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A B S T R A C T

A comparative investigation has been carried out for the effective removal of cationic and anionic triphe-
nylmethane dyes from the water using zero valent iron and iron/nickel bimetallic nanoparticles stabilized by
chitosan (CS). The biopolymer chitosan, used as a stabilizer in this study is biodegradable and non-toxic.
Chitosan stabilized zero valent iron (CS-Fe) and Chitosan stabilized bimetallic iron/nickel (CS-Fe/Ni) nano-
particles were prepared by chemical reduction method using sodium borohydride as reducing agent under ni-
trogen atmosphere. The characteristics of CS-Fe/Ni, CS-Fe and CS nanoparticles were examined by HRTEM, XPS,
Zeta Potential, zeta potential and FTIR. HRTEM results reveal that iron nanoparticles were successfully coated
with chitosan and the prepared particles were in nano dimensions. The average size of these synthesized na-
noparticles was below 15 nm. The interaction of hydroxyl and amino groups of chitosan with iron in CS-Fe/Ni
and CS-Fe nanoparticles was confirmed by FTIR. The surface compositions of the nanoparticles obtained from
the XPS analysis revealed the presence of zerovalent iron and nickel in chitosan. Batch experiments were carried
out to evaluate the removal efficiencies of CS-Fe/Ni, CS-Fe and CS in the triphenylmethane dyes. The model
pollutants selected for dye removal study were cationic malachite green dye and anionic methyl blue dye. The
parameters studied in the dye removal were effects of dosage of the nanoparticle, contact time, initial con-
centration of the dyes, solution pH and ionic strength. The results indicate that CS-Fe/Ni nanoparticles are more
effective in dye removal compared to CS-Fe nanoparticles and CS.

1. Introduction

Water pollution has turned out to be one of the major environmental
problem faced by the world which is drastically influenced by the po-
pulation stress and industrialization. Every year thousands of people are
dying or diseased by consuming the polluted water. The waste dyes
from textiles, paper, rubber, plastics, leather, cosmetics, pharmaceu-
ticals and food industries have become one of the major culprits of the
widespread water pollution. Dyes not only reduces the light penetration
and photosynthesis in water bodies but also acts a toxic, mutagenic and
carcinogenic agent in living cells. The conventional techniques (coa-
gulation and flocculation, oxidation, ozonation and activated carbon
adsorption) have not shown considerable efficiency and economic ad-
vantage. Biodegradation of dye molecules is much difficult due to its
complex aromatic molecular structure. Removal of dyes has been stu-
died through different technologies and by using numerous inorganic
and biological adsorbents (Batool et al., 2014; Raman and Kanmani,
2016). Over the last few decades, implementation of nanotechnology to
replace conventional water contamination remediation techniques were

being practised using the unique properties of nanomaterials. Appli-
cation of different nanomaterials like carbon nanotubes, nano filters,
nanoscale zero valent metals, nanomembranes etc., would be a platform
to a wide variety of opportunities for the purification of polluted water
and to provide low-cost clean water (Amin et al., 2014; Tesh and Scott,
2014). Among these materials, nanoscale iron and iron oxide particles
have a remarkable position due to its low cost, environmental com-
patibility and high reactivity (Li et al., 2006).

The nanoscale elemental iron (nFe°) is considered as a potential
green material to remediate wastewater due to the availability of iron
as recycled material and its capacity to degrade some contaminants
completely. The application of zero valent iron for the treatment of
wastewater which contains organic contaminants, toxic metals and
inorganic compounds have been studied and a supreme activity for
pollutant removal was established through previous studies (Fu et al.,
2014; Yan et al., 2013). Reduction, sorption, complexation, and co-
precipitation are the main pathways of mechanism for the degradation
of these pollutants. Magnetic properties and non-toxicity are also the
advantages of the nFe° particles. Even though nFe° show high reactivity
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towards pollutants, the major limitations of them are reactivity loss
with time due to the precipitation of iron oxides on the surface of Fe°
and their agglomeration tendency due to magnetic properties
(Raychoudhury and Scheytt, 2013; Yirsaw et al., 2016). The catalytic
properties of monometallic Fe° can be improved to a large magnitude
through bimetallization. The addition of a second metal to the Fe° en-
hances the properties of iron through the synergetic effect of two dis-
tinct metal which serves as a protective agent against corrosion of the
iron surface. Till now different iron-based bimetallic nanoparticles such
as Fe/Al, Fe/Pd, Fe/Ni, Fe/Cu, Fe/Zn, Fe/Ag, Fe/Au, Fe/Co and Fe/Pt
were synthesized and its catalytic elimination properties were studied
in various pollutants (Liu et al., 2014; Sharma et al., 2017). Cost-ef-
fectiveness and toxic effect of second metal could also be considered as
two important criteria for the selection of second metal on water pol-
lution remediation. Among the synthesised bimetallic nanoparticles,
Fe/Ni nanoparticles have special focus because of its ability to enhance
the formation of atomic hydrogen on the surface of Fe° which hinders
the iron oxide formation on the surface of Fe°. This would yield more
hydrogen radicals produced from H2 decomposition. In addition to this,
catalytic metal Ni is less toxic and economically feasible compared to
other catalytic metals (Ezzatahmadi et al., 2019; Foster et al., 2019; Gao
et al., 2016; Weng et al., 2014).

