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ABSTRACT: A facile and rapid synthesis of core−shell type
magnetite-chitosan microsphere decorated with silver nano-
particles (MCSM) is described. The composition and structure
of the as-synthesized microsphere characterized by various
spectroscopic and microscopic techniques demonstrated
formation of 3.63 ± 0.76 μm MCSM with decoration of silver
nanoparticles (AgNPs) having 16 ± 2.5 nm size. The
thermogravimetric analysis (TGA) data showed good thermal
stability, whereas vibrating sample magnetometry (VSM)
analysis indicated the superparamagnetic behavior of the as-
synthesized microsphere. The adsorptive removal and
antimicrobial property of MCSM was explored for eco-friendly
and cost-effective water purification. The MCSM removed
99.99% microbial contaminants and 99.5% of dyes from single as well as multicomponent systems from water bodies efficiently.
Furthermore, the dye removal capacity of MCSM (qe = 271.2 ± 14.5 mg/g) was found to be higher compared to the other
nanoadsorbents attributing to the high effective surface area of the microsphere and plenty of functional groups of shell structure
of chitosan favored binding of dyes on MCSM. Moreover, the adsorbed dyes were desorbed from MCSM at higher pH values
and regenerated MCSM was used for next cycle of dye removal. The magnetic behavior of MCSM facilitated easy separation
using external magnetic field leading to recycling and reuse, whereas decoration of AgNPs on the microsphere inhibited the
bacterial growth. The long-term antibacterial activity of MCSM significantly improved the antifouling property to inhibit the
biofilm formation on MCSM. The proposed core−shell type MCSM thus provides a promising opportunity for cost-effective
water purification.
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■ INTRODUCTION

Environmental pollution due to the disposal of large amounts
of dye-bearing wastewater from the tannery, textile, paper and
pulp industries is a global concern.1,2 Most of these water-
soluble dyes are nonbiodegradable and pollute both surface as
well as groundwater causing serious threat to the aquatic and
human life.3,4 Microbial contamination of waterbodies further
aggravates the problem for obtaining a safe, secure and
sustainable source of water.5,6 Thus, development of efficient
treatment technology for removal of these pollutants is of
paramount interest to control the water pollution and fulfill the
ever increasing demand of sustainable water. Most of the
common water treatment technologies such as membrane
separation, solvent extraction, ion-exchange, adsorption, etc. are

either energy intensive or restricted due to the high operational
cost.7−9 Moreover, the elimination of microbial contaminations
requires continuous chemical treatments, like chlorination or
ozone treatment, which often cause formation of harmful
byproducts and raise health issues.10,11 The development of
alternative purification technology is therefore urgently
required for effective separation and removal of water
contaminants.12

The advances of nanoscience provide an opportunity to solve
the technological constraint for the development of rapid,
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efficient and economically viable water purification technology.
Nanostructured adsorbents,4,5,13,14 nanofiltration mem-
branes15−18 and photocatalytic degradation and/or reduc-
tion19,20 techniques have recently been demonstrated for the
treatment of dye-bearing wastewater. Among them, nano-
adsorbents are much more promising in water purification
processes with the advantages of environmental benign route
and cost-effectiveness. It has been observed that adsorption
capacity increases significantly with decreasing size of the
adsorbent to the nanoscale level. However, the nanoadsorbents
suffer major draw backs due to the complicated and time-
consuming separation process. In recent years, iron oxide
nanoparticles have aroused considerable interest to address the
environmental issues for their facile magnetic separation
behavior, biocompatibility and large amount of surface reactive
groups.21,22 Various nanostructured iron oxide materials have
been employed for removal of dyes and metal ions from
aqueous solution recently.21−23 However, tendency of
aggregation of iron oxide nanoparticles in aqueous solution,
which reduces the effective surface area, limits their
application.24,25 In addition, nanoparticles are very prone to
biofilm formation in aqueous systems due to microbial growth
on the surface of the nanomaterials.26,27 The biofilm formation
on the nanoparticles blocks the pore size and surface functional
groups, thereby reducing the effectiveness of the nanoparticle.
Simultaneously, development of antibiotic resistant strains
creating serious health problem and economic loss.28

Tailoring the surface properties of iron oxide nanoparticle
through functionalization with appropriate ligands or molecules
is a very promising methodology for improving the stability,
aggregation behavior and separation efficiency. Therefore, the
current research focus has converged on the designing,
synthesis and functionalization of the nanostructured iron
oxide materials. Magnetic iron oxide nanoparticle fabricated
using various inorganic as well as organic materials, such as
multiwalled carbon nanotubes, porous carbon, manganese
oxide, carboxyl groups, amine groups, and/or thiol groups,
have been reported.29−33 However, the functionalization of iron
oxide nanoparticles is a very complicated process requiring
prolonged time and sometimes damaging the magnetic
structure including magnetic response. Significant improvement
in the adsorption capacity is also a major challenge. Because the
performance of nanomaterials in wastewater treatment depends
on surface area and functional groups, the search for a suitable
functionalization material is a continuing process. Chitosan, a
potent natural biomaterial with abundant functional groups and
tunable molecular structure, provides an opportunity for
functionalization of iron oxide nanoparticles and designing a
magnetically separable new functional nanomaterial.
Further, the wastewater treatment often runs long-term

operation and thus requires stable and antifouling nanomateri-
als for preventing the biofilm formation. Because the silver
nanoparticles (AgNPs) exhibit broad spectrum antimicrobial
activity, decoration of AgNPs on magnetic-chitosan nanoma-
terial may lead to the formation of a novel antifouling
nanomaterial.34,35 Nevertheless, the formation of stable
AgNPs requires flammable organic solvents and toxic reducing
agents, which triggers environmental and safety issues.36,37

Development of an environmentally benign facile synthesis
process is thus a prerequisite to prepare silver nanoparticle
decorated magnetic chitosan nanomaterial for cost-effective and
efficient water purification. In this study, we developed a facile
and environmental benign process to synthesize a core−shell

magnetic chitosan microsphere decorated with silver nano-
particles (MCSM) as a smart antifouling nanomaterial for
efficient removal of dyes and microbial contaminants from
waterbodies for the first time. In the proposed core−shell type
structure, the core and shell material acts independently. The
inner magnetic core enables to separate the microsphere from
the contaminated water; whereas the outer shell of AgNPs
decorated chitosan helps to remove dyes and microbial
contaminants and in addition prevents the bacterial growth
on the surface of the nanomaterial. The multidye adsorbed
capacity, antimicrobial, antifouling and magnetic separation
properties of the proposed MCSM may provide a cost-effective
water purification technology.

