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Abstract—The eco-friendly adsorptive removal of Congo red (CR) from aqueous medium using Fe3O4/chi-
tosan nanocomposites was investigated. The nanocomposites were synthesized by using a cost effective
reductive precipitation method. The structural characterization of nanocomposties was determined by field
emission scanning electron microscopy, thermal gravimetric analysis, fourier transform infrared spectros-
copy, and magnetic property measurement system. Successful coating of chitosan on the iron oxide nanopar-
ticles was confirmed by field emission scanning electron microscopy. The synthesized nanocomposites
showed a maximum adsorption capacity of 47 mg/g for CR from an aqueous solution. Based on non-linear regres-
sion, the Langmuir isotherm fitted the experimental data better than the Freundlich and Tempkin models. The
separation factor (RL) calculated from the Langmuir adsorption isotherm indicated that CR adsorption on the
nanocomposites was favorable. The obtained Fe3O4/chitosan nanocomposite is a cost-effective adsorbent and can
be easily retrieved from an aqueous solution by a magnet after decontamination of CR.
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INTRODUCTION
Textile dyes are recognized as one of the larger

groups of pollutants in the wastewater released from
several industries [1]. Textile wastewater released into
the environment is highly hazardous to aquatic f lora
and fauna [2]. Congo red (CR; 3'-([1,1'-biphenyl]-
4,4'-diyl)bis(4-aminonaphthalene-1-sulfonic acid)
disodium salt] is a diazo benzidine-based anionic tex-
tile dye. The complex aromatic structure of CR makes
biodegradation of this compound difficult. The struc-
ture of CR contains a benzidine moiety, and CR is
known to be a potent human carcinogen [3]. Due to
these deleterious health impacts, CR is banned in
many countries, even though it is still extensively used
in some of the developing countries. Thus, removal of
CR from aqueous systems is a vital undertaking for
environmental sustainability [2].

Adsorption is a low cost and economical technique
for treatment of wastewater containing textile dyes [4,
5]. Different adsorbents such as alumina and bauxite,
silica gel, zeolites, and activated carbons have been
proposed for wastewater treatment, where low cost
waste materials are particularly attractive for this pur-

pose [6]. Recently, the exploitation of natural bio-
polymer materials as adsorbents for wastewater treat-
ment has attracted remarkable interest. Specifically,
chitosan (a cationic polymer) and its derivatives have
been brought into the spotlight [7]. Chitosan is an
abundant natural biopolymer isolated from the exo-
skeleton of crustaceans [8]. Chitosan mainly contains
β-1 → 4 linked 2-amino-2-deoxy-glucopyranose
(GlcN) and 2-acetamido-2-deoxy-β-D-glucopyra-
nose (GlcNAc) residues, and is commercially manu-
factured on a large scale via alkaline N-deacetylation
of chitin [7]. The high content of adsorptive amino
(‒NH2) and hydroxyl (–OH) groups in chitosan
makes it useful as an adsorbent for purification of
wastewater containing anionic dyes, heavy metals, and
radionuclides [9].

It is generally very difficult to separate the used
adsorbents (containing pollutants on their surface)
from treated wastewater subsequent to the adsorption
process [10]. In order to tackle this problem during
wastewater treatment, a suitable separation technique
must be employed. Hence, incorporation of magnetic
characteristics into the adsorbent materials is one
655
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Fig. 1. Molecular structure of CR [1-naphthalene sulfonic
acid, 3,30-(4,40-biphenylenebis(azo))bis(4-amino-)diso-
dium salt].
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approach for enhancing the value of these adsorbents
as water/wastewater purification materials [10]. Mag-
netic nano-adsorbents are used for removal of pollut-
ants from wastewater via surface adsorption and can be
subsequently separated by simple application of a
magnetic force [11].

Recently, Fe3O4/chitosan nanomaterials, in which
chitosan serves as an efficient adsorbent containing a
dispersed phase of magnetic iron oxide (Fe3O4) parti-
cles, were found to be strikingly effective materials for
wastewater treatment [10]. Among the natural bio-
polymers that have been evaluated as engineering
magnetic materials, chitosan is frequently employed as
a base material due to its notable features of biode-
gradability, biocompatibility, availability, cost effec-
tiveness, low cytotoxicity, chemical properties, and
versatility [12–15]. A low cost reduction precipitation
method has been used for synthesis of Fe3O4/chitosan
nanocomposites [16]. Additional modifications to this
process such as incorporation of a nontoxic cross-
linking agent, glutaraldehyde, and the use of room
temperature conditions for mixing would make the
process more economical [17]. Hence, the use of a dis-
tinctive and inexpensive nano-adsorbent with high
adsorption efficiency and magnetic properties to
enable separation of CR from aqueous media should
facilitate economical and ecofriendly treatment of
wastewater.