Although Fe° and Fe/Ni nanoparticles get considerable attention
due to their high specific surface area and small size, the nFe° particles
are highly reactive towards air and water. To develop the Fe° and Fe/Ni
nanoparticles as an efficient remediating agent, they could be modified
or combined with different methods. Mostly these methods are
Immobilization of nFe° onto supports like zeolite, polymers, etc and
combine nFe° with other techniques like sonication and UV irradiation
(Adusei-Gyamfi and Acha, 2016). Even though the stabilization of Fe° is
extensively studied, further investigation is needed for the stabilization
of Fe° and Fe/Ni nanoparticles due to its potential capacity for water
contaminant degradation and small footprint. In this study, we are in-
corporating chitosan, a biopolymer, with Fe° and Fe/Ni nanoparticles.
Only limited studies have presently been reported on stabilization of Fe°
nanoparticles by chitosan. Chitosan is a biopolymer produced by dea-
cetylation of chitin, which is derived from the exoskeleton of crusta-
ceans and cartilages of molluscs. The presence of free amino and hy-
droxyl groups in chitosan makes them material with high adsorption
potential and multipurpose materials in industrial applications. The
other favourable characteristics of chitosan as an adsorbent are its
macromolecular structure, non-toxicity, biocompatibility, biodegrad-
ability, low-cost, etc (Islam et al., 2017; Pestov and Bratskaya, 2016).
Previous studies of chitosan as a stabilizing agent showed that it pro-
duces stabilized metallic (silver, gold, iron and platinum) nanoparticles
with moderately average diameters (Ahmadi et al., 2017; Huang et al.,
2004).

Recently different iron-based bimetallic nanoparticles were used for
the removal of chlorinated organic compounds, inorganic anions and
heavy metals (Bhaskar et al., 2016). Limited study has been done re-
garding the degradation of dyes from the aqueous solution. Most of the
studies in the removal of textile dyes deal with azo dyes (Bokare et al.,
2008) and only a few studies were conducted based on the degradation
of triphenylmethane dyes. In our present study, the cationic triphe-
nylmethane malachite green dye (MG) and anionic triphenylmethane
methyl blue dye (MB) was used as a model pollutant as shown in Fig.1.
MG dye is widely used in the textile, food and fish hatchery industries
and it is environmentally persistent. The previous studies revealed that
the extensive use of MG cause several health hazards in aquatic or-
ganisms and it will retard the light penetration in hydrosphere even-
tually affect the photosynthesis in the aquatic ecosystem (Kumar et al.,
2015). MB dye is extensively used in biological and bacteriological
staining and the textile industry (Hou et al., 2007). A very little study
has been reported about the toxicity and removal of MB from aqueous
media. Therefore it is necessary to execute proper treatments to remove
the dyestuffs from wastewater before entering to the aquatic ecosystem.

In this work, we have synthesised chitosan-stabilized Fe (CS-Fe) and
chitosan-stabilized Fe/Ni (CS-Fe/Ni) nanoparticles by using chitosan as
a stabilizing agent for the removal of triphenylmethane dyes. We have
also investigated the influence of different parameters, such as the in-
itial dye concentration, dosage of adsorbent, contact time, pH of the dye
solution and ionic strength using NaCl solution for removal of triphe-
nylmethane dyes

2. Materials and methods

2.1. Chemicals and materials

Iron(III) chloride hexahydrate (Sigma-Aldrich, ≥99 %), Nickel(II)
sulfate hexahydrate (Merck, Emsure), Sodium borohydride (Sigma-
Aldrich, ≥98%), Chitosan (Sigma-Aldrich, low molecular weight),
Malachite green (Nice) and Methyl Blue (Merck) were bought from the
market and were used as such without further purification .