■ EXPERIMENTAL SECTION
Materials. Silver nitrate, Acid blue 113 (AB-113), Bromocresol

green (BCG), Bromophenol blue (BPB), Congo red (CR), Eosine
yellow (EY), Solochrome black (SB), Solochrome dark blue (SDB),
Yellow 5GN (Y-5GN), Light liquid paraffin, Ferrous sulfate and all
other chemicals were purchased from Merck, India and used as such
without any further purification. The microbial media were procured
from Hi-media, India. Chitosan (purity > 90%) was purchased from
Bio Basic Inc., Canada.

Microorganisms. Escherichia coli (MTCC 062) and Pseudomonas
aeruginosa (MTCC 424) used for the antimicrobial assays were
obtained from the Institute of Microbial Technology, India and
cultured in nutrient agar (0.3% beef extract, 0.5% peptone and 1.5%
agar powder) slants and nutrient broth (0.3% beef extract and 0.5%
peptone) as necessary.

Preparation of Dye Solution. Stock solutions (2000 mg/L) of
different dyes (purity > 80%) viz. AB-113, BCG, BPB, CR, EY, SB,
SDB and Y-5GN were prepared in deionized and double distilled
water. The calibration curves of dye solutions were prepared by
measuring absorbance of different concentrations of dyes with a UV−
vis spectrophotometer (JASCO V650). The dye concentrations in the
experimental samples were calculated from the calibration curves. A
mixed dye solution was prepared by mixing all eight dyes in deionized
and distilled water and maximum absorbance was recorded by
scanning the dye solution in the UV−vis spectrophotometer. The
calibration curve of the mixed dye solution was prepared as described
above.

Synthesis of Water-Soluble Iron Oxide Nanoparticles. The
water-soluble citrate coated hydrophilic iron oxide nanoparticles were
prepared following the protocol of Hui et al.38 In brief, sodium citrate
(1 mmol), sodium hydroxide (4 mmol) and sodium nitrate (0.2 mol)
were mixed in 19 mL of deionized and double distilled water and kept
stirring at 100 °C for 1 h to maintain the homogeneity. 1 mL of freshly
prepared 2 M ferrous sulfate solution was then added into the mixture
dropwise under stirring conditions, and the solution was incubated for
1 h at 100 °C. The mixture was then allowed to cool down naturally to
room temperature (30 ± 2 °C) and the pH of the reaction medium
was increased to 12.0 using 1 M NaOH solution. A black suspension of
iron oxide was formed within a few minutes, which was then separated
using an external magnet. The obtained iron oxide nanoparticles were
washed several times with deionized and double distilled water to
remove unreacted chemicals and then finally dried by lyophilization.

Synthesis of the Magnetic-Chitosan Microsphere. The
magnetic-chitosan microsphere (MCM) was prepared by a water-in-
oil emulsion method. Initially, 1% (w/v) chitosan solution was
prepared by dissolving chitosan flakes in 1% (w/w) acetic acid solution
under stirring at 1800 rpm for 12 h. The magnetic nanoparticles (0.5
mg dry weight) were solubilized in 200 μL of double distilled water by
ultrasonication for 15 min and added into 5 mL of chitosan solution
followed by incubation under stirring for 1 h at 30 °C. The magnetic-
chitosan solution was then added dropwise (∼1 mL/min) into 25 mL
of light liquid paraffin containing 50 μL of Span-80 under stirring at
1800 rpm to form water-in-oil emulsion. Subsequently, 300 μL of 25%
glutaraldehyde solution was added into the suspension in various time
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intervals of 15 to 45 min and continuously stirred for another 5 h at
the same speed. The obtained microsphere was then separated from
the emulsion by centrifugation at 14000 rpm for 20 min. The process
of centrifugation was repeated several times for complete removal of
oil. The pellet was collected and washed with double distilled water
and ethanol repeatedly to remove residual paraffin oil and Span-80.
Finally, the MCM was dried by lyophilization.
Synthesis of MCSM. The AgNPs were synthesized on the surface

of MCM by sunlight induced reduction of silver ions. 2.5 mL of 1000
mg/mL silver nitrate solution was placed in 100 mL conical flasks and
50 mg of MCM powder was added followed by incubation for 1 h
under stirring (120 rpm) for binding of silver ions on the surface of
MCM. AgNPs were then synthesized by reduction of bound silver ions
through exposure to sunlight for 240 min. The AgNPs decorated
MCM was subsequently centrifuged at 14000 rpm for 20 min. The
pellet was collected and washed with double distilled water several
times to remove unreacted silver ions. Finally, the MCSM was dried by
lyophilization.
Characterization of MCSM. The MCSM synthesized, as

described above was characterized by several spectroscopic and
microscopic techniques. The UV−vis spectra of pure chitosan, iron
oxide nanoparticles, MCM and MCSM were recorded on a JASCO
V650 UV−vis spectrophotometer. Prior to the analysis, iron oxide
nanoparticles, MCM and MCSM were dispersed in double distilled
water by ultrasonication for 20 min. The X-ray diffraction (XRD) and
thermogravimetric analysis (TGA) of the samples were recorded on a
Philips X-ray diffractometer at 0−80° with a Cu Kα source (λ = 1.54
Å) and SDT Q600 TA Instrument (New Castle, USA) from 25 to 900
°C with heating rate of 10 °C/min, respectively. Fourier transform
infrared spectra of the samples were recorded on a PerkinElmer FTIR
spectrometer (FTIR-MB3000) from 4000 to 500 cm−1 at a resolution
of 4 cm−1. For field emission scanning electron microscopy (FESEM)
analysis, samples were prepared by drop casting the suspension of
samples on aluminum foil and dried naturally. The images were
recorded on the FESEM instrument (JEOL JSM 6700F) equipped
with EDAX. The morphology of the MCSM along with distribution of
the synthesized AgNPs was analyzed by high resolution transmission
electron microscopy analysis (HRTEM, JEOL JEM 2010). The
magnetic properties of iron oxide nanoparticles, MCM and MCSM
were recorded on a vibrating sample magnetometry instrument (VSM,
Lakeshore 7410) at room temperature. The VSM was calibrated using
a standard reference of high purity nickel sphere. The magnetic
hysteresis loop was obtained using external magnetic field. The surface
charge of the samples was measured through ζ-potential analysis of
sample suspension on a Malvern Zetasizer.
Removal of Dyes Using MCSM. The adsorptive removal of

