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Abstract—Chitosan (CS)/iron oxide (Fe;O,) composites were prepared using a chemical precipitation method. The
CS/Fe;0, composite was characterized by Fourier-transform infrared spectroscopy, X-ray diffraction, transmission elec-
tron microscopy, and zeta-potential measurements. The composite was used to remove methyl orange (MO) dye from
an aqueous solution. The factors affecting the adsorption capacity, such as adsorption time, absorbent dosage and solu-
tion pH were investigated. The results suggested that the composite was an effective adsorbent for the removal of MO
dye from its aqueous solution. Kinetics studies showed that the adsorption process was consistent with a pseudo-sec-
ond-order model. The adsorbent efficiency was unaltered, even after five cycles of reuse, and the adsorbent could be
recollected easily using a magnet. In addition, the composite exhibited a superior antibacterial efficacy against Esche-
richia coli; 82% within 24 h, as measured by the colony forming units.
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INTRODUCTION

The rapid industrialization over the past few decades has posed
a major threat to the environment due to synthetic dyes in indus-
trial effluents. Approximately 10-15% of the dyes are released as
waste into the environment after their use in dyeing units [1]. Be-
cause the dyes are stable, recalcitrant, colorant, and even poten-
tially carcinogenic and toxic, their release into the environment
poses serious environmental, esthetic and health threats. There-
fore, their removal from industrial effluents is a major environmen-
tal issue [2-4]. Among the physical, chemical and biological con-
ventional methods of dye removal, physical adsorption is consid-
ered an effective method for the rapid removal of dyes from efflu-
ents [5]. Many adsorbents are available, including activated carbon
[6], peat [7], silica [8], and clay [9]. Yet, despite these absorbents,
the development of a more effective and cheaper adsorbent with a
higher adsorption capacity and recycling ability would be desirable.

In this regard, chitosan (CS) is the most abundant natural poly-
saccharide after cellulose and hemicelluloses. Chitosan, a linear
cationic, pH sensitive, non-toxic, biodegradable, and biocompati-
ble polysaccharide obtained from the deacetylation of chitin appears
to offer many distinct advantages [10,11]. CS is a super high-capac-
ity adsorbent for the removal of contaminants in water with an ad-
sorption capacity of 1,000-1,100 g/Kg, which is higher than that of
activated carbon [12]. This high adsorption of CS is due to the abun-
dance of hydroxyl and amino groups that can bind with contami-
nants. Due to the presence of large amounts of hydrogen bonding
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within CS, the adsorption capacity becomes smaller. Furthermore,
the regeneration of CS by acid or base is simple and cost effective,
but the application of acid or base for CS regeneration is not tech-
nically advantageous. The large amount of waste-water generated
from the regeneration process requires further treatment, making
the process non-environmentally friendly and unsustainable [13].
Therefore, metal oxides immobilized in a CS composite is a suit-
able candidate for the dye removal.

Metal oxides can be applied to a range of water-treatment pro-
cesses owing to their high surface area as well as their low produc-
tion and regeneration costs. Among the large family of metal oxides,
magnetic nanoparticles have attracted considerable attention for
their wide range of applications, such as medical diagnostics and
therapeutics [14,15], magnetic resonance imaging (MRI) [16], catal-
ysis [17], data storage [15], and environmental remediation [18].
Magnetic nanoparticles have been found to be chemically and bio-
logically inert; they can be coated with polymers, enzymes, or anti-
bodies to increase their functionalities for a range of applications.
When the composite material is magnetic, it can be separated and
recovered from the solution easily by the application of an external
magnetic field, which opens a new door for easy and cost effec-
tive recovery of such adsorbents in water treatment.