2.2. Synthesis of CS-Fe and CS-Fe/Ni bimetallic nanoparticles

Fig. 2 is a schematic representation of the synthesis of CS-Fe/Ni
nanoparticles using chitosan as a stabilizer. CS-Fe and CS-Fe/Ni nano-
particles were prepared via liquid-phase reduction method using so-
dium borohydride as a reducing agent (Gonçalves et al., 2018; Weng
et al., 2013b). Chitosan (0.5 %), the stabilizer, used for the synthesis of
CS-Fe and CS-Fe/Ni nanoparticles were dissolved in dil. acetic acid
through ultrasonic vibration treatment. For the synthesis of CS-Fe/Ni
nanoparticles, the metal solutions of FeCl3.6H2O (0.973 g) and

Fig. 1. Chemical structure of Malachite Green (A) and Methyl Blue (B) (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article).
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NiSO4.6H2O (0.089 g) were prepared in 10 mL deionized water. The
prepared FeCl3.6H2O solution was incorporated with the dissolved
chitosan solution in a round bottom flask under nitrogen atmosphere.
The mixture was stirred for 15 min using a magnetic stirrer and 60 mL
of NaBH4 (0.544 g) solution prepared in the ethanol-water system was
added drop by drop into this mixture and stirred vigorously and con-
tinuously for 30 min. A black coloured precipitate of CS-Fe was formed
as represented in Eq. (1).

CS + Fe2+ + 2BH−
4 + 6H2O →CS-Fe° + 2B(OH)3 + 7H2 (1)

Then NiSO4.6H2O solution was added to CS-Fe solution and agitated
for another 30 min. This would lead to the formation of CS-Fe/Ni na-
noparticles which is described by Eq. (2). The prepared nanoparticles
were collected through vacuum filtration and the nanoparticles were
rinsed with deionized water, absolute ethanol and acetone successively.
The prepared nanoparticles were lyophilized and stored in a sealed
bottle.

CS-Fe° + Ni2+ →CS-Fe°/Ni° + Fe2+ (2)

The method for synthesis of CS-Fe particles was similar to that of
chitosan stabilized Fe/Ni nanoparticles, except that the NiSO4.6H2O
solution was not be added during the preparation of nanoparticles.

2.3. Batch experiments

Dye removal experiments were carried out in 100 mL beakers with
20 mL of dye solution of the desired concentration. The MG and MB dye
solution of desired concentration were prepared by dilution of stock
solution instantly before use. Firstly, 50 ppm of the dye solution was
added to the beaker and rapidly mixed with the nanoparticles of a
particular dosage. Then the beakers were agitated in a bath sonicator
for 1 hr. The samples were collected at regular intervals whose absor-
bance were measured using a UV–vis spectrophotometer. Samples
without the addition of nanoparticles have experimented under iden-
tical conditions and no significant changes were observed. The effects of
adsorbent dosage, initial concentration of dye, pH, ionic strength and
contact time were also investigated. To study the effect of pH, the initial
pH of the dye solution was adjusted using 1.0 M NaOH and 1.0 M
H2SO4. In order to investigate the influence of ionic strength, 20 mL of
NaCl solution was added to 40 mL of 50 ppm dye solution and the
concentration of the NaCl solution was varied from 0.001 M to 0.1 M.
All samples were analysed for the residual dye concentration using
UV–vis Spectrophotometer. All experiments were performed with a
duplicate.

2.4. Characterisation and analytical techniques

The particle size and morphology of the CS-Fe and CS-Fe/Ni nano-
particles were analyzed by using Jeol/JEM 2100 High resolution
transmission electron micrograph (HRTEM). The binding energies of
CS, CS-Fe and CS-Fe/Ni nanoparticles were investigated via X-ray

photoelectron spectroscopy (XPS, Kratos Analytical, Ultra axis). The
FTIR spectra of CS, CS-Fe and CS-Fe/Ni nanoparticles before and after
adsorption / degradation were investigated through Fourier transform
infrared spectrometer (SHIMADZU IR Affinity-1) in the wavelength
range of 4000 – 600 cm−1. Samples for FTIR analysis were prepared by
mixing KBr with the samples and pressed into small thin pellets. The
prepared nanoparticles were lyophilized using Operon FDU 7003 lyo-
philizer. The surface charge of the prepared nanoparticles was in-
vestigated through zeta potential using Laser zeta sizer (Malvern).