cationic and anionic dyes was carried out using MCSM. Prior to this
study, MCSM powder (2 mg/mL) was placed in a 100 mL conical
flask and 25 mL of deionized and double distilled water was added
followed by sonication for 10 min. The pH value of the suspension was
adjusted to 2.0−9.0 by addition of 1 M HCl or NaOH solution as
required followed by incubation for 10 min under shaking (120 rpm)
to condition the MCSM. Following incubation, MCSM was collected
by magnetic separation and added into 25 mL of 50 mg/L AB-113,
BPB, BCG, CR, EY, SB, SDB and Y-5GN solutions separately placed
in different 100 mL Erlenmeyer flasks and incubated for 1 h under
shaking (120 rpm) at 35 ± 2 °C. On completion of incubation, the dye
solution was separated by holding an external magnet and
concentration of the residual dye was measured spectrophotometri-
cally described above. The control experiments were carried out
without addition of MCSM. The amount of dye adsorbed by MCSM
was calculated using the mass balance equation.39 A multicomplex dye
system was prepared by mixing different dyes and testing the
adsorptive removal of these dyes using MCSM in a similar fashion, as
described above. The rest of the work was carried out with this mixed
dye solution unless otherwise stated. The effect of pH on the removal
of mixed dye was performed using preconditioned MCSM at different
pH values (2.0−9.0) using 50 mg/L mixed dye solution. The kinetic
study was carried out at three different pH values (2.0, 4.0 and 8.0)
using the same dye concentration. The equilibrium adsorption

isotherm was conditioned at the optimum pH (4.0) and time (25
min), keeping the other conditions the same as described above. The
removal efficiency (R, %), amount of dye adsorbed at time t (qt, mg/g)
and at equilibrium (qe, mg/g) were calculated using the following
equations:40
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where C0, Ct and Ce are the initial, at time t and equilibrium
concentration of dye (mg/L), respectively; V is volume of the dye
solution (L) and M is the weight of MCSM (mg).

Recycling of MCSM. After the dye adsorption experiment, the
MCSM was separated from the treated water by holding an external
magnet and washed with deionized and double distilled water. The dye
loaded MCSM was collected in different conical flasks and treated
separately with different pH (2.0−14.0) solution and various organic
solvents such as acetone, ethanol and methanol. At the end of the
incubation, MCSM was collected by magnetic separation and washed
with double distilled water. The regenerated MCSM was then used for
next cycle of dye removal study, as described above.

Bacterial Growth and Biofilm Inhibition Properties of
MCSM. The bacterial growth inhibition property of MCSM was
studied by turbidity measurement against E. coli and P. aeruginosa. The
sterile MCSM (2 mg/mL) was added separately in sterile nutrient
broth and inoculated with freshly grown E. coli and P. aeruginosa. The
cultures were incubated at 37 °C under shaking (120 rpm) for
different time intervals and growth kinetics of E. coli and P. aeruginosa
were monitored spectrophotometrically at 600 nm. The control
experiment was conducted with MCM. The bactericidal activity of
MCSM was determined by a plate count method against E. coli and P.
aeruginosa. Briefly, E. coli and P. aeruginosa were grown in nutrient
broth under shaking (120 rpm) at 37 °C to an early stationary phase
(i.e., 12 h). The cultures were harvested from the fermented broth by
centrifugation (10000 rpm for 15 min) and resuspended in K-media
(2.4 g KCl and 3.1 g NaCl per liter). The final concentration of the
culture was maintained at 107 CFU/mL. 25 mL of these bacterial cells
were then placed in different conical flasks and incubated with MCSM
at 37 °C under shaking (120 rpm) for 5 h. The control experiments
were conducted under identical conditions with addition of MCM.
Aliquots were taken at the end of incubation and plated on nutrient
agar plate, which was then incubated overnight at 37 °C to grow the
bacteria. The number of viable cells was measured by counting the
colony grew on the agar plates. The killing efficiency was determined
as follows:

=
−

×
N N

N
killing efficiency (%) 100MCM MCSM

MCM (4)

where NMCM and NMCSM are the number of bacterial colonies grown in
the presence of MCM and MCSM, respectively.

The biofilm inhibition property of MCSM was assayed using P.
aeruginosa as a model organism. 25 mL of P. aeruginosa (107 CFU/
mL) was placed in a 100 mL conical flask and 2 mg/mL each of MCM
and MCSM was added separately, followed by addition of sterile
glucose solution to make the final concentration of 0.1% of glucose.
The flasks were then incubated at 37 °C for 24 h under static
conditions. The media was removed after 24 h of incubation carefully
and a fresh 25 mL of sterile nutrient broth was added into the flasks. In
each alternative day, media was removed and spiked with fresh sterile
media. This was continued up to 96 h. The growth of P. aeruginosa in
the suspension was recorded spectrophotometrically as described
above. At the end of incubation (48, 72 and 96 h), both MCM and
MCSM were collected and washed with sterile double distilled water
to remove loosely attached cells. The biofilm formation on the surface
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of MCM and MCSM was then measured by crystal violet staining.41