Various research groups have reported the preparation of CS/
Fe;0, composites for difterent applications [19,20]. Zhu et al. [21] syn-
thesized novel magnetic chitosan/poly(vinyl alcohol) hydrogel beads
for dye removal. Liu et al. [22] fabricated magnetic cellulose-chi-
tosan hydrogels from ionic liquids for the removal of heavy metal
ions. Dodi et al. [23] prepared chitosan/iron oxide composite for
Cu(II) removal. Wang et al. [24], Huang et al. [25], and Tran et al.
[26] also reported the removal of Cu(II), Cr(VI), Pb(II), and Ni(IT)
using chitosan/magnetite composites. In this study, a CS/Fe;O, com-
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posite was designed to meet the needs of high adsorption, self-regen-
eration, easy separation, and cost-effective water treatment with
enhanced antimicrobial properties. The immobilization of Fe;O,
onto the CS resolves the recollection and reuses limitation of CS.
The CS/Fe;O, composite was prepared using a chemical precipita-
tion method and characterized by Fourier-transform infrared spec-
troscopy (FT-IR), X-ray diffraction (XRD), zeta-potential meas-
urements, and transmission electron microscopy (TEM). The use
of composite as a reusable adsorbent was examined through the
effect of different parameters, such as the adsorbent dose, pH, reac-
tion time, and recyclability.

EXPERIMENTAL

1. Materials

Chitosan (CS) with an 85% degree of deacetylation and molec-
ular weight of 2.6x10° was purchased from Sigma-Aldrich. Ferric
chloride hexahydrate (FeCl;-6H,0), ferrous chloride tetrahydrate
(FeCl,-4H,0), sodium hydroxide (NaOH), acetic acid (CH;COOH),
and methyl orange dye (MO) were of analytical grade and obtained
from Aldrich. Beef extract, peptone, and agar powder were of bac-
teriological grade and Escherichia coli (E. coli) (KCCM 12119) was
used as a model organism to evaluate the antibacterial activity. Deion-
ized water was used throughout the study:.
2. Preparation of CS/Fe;O, Composite

In a typical experiment, 0.2 g of Fe;O, nanoparticles prepared by
the co-precipitation method [27] was dispersed in 100 mL of 1%
(v/v) acetic acid, where Fe;O, was changed to Fe’* and Fe™" cat-
ions. To this, 1 g of CS was added and sonicated for 30 min and
stirred continuously until a clear solution was obtained. 1 M NaOH
was then added dropwise until the solution reached pH 10. The
precipitate formed was heated to 80°C for 5h and then filtered,
washed with an excess of water, and dried overnight in a vacuum
oven at 60 °C.
3. Characterization

FT-IR spectroscopy was performed with a Jasco FT/IR-620 spec-
trometer. The phase and crystallinity were characterized by XRD
(Rigaku D/max-2500 X-ray diffractometer) using Cu Ko radiation
over the 2@ range, 0-80°. Zeta-potential analysis of the 1 wt% com-
posite dispersed in water was measured by using a Malvern Zetasizer
Nano instrument using laser light with a wavelength of 633 nm at
25°C under a Smoluchowski approximation. The morphology was
examined by transmission electron microscopy (TEM, Hitachi H-
7600) with an accelerating voltage of 200kV. The ultraviolet-visible
(UV-vis) spectra were recorded with a Jasco V-650 spectropho-
tometer.
4. Dye Removal Experiment

MO, as an anionic dye (model dye), was used to evaluate the
adsorption ability of the composite. The dye removal experiment
was conducted at room temperature in batches. In a typical experi-
ment, 100 mg of the MO dye was dissolved in 1L of distilled water,
and the solution pH was varied over the wide range (3-11) by add-
ing phosphate buffer. The required amount of CS/Fe;O, composite
was added to the solution and stirred for a predefined time. Then,
the composite was separated from the MO solution by a magnetic
field. The adsorption amount of MO was estimated from the con-

centration change of MO in solution after adsorption by UV-vis
spectroscopy. The percentage of dye removal was calculated as fol-
lows:

Percentage of dye removal={(C,— C,)/C,}x100 (1)

where C; is the initial concentration of the dye and C, is the con-
centration of the dye at time t. All the experiments were performed
in triplicate and the mean value was reported.
5. Antibacterial Activity

E. coli was grown in a nutrient agar (DIFCO 0001) containing
3 g/L beef extract, 5 g/L peptones, and 15 g/L agar in distilled water.
The pH of the medium was adjusted to 7.0 by using buffer solu-
tion. The antibacterial activity of the CS/Fe,O, composite was eval-
uated using the colony-forming units (CFU) count method. A freeze-
dried sample of the composite was sliced into small pieces and steril-
ized at 121 °C for 15 min. 9 mL of the growth medium for E. coli
was added to separate test tubes, and 0.03 g/mL of the finely sliced
solid composite samples was added to each of the test tubes. The
tubes were then seeded with 1 mL of fresh culture of E. coli and
incubated at 37 °C for 12 h. The samples were taken after 6, 12, 18,
and 24 h for CFU determination. The sample was diluted with saline
and cultured on agar plates for 12 h. The CFU was determined by
counting the colonies on the agar plates and the mean values were
taken from at least three experiments.