The absorbance of dye solution was measured using UV–vis spec-
trophotometer (SHIMADZU UV 1800). Stock solutions of MB and MG
were prepared in demineralized water. The absorbance of MG and MB
were measured at 617 nm and 595 nm respectively. The dye removal
efficiency was calculated using the eq.3 :

=

−Percentage of Removal R C Ct
C

(% ) * 100�

� (3)

Where C0 (mg/L) is initial dye concentration, and Ct (mg/L) is the
concentration of dye at t min.

3. Results and discussions

3.1. Characterization of CS, CS-Fe and CS-Fe/Ni nanoparticles

3.1.1. TEM
The Transmission Electron Micrographs of the CS-Fe/Ni and CS-Fe

as shown in Fig. 3 revealed that a layer of grey material was covering on
the spherical metallic nanoparticle. This was similar to the core-shell
structure of a nanoparticle. As the chitosan was used as a stabilizer, it
was assumed that Fe° core would have been coated with a layer of
chitosan as the shell. By randomly counting around 50 nanoparticles in
the TEM photograph, the average diameter of the CS-Fe and CS-Fe/Ni
nanoparticles were estimated as 14.87 nm and 9.2 nm with a metallic
core of 9.73 nm and 5.57 nm respectively. It is believed that the chit-
osan reduced the agglomeration tendency of nanoparticles arose from
the magnetic property of iron nanoparticle and protects the iron na-
noparticle from oxidation by binding Fe° with hydroxyl and amine
groups of the chitosan (Geng et al., 2009).

3.1.2. XPS
The composition of the nanoparticles and oxidation states of ele-

ments in the nanoparticles was analyzed by X-ray Photoelectron
Spectroscopy (XPS). Being a surface analyzing technique, XPS can in-
vestigate only up to 5−10 nm depth of the sample (Gerber and
Erasmus, 2018). XPS wide scan spectra of CS, CS-Fe and CS-Fe/Ni are
shown in Fig. 4. From this spectra, it was evident that C, N, O, Fe and Ni
were the elements mainly present in CS-Fe/Ni nanoparticles. They also
contained small amounts of elements B and Na, which were reaction
residue from the preparation of nanoparticles. Compared with the
parent CS, the main difference between CS-Fe/Ni and CS-Fe were the
emergence of photoelectron peaks of Fe and Ni in CS-Fe/Ni and Fe in
CS-Fe nanoparticles. Even though the intensity of N 1s was more

Fig. 2. Schematic representation of the synthesis of CS-Fe/Ni nanoparticles.
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predominant in CS, a decrease in intensity in N 1s photoelectron peak
was observed in CS-Fe and CS-Fe/Ni, this may be due to complexation
of N 1s with iron nanoparticles.

A comparison of Fe 2 P region spectra of CS-Fe and CS-Fe/Ni na-
noparticles and Ni 2 P region spectra of CS-Fe/Ni nanoparticles were as
shown in Fig. 5. The existence of zero valent iron was confirmed by
photoelectron peak around 708.05 eV and 720.95 eV which corre-
sponds to the 2p3/2 and 2p1/2 binding energies of Fe° in CS-Fe/Ni na-
noparticles (Desalegn et al., 2019; Momose et al., 2016). The pre-
dominant photoelectron peak of CS-Fe/Ni at 709.55 eV and 722.15 eV
matched with the binding energies of 2p3/2 and 2p1/2 of Fe2+ in FeO
(Xie et al., 2016). The results revealed that the CS-Fe/Ni nanoparticles
were covered with a thin shell of iron oxide, mainly FeO. The detailed
Fe 2 P spectrum of the surface of CS-Fe nanoparticles mainly consists of
Fe3+ species which was indicated by the major photoelectron peak
around 711.55 eV and 725.55 eV which belonged to the binding en-
ergies of 2p3/2 and 2p1/2 of Fe3+ respectively (Geng et al., 2009). As

compared with the CS-Fe/Ni, photoelectron line around 708.05 eV and
720.85 eV was less in CS-Fe which indicated that more metallic iron
was oxidized in CS-Fe. The Fe3+ species in samples may be due to the
presence of FeOOH, Fe3O4, Fe2O3 or Fe3+ – chitosan complex. The
oxidation of iron occurred during the detection process resulted in the
high intensity of Fe3+ photoelectron peaks of the samples. The Ni 2 P
detailed spectra in CS-Fe/Ni was complex due to the interaction be-
tween iron and chitosan. The photoelectron peak at 853.7 eV and
872.35 eV corresponded to the 2p3/2 and 2p1/2 binding energies of Ni2+

respectively in CS-Fe/Ni nanoparticles (Huang et al., 2017). This may
be due to the oxidation of Ni on the surface of Fe°.