The adsorption of crystal violet on the pristine MCM and MCSM,
without incubation with P. aeruginosa, was also recorded as control
experiment. The cell viability of the biofilm was determined by staining
with a live/dead viability kit (Invitogen, CA) and then fluorescent
microscopic images were recorded on an Olympus BX-61 fluorescence
microscope using an excitation filter of BP 460−495 nm and a band
absorbance filter covering wavelengths below 505 nm. The structure of
biofilm formation on MCM and MCSM was monitored by FESEM
images. After 96 h of incubation, MCM and MCSM were washed with
sterile phosphate buffer (50 mM, pH 7.2) and fixed with 2.5%
glutaraldehyde solution in the same buffer followed by dehydration
with graded ethanol series (40−100%). The samples were then dried
and coated with gold. The micrographs were then recorded on the
FESEM instrument operated at an accelerated voltage of 5 kV.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of MCSM. The synthesis
of MCSM is schematically presented in Figure 1, as described
in the Experimental Section. Initially, water-soluble hydrophilic
iron oxide nanoparticles were prepared by a coprecipitaion
method in the presence of excess citrate along with nitrate
ions38 to distribute the negative charges evenly throughout the
surface of the nanoparticles (ζ-potential −35.3 mV). This led to
the formation of ∼28 nm magnetic nanoparticles (Supporting
Information Figure S1) coated with citrate molecules. The as-
prepared negatively charged magnetic nanoparticles were then
allowed to bind electrostatically with positively charged
chitosan (ζ-potential 16.5 ± 2.8 mV). The core−shell type
magnetic-chitosan microsphere (MCM) was then prepared by
the water-in-oil emulsion method, as described in the
Experimental Section. In the process of preparation of MCM,
the concentration of iron oxide nanoparticles was varied from
0.01 to 1% (w/v) with fixed concentration of chitosan (1%)
solution. On the basis of the magnetic separation behavior and
chitosan content, the addition of 0.1% iron oxide nanoparticles
was found to be best for MCM (Figure S2) preparation. At
higher concentrations of iron oxide nanoparticles, the chitosan
content was low, and unsuitable for binding of dyes. On the
other hand, at low concentrations of iron oxide nanoparticles,
the microsphere was unable to separate from solution. The
FTIR spectra were recorded to verify the encapsulation of iron
oxide nanoparticles by chitosan and formation of MCM. The
IR spectrum (Figure 2) of chitosan showed characteristic
absorption bands at 3140 cm−1 due to −NH or −OH
stretching vibrations and 3001 and 2884 cm−1 for −CH
stretching of copolymer of chitosan, respectively. The amide I
(CO stretching vibration) and amide II (−NH bending and
CN stretching) appeared respectively, at 1635 and 1545
cm−1. The absorption band at 1481 cm−1 was assigned to
CH2OH of C-6 position of the sugar moiety of chitosan.42,43

The FTIR spectrum of iron oxide nanoparticles demonstrated
peaks at 1682 and 1420 cm−1, respectively due to the
asymmetric and symmetric stretching vibration of the

−COO− group of surface coated citrate molecules. The peak
of −CH stretching was also observed at 3122 cm−1. The
characteristic peak at 583 cm−1 corresponded to the Fe−O
stretching vibration of iron oxide nanoparticles.44 In the process
of MCM preparation, the binding of iron oxide nanoparticles
with chitosan resulted in weakening as well as shifting of −NH/
OH stretching of the chitosan molecule. The band intensity at
3140 cm−1 was reduced, while −NH and/or −OH stretching of
chitosan appeared at 3132 cm−1. At the same time, the peaks of
−CH stretching of chitosan disappeared in MCM. The
corresponding conformational change of CH2OH at C-6 was
also envisaged by the appearance of new peak at 1400 cm−1. In
addition, disappearance of the amide I and amide II bands
suggested binding of iron oxide nanoparticles to amine groups
of chitosan. The cross-linking of amine group with
glutaraldehyde in the formation of MCM might also be
responsible for disappearance of amide bands. In addition, the
−COO− stretching of surface carboxyl groups of magnetic
nanoparticles also disappeared in MCM, while the FeO
stretching vibration shifted to 608 cm−1. The alterations of
absorption bands therefore supported the coating of magnetic
nanoparticles with chitosan forming MCM.
The decoration of AgNPs on the surface of MCM and

subsequent formation of MCSM was carried out through
sunlight induced reduction of surface bound silver ions (Ag+).
Following synthesis, MCM was treated with silver nitrate
solution resulting in binding of positively charged Ag+ ions on
the surface of negatively charged MCM (−30.4 mV ζ-potential
value). The surface bound Ag+ ions were then reduced to
AgNPs through exposure on sunlight leading to the formation
of MCSM (Figure 3A). In the reaction medium, the dissolved
oxygen reacted with the hydroxyl group of magnetic chitosan
microsphere producing superoxide anion free radicals by UV

Figure 1. Schematic representation of the synthesis of silver nanoparticles decorated core−shell type magnetic-chitosan microsphere (MCSM).

Figure 2. FTIR spectra of pure chitosan, citrate coated magnetic
nanoparticles, MCM and MCSM.
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irradiation of sunlight and the generated superoxide anions
induced reduction of Ag+ ions into AgNPs possibly through the
following steps:45

→ ++ −AgNO Ag NO3 3

+ → −+ − +Ag MCM Ag MCM

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ + ·−MCM O MCM Ored 2
irradiation

OX 2

+ − ⎯ →⎯⎯⎯⎯⎯⎯⎯ −·− +O Ag MCM AgNPs MCM (MCSM)2
reduction

In the synthesis of AgNPs, the chitosan acted as a stabilizer and
prevented the aggregation of AgNPs. Further, the synthetic
process of MCSM did not require any reducing agent and
organic solvent and thereby avoiding environmental contam-
ination of toxic chemicals. The formation of AgNPs on the
surface of MCM was subsequently characterized by UV−vis
spectroscopy. The initial colorless solution of Ag+ ions bound
MCM turned sequentially light to dark brown within 4 h
following exposure to sunlight with the appearance of a surface
plasmon band of AgNPs at 410 nm (Figure 3B).46 On the other
hand, the UV−vis spectrum of magnetic nanoparticles and
chitosan did not exhibit any such absorbance band. The Ag+

ions treated MCM without exposure to sunlight did not
demonstrate any SPR band of AgNPs even after incubation for
20 h, which clearly revealed reduction of Ag+ ions to AgNPs
induced by UV irradiation of sunlight. The FTIR spectrum of
MCSM (Figure 2) further demonstrated the formation and
stabilization of AgNPs. The initial incubation of Ag+ ions with
MCM caused rapid binding of positively charged Ag+ ions on
the electronegative (−30.4 mV ζ-potential value) surface and