The objective of this work is to the synthesis of
Fe3O4/chitosan nanocomposites for the adsorptive
removal of CR by low cost reduction precipitation
method. Detailed characterization of the Fe3O4/chi-
tosan nanocomposites is carried out by using tech-
niques such as field emission scanning electron
microscopy (FE-SEM), thermal gravimetric analysis
(TGA), fourier transform infrared spectroscopy (FT-IR)
and magnetic property measurement system
(MPMS). The dynamics of isothermal adsorption of
CR on Fe3O4/chitosan are studied using Langmuir,
Freundlich, and Tempkin models.

EXPERIMENTAL
Materials. All chemicals used herein were of ana-

lytical grade, the highest purity available. The textile
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dye CR, ethyl alcohol, acetone, and ferric chloride
were obtained from Dae-Jung (South Korea). Sodium
sulfite was received from Junsei (South Korea). Chi-
tosan (93% deacetylation) was purchased from Sigma-
Aldrich (USA). The molecular structure of CR is pre-
sented in Fig. 1.

Synthesis. In the typical synthesis process, 70 mL
of 0.1 N HCl solution containing FeCl3 (2–2.45 g) and
50 mL of 1% HCl containing chitosan (0.5–1 g) were
mixed. This mixture was stirred continuously for 1 h.
Na2SO3 solution (0.720 g in 30 mL) was added to the
mixture. The initially yellow colored mixture turned
red after this addition. When the red mixture became
yellow again, 50 mL of ammonia solution (12%) was
instantly added with vigorous stirring. A black colored
precipitate was formed after addition of the ammonia
solution. The cross-linking agent glutaraldehyde
(5 mL) was immediately added to the mixture that was
then continuously stirred for 2 h at room temperature.
The obtained black precipitate was separated with the
aid of an adscititious magnet. This black precipitate
was washed several times in sequence with distilled
water, absolute ethanol, and acetone. The same pro-
cedure was used for iron oxide (Fe3O4) synthesis,
except for the addition of chitosan and glutaraldehyde.
Finally, the obtained precipitate was dried in a vacuum
oven at a 60°C overnight. The obtained composites
were ground to a fine powder for further use.

Characterization. The nanostructures of the syn-
thesized Fe3O4/chitosan nanocomposites were stud-
ied by using field emission scanning electron micros-
copy (FE-SEM, Hitachi S-4800). Thermogravimetric
analysis (TGA) was carried out from room tempera-
ture to 800°C at a heating rate of 10°C/min under a
nitrogen atmosphere by using a thermal analyzer sys-
tem (TA Instrument, Q600). Fourier transform infra-
red spectroscopy (FT-IR) data were acquired by using
an infrared spectrometer (Perkin Elmer, Fontier). The
supermagnetic properties of the sample were analyzed
by a SQUID-VSM QM02 magnetometer at room
temperature with an applied field between –15.000
and 15.000 Oe.

Adsorption experiment. Adsorption experiments
were carried out using a batch scale process. In a rep-
resentative process, Fe3O4/chitosan nanocomposites
(1 g/L) were added to a 25 mL solution of CR
(50 mg/L) at pH 3.0. The obtained mixture was stirred
for 24 h at 140 rpm at a temperature of 30°C. After the
adsorption process, the adsorbents were removed by
using an adscititious magnet; the absorption of the
resulting solution was measured at the maximum
absorption wavelength of CR (λmax: 500 nm) using a
UV-vis spectrophotometer (Agilent 8453). The
adsorption capacity, qe (mg/g), was determined by
means of the following equation:

(1)−= 0( ) ,e
e

C C Vq
W
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Fig. 2. Schematic representation of the synthesis of Fe3O4/chitosan nanocomposites.
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Fig. 3. FE-SEM analysis images: (a) chitosan, (b) Fe3O4 nanoparticles, and (c) Fe3O4/chitosan nanocomposites.
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where, C0 and Ce are respectively the initial and equi-
librium concentration (mg/L) of the CR solution, W is
the adsorbent weight in g, and V is the solution volume
in liter(s). The removal ratio (R) for adsorption of CR
on the Fe3O4/chitosan nanocomposites was calculated
as a percentage using the following equation:

(2)

Adsorption isotherms were acquired for mixtures of
1 g/L of the Fe3O4/chitosan nanocomposites with CR
solutions having concentrations ranging from 10 to
100 mg/L; the mixtures were shaken for 24 h at
140 rpm and 30°C.

