically adjusted with the pseudo-second model and
Langmuir or Freundlich isotherms, depending on the pH
conditions. The maximum adsorption capacity obtained by
modeling the experimental data according to Langmuir
isotherm was compared to those obtained using similar
adsorbents and found to be somewhat lower, although it was
also highlighted that the synthesis procedure used in this work
is much simpler and less time-consuming. The AGyvalues for
all tested adsorption processes are negative, which confirms
the feasibility and spontaneous nature of the adsorption of
Congo red dye under the conditions selected in this work.
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