void of microsphere through hydroxyl and amine groups of
chitosan, which resulted in shifting of the −NH/OH stretching
band to 3124 cm−1. However, the shifting of amide bands could
not be detected due to very low intensities of amide bands in
MCM. The formation of MCSM was further optimized by
varying the sunlight exposure time. The kinetics of the
reduction of Ag+ to AgNPs was monitored spectrphotometri-
cally following treatment of Ag+ bound MCM under sunlight.
The broad SPR band of AgNPs appeared at 390 nm with
minimum exposure of 150 min and sharp peak appeared at 410
nm after exposure for 230 min only indicating nucleation and
growth of AgNPs on MCM. However, further increase in
exposure beyond 240 min caused broadening of SPR band
might be due to the melting of AgNPs.
The size and shape of MCSM were determined by optical

and scanning electron microscopies. Figure 3C shows a typical
optical microscopic image of the as-prepared MCSM. A
homogeneous distribution of monodisperse and spherical
MCSM was distinctly observed in the image with size ranges
from 2.8 to 4.2 μm. The histogram (Supporting Information
Figure S3A) of the particle size distribution (n = 150) shows
that average size of MCSM is 3.63 μm. Further structural
information on MCSM was investigated by FESEM attached
with EDXA. The low resolution FESEM image (Figure 3D) is
very similar to that of the optical microscopic image with
average diameter of 3.6 μm. The high resolution FESEM image
of individual microsphere (Figure 3D, inset) clearly indicates
the spherical shape of the microsphere having the diameter of
3.4 μm. The bright dots on the image also demonstrate the
decoration of AgNPs on the surface of microsphere. The
obtained AgNPs are clearly visualized by increasing the
magnification of the FESEM image, as shown in the Supporting
Information Figure S3B. The EDXA spectrum in Figure 3E
clearly depicts the silver and iron peaks at 3 and 6 keV,
respectively for AgNPs and Fe3O4. The C, N and O peaks in
spectrum were originated from chitosan material of MCSM.
The elemental mapping of MCSM presented in Figure 3F
revealed the distribution patterns of C, N, O, Ag and Fe by
different color codes. From this figure, the homogeneous
decoration of AgNPs on the surface of the microsphere was
clearly evidenced. The quantitative elemental analysis data
further demonstrated that MCSM contained 8.3% (w/w) of Fe
and 4.1% (w/w) of Ag. The TEM picture of the MCSM was
also recorded to visualize the structure of the synthesized
microsphere including dispersion and size of AgNPs on the
MCSM. The image demonstrated the well dispersion of
MCSM (Figure 3G) and further high resolution of the image
clearly depicted the decoration of well dispersed spherical
AgNPs (Figure 3H), with average size of 16 ± 2.5 nm, on the
surface of the MCSM. The selected area electron diffraction
(SAED) of AgNPs (Figure 3I) showed a Scherrer ring pattern
associated with the [111], [200], [222] and [311] atomic
planes of the face centered cubic (fcc) lattice of nanocrystalline
AgNPs.5

Further confirmation of MCSM was carried out by XRD
analysis. Figure 4A shows X-ray diffraction pattern of chitosan,
magnetite, MCM and MCSM. The broad peak at 20° was
attributed to the amorphous structure of chitosan, whereas the
diffraction peaks of iron oxide nanoparticles appeared at 2θ
values of 30, 35.4, 43, 53.4, 56.9 and 62.5° corresponded to
[220], [311], [400], [422], [511] and [440] planes of cubic
Fe3O4 lattice, respectively. As per the JCPDF data sheet (file
no. 65-3107), these peaks indicated the cubic spinel structure of

Figure 3. Color image (A); UV−vis spectra (B); optical microscopic
image (C); FESEM image (D); EDXA spectrum (E); elemental
mapping (F); TEM micrograph (G−H); high resolution image (H) of
MCSM; selected area diffraction pattern (I) of AgNPs synthesized on
MCSM. The inset picture in panel D shows the high resolution
FESEM image of a single MCSM.
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Fe3O4.
47,48 The XRD pattern of MCM showed strong

diffraction peaks at 2θ values of 30, 35.4, 43, 53.4, 56.9 and
62.5° corresponding to the [220], [311], [400], [422], [511]
and [440] planes of cubic Fe3O4 lattice and a weak diffraction
peak of amorphous chitosan at 20°. The diffraction peak of
chitosan was reduced due to binding of Fe3O4 in the chitosan
matrix through the −NH2/OH group of chitosan causing the
disordered 3D crystal structure of chitosan.49 The final MCSM
exhibited additional peaks for the face-centered cubic structure
of AgNPs (JCPDS file no. 4-0783)50 along with a strong
diffraction pattern of Fe3O4 and a weak peak of chitosan. The
diffraction peaks of the [220], [111], [200], [220] and [311]
planes of AgNPs appeared at 27.8, 38, 46, 64.5 and 77°,
respectively. These results therefore clearly demonstrated that
the crystal structures present in the MCSM had amorphous
state of chitosan, and crystalline magnetite and AgNPs.
The magnetic property of MCSM was analyzed by VSM

measurement at room temperature and demonstrated super-
paramagnetic behavior with S-shaped hysteresis loop (Figure
4B).51,52 The saturation magnetization value of MCSM was
found to be 27.6 emu/g, whereas the retentivity and coercivity
values were 3.03 emu and 0.087 kOe, respectively. The
hysteresis loop of control Fe3O4 nanoparticles showed the
saturation magnetization value at 226.4 emu/g (Supporting
Information Figure S4), whereas the retentivity and coercivity
values were 24.2 emu and 0.088 kOe, respectively. Because the

coercivity of MCSM and Fe3O4 nanoparticles remained the
same and very close to zero, the MCSM formation did not
reduce the superparamagnetic property of Fe3O4.