3.1.3. Zeta potential
The surface charge of CS, CS-Fe and CS-Fe/Ni was studied by

measuring zeta potential which gives valuable information about the
interaction between adsorbent and adsorbate. The zeta potential of CS,
CS-Fe and CS-Fe/Ni nanoparticles were found negative with values of
-2.1 mV, -8.5 mV and -3.1 mV respectively in aqueous medium as
shown in Fig. S4. The pH of the medium is alkaline due to the formation
of hydroxyl ion as a result of the reaction between iron nanoparticle
and water. To impart more stability, the nanoparticle are encapsulated
within the chitosan matrix. The negative charge of zeta potential comes
from the negatively charged hydroxide groups on the chitosan matrix
(Adeyi et al., 2019). The zeta potential of the CS-Fe and CS-Fe/Ni na-
noparticles matched with the zeta potential of chitosan in water.

3.2. Dye removal studies using CS-Fe and CS-Fe/Ni nanoparticles

3.2.1. UV–vis spectrophotometric analysis
The MG and MB dye removal efficiency were studied using CS, CS-

Fe and CS-Fe/Ni nanoparticles through UV–vis spectroscopy as shown
in Fig. 6. The initial pH of MG and MB dye solution was 3.6 and 5.0
respectively without pH adjustment.. The addition of CS-Fe and CS-Fe/
Ni nanoparticles changed the pH to alkaline due to the iron corrosion
and formation of hydroxyl ion when reacting with water. The pH of the
dye solution was changed into around 9.2 in MG and MB after adding

Fig. 3. HRTEM image of (a) CS-Fe/Ni and (b) CS-Fe nanoparticles.

Fig. 4. XPS wide scan survey of (a) CS, (b) CS-Fe and (c) CS-Fe/Ni nano-
particles.

Fig. 5. Detailed XPS spectra of (a) Fe 2 P in CS-Fe and (b) Fe 2p and (c) Ni 2 P in CS-Fe/Ni.
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the CS-Fe and CS-Fe/Ni nanoparticles. In the case of MG, the major
absorption peak of MG appeared at 617 nm which corresponded to the
functional group, -C = C- and C = N-, of MG. The peaks at 425 nm, 315
nm and 250 nm could be assigned to the aromatic rings and conjugated
chromophore of MG (Wang et al., 2017; Weng et al., 2013a). The results
show that the peaks at 617 nm, 425 nm and 315 nm were alarmingly
decreased in CS-Fe and CS-Fe/Ni nanoparticles containing dye solution
within 60 min and the chitosan does not influence the degradation of
MG. The sharp decrease in the 617 nm peak indicates that the deco-
lourization of MG occurred mainly due to the cleavage of the functional
group of MG. The conjugated chromophore structure of MG would also
be completely demolished or adsorbed by the CS-Fe and CS-Fe/Ni na-
noparticles simultaneously which was indicated by the absence of a
peak at 425 nm. The emergence of new peaks centred at around 360 nm
as a degradation product also supported the previous assumption that
the removal of MG was through degradation and adsorption (He et al.,
2012). Regarding the removal of MB, the CS, CS-Fe and CS-Fe/Ni na-
noparticles showed high dye decolourisation efficiency which could be
due to its better adsorptive capacity. The characteristic peak of MB
observed at 595 nm (Wang et al., 2015) shifted towards lower wave-
length due to its interaction with nanoparticles and chitosan, leading to
a change in the pH of the dye solution. No new peaks emerged as a
consequence of MB dye removal using CS, CS-Fe and CS-Fe/Ni nano-
particles which indicated that the removal of MB occurred through the
adsorption process.