RESULTS AND DISCUSSION

Scheme 1 shows the proposed mechanism for the formation of
the CS/Fe;O, composite. The process contains two steps. The first
step involves the dispersion of CS and Fe,O, nanoparticles in an
acetic acid solution, where Fe;O, dissolves and changes into ferric
and ferrous ions (Fe’* and Fe™). The ions immediately form coor-
dination bonds with the -OH and -NH, groups of the CS chains
[28]. In the second step, the pH of the solution increases to 10 by
the dropwise addition of NaOH. A precipitate is formed when the
OH' ions from NaOH coordinate with the Fe** and Fe** ions. The
precipitate obtained is heated to 80 °C for 5h to form Fe;O,. The
homogeneous dispersion of Fe* and Fe** in the CS solution aids
in the generation of a CS/Fe;O, composite. The proposed reaction of
Fe;O, formation in an alkaline solution is as follows.

Fe**+2Fe* +80H —>Fe,0,+4H,0

Fig. 1 shows the FT-IR spectra of the pure CS and CS/Fe;O, com-
posite. The spectrum of pure CS had a band at 3,370 cm™ due to

OH OH

@® Fe,0,/CH;COOH
_
NaOH, 80°C, Sh

NH, NH,

cs CS-Fe,0,

Scheme 1. Schematic representation of the preparation of CS/Fe;O,
composite.
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Fig. 1. FT-IR spectra of the CS and CS/Fe;O, composite.

the stretching vibration mode of the -OH and -NH groups. The
band at 2,875 cm ™ was assigned to the symmetrical stretching of
-CH, group in the polymer, 1,660 cm™" indicated an amide I group
(C-O stretching along the N-H deformation), 1,557 cm™ was at-
tributed to -NH deformation, 1,412 cm™" was assigned to the C-N
axial deformation (amine group), 1,374 cm™" was attributed to the
COO- group in carboxylic acid salt, 1,157 cm™" was considered the
special peak of S (1-4) glucosidic bond in the polysaccharide unit,
and 1,037 cm ™' was assigned to the stretching vibration of C-O-C
in glucose circle [29,30]. The band at 650-1,000 cm ™ was attributed
to the out-of-plane C-H bending. The band at around 2,400 cm ™"
was due to CO,. Compared to CS, a new band at 556 cm™ was ob-
served in the composite due to Fe-O stretching, which confirmed
the presence of Fe;O, [31]. In addition, the peaks corresponding to
hydroxyl, amino, and amide groups were shifted, indicating the for-
mation of the composite.

Fig. 2 presents the XRD pattern of the CS/Fe;O, composite. The
composite shows the XRD patterns of both CS and Fe;O,. A small
broad peak at 19.8° was assigned to CS [32]. The other diffraction
peaks at 30.1°, 35.5%, 43.3%, 53.8°, 57.2°, 63.0°, and 74.8" were assigned
to the (220), (311), (400), (422), (511), (440), and (533) planes of
Fe;0,. The XRD peaks were in good agreement with the cubic Fe;O,
[27] showing the successful formation of the CS/Fe;O, composite.

Intensity (a.u.)

20 40 60 80
20 (degrees)
Fig. 2. XRD patterns of the CS and CS/Fe;0, composite.
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Fig. 3. Zeta potential of the CS/Fe;O, composite at pH 7.

Zeta potential, i.e., surface charge, can greatly influence the par-
ticle stability in a suspension through electrostatic repulsion between
particles. This property mainly determines the nanoparticle inter-
action with any species, which is normally negatively charged. Fig.
3 shows the surface of CS/Fe;O, composite has a positive charge
about 61.8 mV, while that of Fe;O, has +5.0mV (which is not
shown here). The shift may be attributed to the blockage of active
sites on the surface of Fe;O, nanoparticles by adsorbing the poly-
mer chain [32].