53 The low
saturation magnetization of MCSM compared to the magnetite
was attributed to the masking of Fe3O4 nanoparticles by thick
layer of chitosan. However, the magnetism of MCSM is
sufficient enough for magnetic separation of MCSM from the
treated water by external magnetic field leading to easy
recycling and reuse. The superparamagnetic behavior of
MCSM thus prevented the aggregation of Fe3O4 nanoparticles
and ensuring easy separation of microsphere by the external
magnetic field.
The thermal stability of MCSM was studied by TGA. The

thermogram of chitosan, magnetite, MCM and MCSM shown
in Figure 4C shows the decomposition temperature of the
samples. The TGA curve of Fe3O4 showed only 4% weight loss,
resulting from evaporation of absorbed or crystalline water, for
the whole temperature range. On the other hand, pure chitosan
exhibited weight loss at three stages. The initial weight loss
below 110 °C was quite small (8%) and corresponded to the
removal of both adsorbed and bound water as well as residual
acetic acid.54,55 The second stage of weight loss of about 30% in
the range of 180−350 °C was associated with the degradation
and deacetylation of chitosan.56 The complete degradation of
chitosan started at 450 °C and ended at 600 °C. The
preparation of MCM through incorporation of Fe3O4 into
chitosan and subsequent formation of MCSM increased the
stability of the compounds. Both MCM and MCSM
demonstrated very similar thermogram patterns. Though the
initial stage of water evaporation (7%) was same as that of
chitosan, visible distinctions in the second and third stages of
weight loss were observed. The MCM and MCSM started
decomposition at 206 and 214 °C, respectively and ∼22% of
weight loss was recorded at this stage. The final of
decomposition started at 500 °C in both MCM and MCSM.
Thus, TGA showed that the as-prepared MCSM has high
thermal stability compared to the chitosan and very much
suitable for the application in wastewater treatment.

Removal of Dyes by MCSM. The feasibility of the
synthesized MCSM as a potential adsorbent for separation and
removal of dyes (Figure 5A) was studied using commercially
used eight different dyes including both cationic and anionic
dyes. Figure 5B shows the color images of dyes before and after
treatment with MCSM at low and high pH values. The
percentage of dye adsorption at various pH values clearly
depicted (Figure 5C) the pH dependent adsorptive behavior of
MCSM toward AB-113, BCG, BPB, CR, EY, SB, SDB and Y-
5GN. Almost 99% of anionic dyes (AB-113, BCG, CR, EY, SB,
SDB, Y-5GN) was removed at an initial concentration of 50
mg/mL at a low pH range (2.0−4.0), whereas the cationic dye
(BPB) was favorably removed at higher pH values, >8.0. The
pH dependent adsorption property of MCSM suggested that
electrostatic interaction played a significant role in the removal
of anionic and cationic dyes. The shell structure of the core−
shell type MCSM contained chitosan having −NH2 and −OH
functional groups, which could be easily protonated and
deprotonated with alteration of pH values. To measure the
surface charge of MCSM, ζ-potentials of the as-prepared
MCSM were recorded at different pH values (2.0−8.0). At a
low pH range (2.0−4.0), MCSM carried net positive charges
(Supporting Information Table S1), which electrostatically
attracted the negatively charged anionic dyes (AB-113, BCG,
CR, EY, SB, SDB, Y-5GN). A similar phenomenon occurred at

Figure 4. XRD (A); VSM (B); TGA of MCSM recorded at room
temperature (C).
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higher pH values (>8.0) for the cationic dye, where negatively
charged MCSM attracted positively charged cationic dye
(BPB). The pH dependent adsorption behavior of MCSM
also demonstrated high stability of MCSM in a wide pH range
and therefore has significant importance from practical
viewpoints of wastewater treatment. Moreover, the MCSM
could be easily and rapidly separated from aqueous solution
following treatment with external magnetic field due to the
superparamagnetic properties. The separated MCSM could also
be redispersed in aqueous solution for further use once the
applied magnetic field had been removed.
The effluents of dye-bearing wastewater often contain

mixture of various kinds of dyes. Hence, it is highly necessary
to investigate the adsorption capability of MCSM to treat the
mixed dye solution. A cocktail dye (50 mg/mL) was prepared
by mixing all eight dyes and adsorptive removal was carried out
by measuring the absorption spectra of the dye solution after
certain time intervals using 50 mg/mL of dye solution. The
UV−vis spectrum of the control and treated dye presented in
Figure 6A revealed the removal of multicomponent cocktail dye
by MCSM. The absorbance maxima of the cocktail dye (blue
line) diminished following treatment process (red line). The
corresponding color image of the dye solution clearly depicted
the removal of dyes (Figure 6A, inset) by MCSM and easy
separation of MCSM from treated water by external magnetic
field. The effect of pH and contact time was further optimized

using the cocktail dye. The adsorptive removal of this dye was
studied at three different pH values, i.e., 2.0, 4.0 and 8.0, by
varying the contact time. Prior to this experiment, MCSM was
initially conditioned at different pH values and then incubated
with 50 mg/mL of cocktail dye solution for various time.
Results show (Figure 6B) that dye was removed much
effectively at low pH values, <4.0, and became completely
colorless (Figure 6B, upper panel) within 25 min. It further
showed that adsorptive removal was very fast at initial 5 min
when 80% of dye was removed. Initially, the surface of MCSM
contained abundant functional groups, which attracted the dye
molecules. After the initial fast adsorption process, the binding
occurred comparatively slowly and reached equilibrium within
25 min. The dye removal efficacy of MCSM (R = 99.48%) is
much higher and faster than other reported adsorbents that
required hours or even days to achieve satisfactory removal.
The fast dye removal capacity of MCSM has significant
practical importance for efficient treatment of water. To
understand the dye binding process and rate controlling step,
the kinetic data were fitted with different rate kinetic models
and found that it followed the pseudo-second-order rate model
(Figure 6C) very well (correlation coefficient 0.998) compared
to the pseudo-first-order and intraparticle diffusion model
(Supporting Information Table S2). Therefore, the rate-
determining step occurred through a surface binding process,
where most of the dyes adsorbed at the surface of MCSM. The