The dye removal mechanism of prepared nanoparticles and chitosan
was through the degradation catalysed by Fe° and adsorption caused by
iron oxide shell and chitosan. The Fe° nanoparticles destroy chromo-
phore of the dye molecule through atomic hydrogen which was pro-
duced by the reaction between Fe° and H2O and H+ (He et al., 2012). Ni
on the surface of Fe° acted as a catalyst which facilitated atomic hy-
drogen production and enabled the electron transfer through the iron
oxide shell. This stimulated the Fe/Ni nanoparticle for a greater dye
removal efficiency (Bokare et al., 2008). As stabilizer chitosan not only
protect the iron nanoparticles and increase the interaction between Fe°
and dye but also show a synergetic effect on the dye removal through
adsorption. In this study, CS-Fe/Ni nanoparticle showed a higher dye
removal efficiency compared to the CS-Fe nanoparticles which were
consistent with the previous assumptions (Weng et al., 2013b).

3.2.2. FTIR spectra
The FTIR analysis spectrum of CS, CS-Fe and CS-Fe/Ni nanoparticles

were as shown in Fig. 7. The FTIR measurements were carried out to
determine the possible interactions between the metallic nanoparticle
and chitosan. A broad overlapping band of OH stretching and NeH
stretching of amine in chitosan was observed in the region centered at
3354 cm−1. The absorption band at 2875 cm−1 was attributed to the
C–H stretching vibrations. The absorption appeared at 1643 cm−1

corresponded to the C]= O stretching of amide. The NeH bending

vibration of the 1° amines was displayed by the absorption peak at 1539
cm−1. The band at 1377 cm−1 corresponds to the bending vibrations of
OeH and deformation of −CH3 and −CH2. Absorption peak observed
at 1051 cm-1 could be due to the stretching vibrations of CeO (1° al-
cohol)/ COC / CNeee(1° amine). The peak at 893 cm−1 corresponded
to the bending vibrations of = CH and = CH2 (Geng et al., 2009; Jiang
et al., 2018; Weng et al., 2013b).

The FTIR spectrum of CS-Fe and CS-Fe/Ni was different compared
to the spectrum of chitosan. The broad bands corresponding to OeH
and NHe stretching of amine in chitosan was weakened and shifted to
lower wavenumber in CS-Fe and CS-Fe/Ni. This may be due to the in-
teraction of iron nanoparticles with these groups of chitosan. In addi-
tion to that, the intensity of peaks at 2875,1643 and 1539 cm−1 de-
creased entirely and peaks at 1377, 1051 and 893 cm−1 shifted to lower
wavenumber. From these results, it could be concluded that the iron
interacted with amine and hydroxyl functional groups of chitosan
which proved to be a versatile stabilizer for zero valent iron. Addition
of second metal, Ni, possessed less significant changes in the IR spectra
of CS-Fe/Ni compared with CS-Fe. This may be due to the low per-
centage of Ni in CS-Fe/Ni nanoparticles (Jiang et al., 2018; Weng et al.,
2013b).

FTIR spectra of CS, CS-Fe and CS-Fe/Ni nanoparticles showed re-
markable changes after the adsorption and/or degradation of MB and
MG dyes. The pattern of the fingerprint region changed due to the in-
teraction between the prepared nanoparticles and dyes. Fig. 8(a,b)
shown the FTIR spectra of CS-Fe/Ni nanoparticles after the adsorption/
degradation of MG and MB respectively. In the case of parent MG dye,
the specific peaks in the fingerprint region (500−1500 cm−1) matched
to the mono-substituted and para-disubstituted benzene rings which are
due to the C=C stretching of the benzene ring seen at 1576 cm]−1.
MG also showed peaks at 1157 cm−1 and 1221 cm−1 corresponds to C-

Fig. 6. UV–vis spectra of removal of (a) MG and (b) MB dye using CS, CS-Fe and CS-Fe/Ni nanoparticles.

Fig. 7. FTIR spectra of (a) CS, (b) CS-Fe and (c) CS-Fe/Ni nanoparticles.
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N stretching vibrations (eBhagavathi Pushpa et al., 2015). The peaks of
parent MG dye are also seen in CS-Fe/Ni nanoparticles after adsorption
of MG. Some of the IR peaks of MG gets vanished which indicates the
destruction of the structure of the MG. The CS-Fe/Ni nanoparticles after
treated with dye showed a similar peak of C=C stretching at 1592
cm]−1. The absence of peaks between (850 – 670 cm−1) supported the
total disappearance of aromatic rings of MG in prepared nanoparticles.
The peaks at 1221 cm−1 and 1347 cm−1 corresponded to the C-N
stretching and C–H bending which was also absent in the CS-Fe/Ni
nanoparticles after MG degradation (eRaizada et al., 2014). This in-
dicates that removal of MG through CS-Fe/Ni nanoparticles changed
the structure of MG. MG removal through CS and CS-Fe (Fig. S5) also
showed a similar pattern of changes as CS-Fe//Ni nanoparticles except
CS has some more peaks similar to MG. This indicates that the removal
of MG through CS mainly through adsorption.