TEM provided direct pictorial proof for the immobilization of
Fe;O, nanoparticles into CS (Fig. 4). The image shows that Fe;O,
nanoparticles coated on the CS surface with an almost uniform
distribution. Dark areas in the composite correspond to the crys-
talline Fe;O, nanoparticles, whereas bright areas represent the amor-
phous CS. This is due to the high electron density of Fe;O, nano-
particles compared to the CS. The interaction between CS and Fe;O,
enhanced the properties of the CS/Fe;O, composite.

Various amounts of CS/Fe;O, composite (0.25-1.0 g/L) were added
to 100 mg/L of the dye solution (pH 7) and stirred for 30 min. The
composite was separated from the MO solution by a magnet, and
the solution was analyzed to determine the dye concentration. Fig.
5 shows the percentage of dye removal. The dye removal reached
approximately 95% using 0.5 g of the CS/Fe;O, composite, which
was attributed to the larger number of adsorption sites. Further
increases in the adsorbent dosage had no effect on the dye removal.
Therefore, the optimal dosage for dye removal was 0.5 g of the CS/
Fe;O, composite.

The contact time between the adsorbent and adsorbate is one
of the most important parameters in the adsorption process. Fig.
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Fig. 4. TEM images of the CS/Fe;O, composite (a) long view and
(b) close inspection.

6(a) shows the removal efficiency of the dye by the composite as a
function of the stirring time up to 30 min. This shows that adsorp-
tion was initiated once the CS/Fe;O, composite added to the dye
solution. The removal efficiency reached approximately 95% within
5 min and equilibrium was reached. The optimal time for the dye
removal was shorter than the other adsorbents, such as activated
carbon and sawdust [33,34]. If an adsorption system has a shorter
contact time, the capital and operational costs for real-world appli-
cations would be lower, which could be achieved by the CS/Fe;O,
composite.

The pH of the solution is another important parameter affect-
ing the adsorption of dye molecules. The effect of solution pH on
the dye adsorption was monitored by keeping the dye (100 mg/L)
and adsorbent (0.5g) concentrations constant. The experiments
were performed at different pH, ranging from 3 to 11. As shown

100 1
95 4

9

% of dye removed
g

75 4
70

s

CS-Fe304(g)

Fig. 5. Effect of adsorbent dosage on the dye adsorption. Inset pho-
tograph shows the removal of composite from the dye solu-
tion by a magnet.
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Fig. 6. Effect of (a) stirring time and (b) pH on the dye adsorption.

in Fig. 6(b), the percentage of dye removal increased gradually from
85 to 97% with increasing pH from 3 to 8. This is because the elec-
trostatic interactions between the negatively charged dye molecules
and the positively charged CS/Fe;O, composite could be the main
adsorption mechanism [35]. On the other hand, a decreasing trend
in the efficiency of dye removal was observed with further increas-

Korean J. Chem. Eng.(Vol. 32, No. 8)
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ing the pH. This shows that at higher pH (=8) hydroxyl ions com-
peted with the dye at the adsorption sites on the surface of the CS/
Fe,O, composite, leading to a decrease in the percentage of dye re-
moval. The optimal pH was found to be 8.

Dynamic models are of great significance to describe the prog-
ress and efficiency of adsorption. Generally;, two mathematical mod-
els are used, the Lagergren pseudo-first-order equation [36] and
pseudo-second-order equation [37], as shown in Egs. (2) and (3),
respectively.

k
log(a.~4)=log(a)~ (555 ) @
t 1 t
L L.t ®)
4 kg

where k, is the rate constant of a pseudo-first-order adsorption
(min™"), k, is the rate constant of a pseudo-second-order adsorp-
tion (g mg ' min "), t is the adsorption time (min), and q, and q,
are the adsorption capacity at time t and at equilibrium, respec-
tively (mg g').

The experimental data was fitted according to the Lagergren
pseudo-first-order equation and pseudo-second-order equation. A
good linear plot was obtained for pseudo-second-order reaction
model (Fig. 7) with a correlation coefficient R” of 0.9997. This sug-
gests that the adsorption rates of the MO dye onto the CS/Fe;O,
composite could be described more appropriately using a pseudo-
second-order equation. The k, and q, were found to be 0.068 g mg '
min' and 1754 mg g (87.7%), respectively. The experimental
results clearly showed that the CS/Fe;O, composite was an efficient
adsorbent for the dye removal from an aqueous solution.