Figure 5. Chemical structures (A) of different anionic and cationic dyes (AB-113, BCG, BPB, CR, EY, SB, SDB and Y-5GN) used in the present
study; color images (B) of dye solution before and after treatment with MCSM at two different pH values; percentages of dye adsorption (C) by
MCSM at different pH values (2.0−10.0).
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maximum adsorption capacity (Qmax) of MCSM was
determined through equilibrium adsorption isotherm study
(Figure 6D), which showed that the amount of dye adsorbed
on MCSM increased with increase in dye concentration and
finally attained equilibrium. The maximum dye adsorption
capacity was found to be 271.2 ± 14.5 mg/g, which is 3 times
higher than commercial activated carbon. Under similar
conditions, activated carbon adsorbed 87.2 ± 5.6 mg/g of
mixed dye. The adsorption capacity of MCSM was also found
to be much higher in comparison to other adsorbents, as
reported in the literature (Supporting Information Table
S3).57−65 For example, Fe3O4 nanoparticles adsorbed 67.1,
68.4, 37.7 and 44.4 mg/g, respectively of eriochrome black-T,
bromophenol blue, bromocresol green and fluorescein,57

CeO2−δ nanopowder adsorbed 113, 101 and 91 mg/g of
methyl orange, mordant blue 9 and reactive orange 16,
respectively,58 sawdust carbon and rice husk carbon powder
adsorbed 183.8 and 86.9 mg/g of acid yellow 36 respectively,59

NiFe2O4 adsorbed 47 mg/g of eriochrome black T62 and
cadmium hydroxide nanowire loaded on activated carbon
adsorbed 108.7 mg/g of bromocresol green.63 In spite of that,
these adsorption studies were carried out in single dye system;
whereas, in the present study MCSM removed dyes from
multicomponent system and adsorbed 271.2 ± 14.5 mg/g of
mixed dyes. The adsorption of dye in a single dye system is
quite simpler than in a multicomponent dye system, where
interaction occurrs in a more complex way. The high
adsorption capacity and binding efficiency of MCSM toward
a multicomponent dye solution is attributed to the high surface
area of the microsphere and plenty of functional groups present
on the chitosan shell of the core−shell type MCSM, which
provides higher electrostatic attraction of dyes. The adsorption
capacity of MCSM was also compared with chitosan, magnetite

and magnetic-chitosan microsphere. We observed that Qmax of
MCSM was quite high compared to chitosan (Qmax = 106 ± 18
mg/g at pH 5.5), and magnetite (Qmax = 62 ± 13 mg/g), that is
almost equal to magnetic-chitosan microsphere (Qmax = 293 ±
15 mg/g) and cross-linked chitosan microsphere =308 ± 15
mg/g. It is worthwhile to mention here that the adsorption on
surface depends both on surface area and surface functional
groups. Fe3O4 nanoparticles though have high surface area but
limited in surface functional groups. The chitosan has large
number of functional groups, but has less surface area. The
formation of microsphere therefore increased simultaneously
the surface area as well as surface functional groups, which was
reflected in high adsorption capacity of the microsphere. The
low concentration of Fe3O4 (8.3% w/w) in the microsphere,
however, enabled the microsphere to separate from solution by
external magnetic field. In the same analogy, the formation of
AgNPs on MCM reduced the adsorption capacity to a small
extent.
The adsorption isotherm data was finally fitted with different

isotherm models like Langmuir, Freundlich, Dubinin−Radush-
kevich and Temkin (Supporting Information Figure S4) to
understand the interaction of dyes with MCSM at the surface
binding process.39 Figure 6E shows that Langmuir model
obeyed perfectly with higher correlation coefficient (0.999).
The theoretical monolayer saturation capacity of MCSM (276.9
± 12.8 mg/g) calculated from Langmuir model matched very
well with experimental values of 271.2 ± 14.5 mg/g, suggesting
chemisorption and monolayer formation of dyes on MCSM.
The multiplex dye adsorbability, stability in wide pH range,
high adsorption capacity, fast kinetics and easy magnetic
separation of MCSM is extremely useful for the treatment of
multi dye containing wastewater.

Figure 6. Removal of cocktail dye (A) by MCSM, inset picture shows the dye solution before and after treatment with MCSM; kinetics (B) of
cocktail dye removal by MCSM, color image (upper panel) of dye removal at various time intervals; fitting of kinetics data (C) with pseudo-second-
order rate model; adsorption isotherm (D) of cocktail dye on MCSM; fitting (E) of isotherm data with Langmuir model.
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Desorption and Reuse of MCSM. Desorption of dyes
from the dye adsorbed MCSM was studied to test the
reusability of the microsphere. The MCSM was collected after
dye adsorption, washed with distilled water to remove unbound
dyes and then treated with various organic solvents and at
different pH solutions. It was observed that with increasing the
pH values of the eluent solution, the percentage of desorption
was increased. At a higher pH value (14.0), more than 98%
desorption of dyes was achieved. The electrostatic repulsion
between the deprotonated dye molecules and negatively
charged MCSM surface favored desorption of the dyes. The
organic solvents were not so effective in the desoroption of
dyes. Desorption of dyes at a higher pH value further proved
the electrostatic interaction of dyes with MCSM. The
multicyclic efficiency of MCSM was also examined by reusing
the MCSM. In the first recycle process, MCSM adsorbed 99%
of dyes and adsorbed 95% and 91% of dye respectively, in the
second and third cycles of the operation. This clearly indicated
reusability efficiency of MCSM in removal of dyes even in
complex multicomponent dye system.
Inhibition of Bacterial Growth and Biofilm Formation.