In the case of parent MB, the bands at the 1565 cm−1 was corre-
sponding to NH stretching vibrations, the peaks occurred at
1113−1490 cme−1 were belonged to the framework vibration of
benzene rings. The peak observed at 1017 cm−1 can be assigned to the
S=O stretching vibrations (]Yang et al., 2014). The FTIR spectra of
CS-Fe/Ni nanoparticles after adsorption of MB showed the similar peaks
of parent MB dye which indicates that some of the MB molecules are
adsorbed onto the CS-Fe/Ni nanoparticles. The MB peaks seen in CS-Fe/
Ni nanoparticles show a shift into lower wavenumber and some of the
peaks are absent too. This suggests the destruction of the methyl blue
structure by CS-Fe/Ni nanoparticles. The peaks of the CS-Fe nano-
particle after MB adsorption (Fig. S6 a) is similar to that of CS-Fe/Ni
nanoparticles. But in the case of CS after MB adsorption (Fig. S6 b),
more peaks are similar to parent MB dye compared with CS-Fe and CS-
Fe/Ni nanoparticles. This indicates that MB removal through CS is
mainly by adsorption.

3.3. Effects of parameters on the removal of MG and MB

3.3.1. Effect of the initial concentration
The effect of the initial concentration of MG and MB dye was in-

vestigated in 20 mL of different dye concentration ranging from 50 to
150 mg/L by using 2 g/L of CS, CS-Fe and CS-Fe/Ni nanoparticles as
shown in Fig. 9. The highest removal efficiencies of CS, CS-Fe and CS-
Fe/Ni nanoparticles were 19 %, 88 % and 94 % respectively for MG and
74 %, 83 % and 85 % for MB at 50 mg/L of dye solution. The removal
efficiencies seemed to be decreasing with the increase in the initial
concentration of the dyes. It was considered that removal of MG
through CS-Fe and CS-Fe/Ni was a heterogeneous reaction which is
greatly influenced by adsorption and degradation through Fe and
chitosan. But the removal of MB was only through the adsorption of
prepared nanoparticles and chitosan. When the initial concentration of
dye increased, competitive adsorption was established between the dye
molecule and a fixed dosage of adsorbent and this eventually led to the
decline in dye removal efficiency of CS, CS-Fe and CS-Fe/Ni

nanoparticles.

3.3.2. Effect of dosage of adsorbent
The effect of dosage of adsorbent was studied in 4 different ad-

sorbent dosage, 0.5 g/L, 1 g/L, 1.5 g/L and 2 g/L on 50 mg/L of 40 mL
dye solution are showed in Fig. 10. The highest removal efficiency, 94
% for MG and 82 % for MB were seen in CS-Fe/Ni at 2 g/L. These results
highlighted the fact that the increase in dosage of CS-Fe and CS-Fe/Ni
nanoparticles boost the removal efficiency of MG and MB to a large
extent. This was similar to the previous studies of dye removal using
iron nanoparticles (Guo et al., 2012). In the case of MB, chitosan also
showed a high removal efficiency as a consequence of the adsorptive
property of chitosan as a cationic polymer (Lin et al., 2014). It is a well-
known fact that the dye removal efficiency was greatly influenced by
the concentration of available active reactive sites of Fe (Wang et al.,
2015). The increase in dosage of CS-Fe and CS-Fe/Ni nanoparticles with
a small particles size would increase the total surface adsorptive sites
available for dye degradation / adsorption which eventually lead to a
higher dye removal efficiency of MG and MB.

3.3.3. Effect of contact time
Fig. 11 demonstrates the effect of contact time on the MG and MB

dye removal at the 50 mg/L of dye solution of 40 mL using 2 g/L of the
adsorbent. The removal efficiency of MG and MB dye were studied at 3
different time intervals of 60 min. 99 % and 88 % dye removal for MG
and MB respectively were obtained by CS-Fe/Ni nanoparticles within
180 min. The results showed that first 60 min exhibit a greater removal
efficiency for MG and MB dye in CS-Fe and CS-Fe/Ni nanoparticles. The
chitosan showed a 77 % dye removal for MB in 180 min. This may be
due to the presence of tremendous empty active sites on the surface of
Fe and chitosan primarily. As the dye molecules were adsorbed onto the
Fe surface and chitosan, the availability of active adsorptive sites de-
creased gradually which lead to the decrease in the rate of removal
efficiency in MG and MB dye with time.