A characteristic feature of an adsorbent from a practical appli-
cation point of view is its lifetime, because a longer period of time
leads to a significant reduction in treatment cost [38]. Therefore, it
is essential to evaluate the stability and reuse of the adsorbent for
practical implementation. The percentage of dye removal in 5 min
was repeated five times using the same adsorbent, and after each
experiment, the adsorbent was easily collected for reuse using the
magnet. The results indicated that the adsorbent showed a good
activity, even after five cycles of reuse (Fig. 8). The slight decrease

tiqq

0 5 10 15 20 25 30

Time (min)

Fig. 7. Pseudo-second-order kinetic plot.
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Fig. 8. Efficiency of the CS/Fe,O, composite after five cycles.

Table 1. Antibacterial activity of the CS/Fe;O, composite against E.

coli
Incubati CS CS/Fe;O, composite
cubation
time (h) CFU Reduction in CFU  Reduction in
(ml™)  viability (%)  (ml™") viability (%)
0 28x10° 0 28x10° 0
6 6.9%x10° 75.36 71x10* 68.21
12 1.1x10° 60.72 45x10* 73.93
18 1.9x10° 32.15 31x10* 76.79
24 2.6x10° 7.15 18x10* 81.79

in efficiency might be due to the loss of adsorbent during wash-
ing. Nevertheless, the results showed that the CS/Fe;O, composite
has a relatively longer shelf life for the dye removal. With respect
to clean technology and green chemistry, the low cost, high adsorp-
tion efficiency; and excellent reuse, the CS/Fe;O, composite could be
an excellent material with the environmentally friendly and sus-
tainable function of self-regeneration.

Table 1 lists the representative results of the viability of E. coli
after treatment with the CS and CS/Fe;O, composite. The viable
bacteria were monitored by counting the number of CFU. The con-
trol CS sample inactivated the E. coli strain by 7% after 24 h of treat-
ment, showing that almost all the bacteria were alive after 24 h. On
the other hand, the CS/Fe;O, composite inactivated the E. coli strain
by 82% after 24 h. The good reduction in the growth of E. coli con-
firmed the enhanced antibacterial activity of the composite. The
antimicrobial activity of the CS was attributed to the interactions
with the strongly electronegative microbial surface [39]. The CS-
doped Fe;O, showed enhanced antibacterial activity, which was
attributed to the effect of both CS and Fe;O, nanoparticles. For refer-
ence, we checked the antibacterial activity of Fe;O, nanoparticles
and found that the nanoparticles inactivated the E. coli strain by
around 72% after 24 h. The Gram-negative bacteria have a thin layer
of peptidoglycan and a more complex cell wall with two cell mem-
branes. The positively charged CS/Fe;O, composite interacts with
the negatively charged lipidic bacterial membrane to alter its per-
meability, blocking the cells from nutrient intake and ultimately
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affecting the cell growth and viability. Biological organisms were
killed by the reactive oxygen species generated by Fe;O, nanopar-
ticles [31]. Therefore, this system showed a significantly more effi-
cient bactericidal function for the sterilization of E. coli.

CONCLUSIONS

The CS/Fe;O, composite was prepared successfully using a chemi-
cal precipitation method. FT-IR and XRD analysis confirmed the
formation of the composite. The zeta-potential and TEM analysis
confirmed the immobilization of Fe;O, nanoparticles onto the CS.
The composite was applied as a novel adsorbent for the removal
of MO dye, and the effect of adsorbent dose, pH, and contact time
on the removal efficiency of the dye were investigated. The opti-
mal dosage, pH and contact time were 0.5 g, pH 8, and 5 min, re-
spectively. The adsorption kinetics was in good agreement with
the pseudo-second-order equation. The results showed that the re-
peated use of the recycled composite (5 times) did not affect its
adsorption efficiency significantly and the adsorbent could be re-
collected easily using the magnet. Based on the data of the present
investigation, the composite being a biocompatible, eco-friendly
and low-cost adsorbent is expected to find potential applications
in various fields, particularly in environmental applications.
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