The wastewater always contains a large population of
microorganisms, which often causes water borne diseases.
Decontamination of wastewater is therefore an essential
requirement for water purification. To eliminate the microbial
contamination, wastewater undergoes chlorination or ozone
treatment, but formation of toxic biproducts creates another
health and environmental issues. The separate treatment
process for removal of microbial contaminants also increases

the cost of water purification. At the same time, the attachment
and subsequent growth of microorganisms, present in the
wastewater, frequently lead to the biofilm formation in
treatment plant. This reduces the efficiency and increases the
energy consumption, operational expenditure as well as
accelerates corrosion formation in the treatment plant. Thus,
reduction of microbial loads as well as prevention of biofilm
formation is highly necessary for health and safety issues along
with cost-effective water treatment. The bacterial growth
inhibition property of MCSM was assayed against E. coli and
P. aeruginosa by turbidity measurement. The nutrient broth
supplemented with MCSM was incubated with E. coli and P.
aeruginosa separately and growth of the organism was
monitored spectrophotometrically at 600 nm through measur-
ing the optical density. The control experiment was performed
using MCM. The bacterial growth kinetics (Figure 7A) clearly
showed that MCSM completely inhibited the growth of E. coli
and P. aeruginosa. However, MCM failed to inhibit the bacterial
growth under identical conditions, suggesting the antibacterial
property of MCSM. The bactericidal activity of MCSM was
further evaluated by a plate count method. Both E. coli (107

CFU/mL) and P. aerugenosa (107 CFU/mL) were treated with
MCM and MCSM separately for 5 h and spread over the
nutrient agar plates. Results depicted (Figure 7B) that bacterial
colonies were not observed in the MCSM treated cells. In
contrast, MCM treated cells showed dense growth of E. coli and
P. aeruginosa colonies, which highlight the excellent bactericidal
property of MCSM.

Figure 7. Growth kinetics of E. coli and P. aeruginosa (A) in nutrient broth containing 2.0 mg/mL of MCM and MCSM; antibacterial assay of MCM
and MCSM against E. coli and P. aeruginosa by plate count method; bacterial growth in suspension and biofilm formation (C) on MCM and MCSM
for various time intervals; analysis of biofilm structure (D) of P. aeruginosa on MCM and MCSM after 96 h of incubation, the green and red color in
the fluorescence microscopic images (upper panel) indicates live and dead cells, respectively and FESEM image (lower panel) demonstrates
structure of biofilm.
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At the end, the biofilm inhibition ability of MCSM was
assessed against P. aeruginosa as a model organism. The biofilm
formation of P. aeruginosa on MCSM and MCM was evaluated
over a period of 96 h. Growth of the organism in the
suspension as well as on the surface of the microsphere was
recorded to measure the biofilm formation. The cell growth in
suspension was monitored by recording the optical density on
the UV−vis spectrophotometer, whereas the cell growth on the
surface was measured through crystal violet staining. Initially,
the freshly grown P. aeruginosa culture was treated with both
MCM and MCSM separately and the biofilm of P. aeruginosa
was allowed to grow on the microsphere surface for 96 h with
continuous changes of media every alternate day. The growth
of the organism in the suspension was recorded consecutively
at 48, 72 and 96 h by measuring the absorbance at 600 nm
(OD600). It was observed that in MCM treated samples, the
suspension became turbid following media change, but no
visible cell growth was recorded in MCSM treated samples
(Figure 7C). The MCM treated samples unable to prevent the
growth of bacteria and the cells attached on the MCM grew
with time leading to the formation of biofilm, which was later
confirmed by staining the microsphere with crystal violet. The
quantity of biofilm formation was represented by percentage of
crystal violet adsorption. The result shows (Figure 7C) that a
large amount of biofilm (high adsorption of crystal violet) was
formed on MCM and with time the amount of biofilm was
increased. In contrast, the biofilm formation was totally
inhibited on MCSM. The result therefore clearly indicates
that due to the strong antibacterial activity MCSM inhibited the
growth of P. aeruginosa and prevented the biofilm formation.
On the other hand, MCM was unable to prevent the bacterial
growth; the attached cells grew with time resulting in the
formation of complex biofilm structure. Thus, the decoration of
AgNPs on the surface of MCM improved the long-term
antibacterial activity and prevented the biofilm formation. The
antibiofouling property of MCSM and cell viability in the
biofilm structure of MCM was analyzed by live/dead assay.
Figure 7D shows the representative fluorescence microscopic
images of MCM and MCSM following staining of 96 h sample
with live/dead viability kit containing SYTO 9 and propidium
iodide (PI). The images clearly revealed that MCM was stained
with bright green fluorescent color, which signified that thick
layers of biofilm formed on MCM and cells were in live state.
On the other hand, very few dead cells (red fluorescent color)
were observed on MCSM, as PI specifically stains dead cells
only and thus undoubtedly established the antibacterial and
antibiofouling properties of MCSM. Finally, the biofilm
structure and surface coverage was determined by FESEM
analysis. Large population of healthy and rod shaped P.
aeruginosa was observed in the biofilm structure developed on
the entire surface of MCM (Figure 7D, lower panel, left).
However, a very few scattered cells were noticed (marked by a
circle in Figure 7D, lower panel, right) on the MCSM,
indicating that P. aeruginosa could not survive to form the
biofilm on MCSM. The image also showed the distorted and
ruptured cells on the surface. The strong antibacterial activity
and inhibition of biofilm formation on MCSM suggested that
direct contact of AgNPs with bacteria caused rupture of the cell
and ultimately prevented the bacterial growth on the MCSM
surface. The antibacterial, antibiofouling and biofilm inhibition
properties of MCSM would be beneficial for long-term
treatment wastewater.

■ CONCLUSIONS
We have synthesized core−shell type MCSM, each with a
magnetic core and chitosan shell decorated with AgNPs, for
adsorptive removal of dyes and microbial contaminants from
water for eco-friendly and cost-effective water purification. The
magnetite chitosan microspheres displayed a spherical shape
with AgNPs decorated on the surface of the microsphere. The
MCSM showed a small hysteresis loop and low coercivity,
indicating the superparamagnetic behavior of MCSM. The dye
adsorption capacity of MCSM was found to be higher
compared to the other adsorbents due to high surface area of
the microsphere and large number of functional groups
contained in the shell structure of chitosan. The dye binding
process occurred through electrostatic interaction and perfectly
obeyed the Langmuir model. MCSM also exhibited strong and
long-term antibacterial activity against Gram-negative bacteria
and prevented biofilm formation on the microsphere. The
MCSM can be easily separated from treated water using an
external magnetic field due to the magnetic core and
regenerated by increasing pH values of the solution. We
strongly believe that our protocol for the fabrication and
application of MCSM in the removal of the dyes and microbial
pathogens are very simple, convenient, cost-effective and
environmentally sustainable for water purification.
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