3.3.4. Effect of PH
The influence of pH on the MG and MB dye removal was studied at

pH 4, pH 8 and pH 12 of 50 ppm dye solution as shown in Fig. 12. The
fading of triphenylmethane dyes (MB and MG) is due to the hydroxide
ion attack on the central C atom of the planar ring system and in a way
obstructing its conjugation orientation (Felix, 2017). The dyes become
colourless at pH 12. The dye removal studies reveal that the highest
removal efficiency for MG and MB took place in acidic pH with 89 %
dye removal for both MG and MB. The removal of MB and MG dye
decreased with the increase in pH of the solution. This is attributed to
the hydroxide precipitation at the surface of iron nanoparticles at al-
kaline pH (Huang et al., 2015) and this eventually leads to the decrease
in reactivity of CS-Fe and CS-Fe/Ni nanoparticles. From the above ob-
servation, it could also be concluded that simple adsorption takes place
at higher pH. As the pH decreases, the depletion of iron oxide shell, as

Fig. 8. FTIR spectra of CS-Fe/Ni nanoparticles after the removal of MG (a) and MB (b).
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well as solubilization of chitosan, takes place exposing inner Fe° core.
Due to this, cleavage of -C = C- and -C = N- bonds take place in ad-
dition to adsorption (Freyria et al., 2017). This leads to the more
availability of iron nanoparticles for adsorption and degradation.

3.3.5. Effect of ionic strength
The effect of ionic strength was studied through the addition of NaCl

to the dye solution as shown in Fig. 13. The influence of ionic strength
is studied in three different NaCl concentration of 0.001 M, 0.01 M and

Fig. 9. Effect of initial (a) MG and (b) MB dye concentration on dye removal.

Fig. 10. Effect of dosage of adsorbent in (a) MG and (b) MB dye removal.

Fig. 11. Effect of contact time in (a) MG and (b) MB dye removal.

Fig. 12. Effect of pH in (a) MG and (b) MB dye removal.
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0.1 M. In the case of ions that form outer-sphere surface complexes, the
rise in ionic strength leads to a decrease in adsorption. But in the case of
inner-sphere surface complexes, they show increasing adsorption with
increasing ionic strength (Anirudhan and Ramachandran, 2007). The
introduction of the NaCl solution to the iron nanoparticles makes
multiple effects on dye removal. When the NaCl concentration in-
creases, the iron oxide shell drained away by reacting with the chloride
ion. This will rejuvenate the Fe° surface and enhance dye degradation in
large extent. The results show that the introduction of NaCl decreases
the MB dye removal, even though there is a negligible effect on MB
adsorption with increasing ionic strength. These results indicate that
the negatively charged Cl− ions form a wall around the CS-Fe/Ni na-
noparticles. Due to this, the methyl blue molecules cannot reach the
nanoparticle surface and eventually leads to a decrease in decolour-
isation (Taylor et al., 2015). This results also show that MB removal was
through both outer-sphere surface complexes and destruction of the
conjugated structure of dye molecule by inner Fe°core (Mahmoud et al.,
2016; Yu et al., 2019). In the case of MG, there is no significant decrease
in dye removal with increasing ionic strength. This will indicate that
the removal of MG mainly through cleavage functional groups com-
pared with adsorption to the iron oxide shell.

4. Conclusion

The bimetallic Fe/Ni nanoparticles stabilized on the biopolymer
chitosan (CS-Fe/Ni) provided quicker MG and MB dye removal com-
pared with monometallic Fe stabilized chitosan (CS-Fe) and the chit-
osan (CS). The cationic polymer, CS, exhibited a high removal effi-
ciency for anionic dye MB, which corresponded to the adsorptive
property of the chitosan. The greater dye removal efficiency of CS-Fe/
Ni nanoparticle was credited to the small size of prepared nanoparticles
and catalytic property of second metal Ni. In addition to this, the effect
of different parameters in the removal process of MB and MG were
displayed by the prepared nanoparticles. The low initial concentration
of dye was a favourable condition for the high removal efficiency of
prepared nanoparticles. In general, the prepared CS-Fe/Ni nano-
particles look more suitable for the removal of MG compared to the MB
dye.
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