RESULTS AND DISCUSSION

Synthesis and characterization of Fe3O4/chitosan
nanocomposites. In this study, a cost effective method
of reduction precipitation were applied for synthesis of
the Fe3O4/chitosan nanocomposites [18]. Glutaralde-
hyde was used as a cross-linking agent instead of epoxy
chloropropane in the synthesis process. Non-toxic
nature of the cross-linking agent gave safe nanocom-
posites for water treatment. The detailed stratergy for

−= ×0

0

( )(%) 100.eC CR
C
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the synthesis of Fe3O4/chitosan nanocomposites by
reduction precipitation method is explained in Fig. 2.

The nanoscale structural morphology of the nano-
composites was analyzed by means of SEM. Figure 3
shows the FE-SEM microscopic images of chitosan,
the Fe3O4 nanoparticles, and the Fe3O4/chitosan
nanocomposite. The FE-SEM images of chitosan
(Fig. 3a) show a planar, smooth surface comprising
bio-polymer sheets, while the FE-SEM images of
Fe3O4 (Fig. 3b) are characterized by irregular, round,
and quasi-spherical structures. In comparison, the
FE-SEM image of the Fe3O4/chitosan nanocompos-
ites clearly showed that the particles had a uniform size
with irregular, round, and quasi-spherical particles;
the surface of these particles was smooth due to coat-
ing of chitosan over the Fe3O4 core (Fig. 3c). Similar
surface structures of Fe3O4/chitosan nanomaterials
have been previously observed by [19].

This result confirms successful formation of the
Fe3O4/chitosan nanocomposites. The particle size of
the nanomaterials in the FE-SEM images (Fig. 3)
confirms the nanoscale nature of the synthesized
Fe3O4/chitosan nanocomposites. The FT-IR spectra
of chitosan and the Fe3O4/chitosan nanocomposites
EERING  Vol. 54  No. 4  2020
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Fig. 4. FT-IR analysis of chitosan and Fe3O4/chitosan nanocomposites.
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were analyzed in order to study their functional inter-
actions. The FT-IR spectra displayed in Fig. 4, show
absorption peaks of chitosan at 3375, 1673, 1603, and
1080 cm−1 that were attributed to the amino (–NH2)
and hydroxyl (–OH) groups, the C=O stretching
vibration of the amide, the bending vibration of the
(‒NH2) groups, and the C–O stretching vibration of
C–OH, respectively [20, 21]. However, the FT-IR
spectrum of the Fe3O4/chitosan nanoparticles showed
absorption bands at 3361, 1664, and 1081 cm−1,
respectively, representing similar functional groups as
observed in chitosan (Fig. 4). This result confirms the
formation of nanocomposites comprising chitosan
coated on Fe3O4 nanoparticles. A minor shift of the
absorption peaks of chitosan was observed for the
Fe3O4/chitosan nanoparticles, which is mainly due to
complexation of Fe3+ with the amino and hydroxyl
groups of chitosan [16].

The TGA data for chitosan, the Fe3O4 nanoparti-
cles, and the Fe3O4/chitosan nanocomposites are pre-
sented in Fig. 5. The TGA curve of Fe3O4 showed a
weight loss of 11% in the temperature range from room
temperature to 200°C that is attributed to loss of resid-
ual water. The TGA curves of chitosan were character-
ized by a weight loss of 9.19% below 100°C and rapid
weight loss between 250–500°C. These results are
attributed to an initial weight loss due to the removal of
physically adsorbed water and the subsequent weight
loss is attributed to decomposition of pure chitosan.
Similar results were obtained in thermogravimetric
analysis of chitosan [22]. However, in the case of the
Fe3O4/chitosan nanocomposites, three distinct stages
of weight loss were observed in the TGA curve. An ini-
tial weight loss of about 11% was observed between
THEORETICAL FOUNDATIONS OF
room temperature and 100 °C, attributed to the evap-
oration of physically adsorbed water. The other two
weight loss stages at 200–400 and 575–675°C were
triggered by breakdown of the cross-linking chitosan
in the Fe3O4/chitosan nanocomposites. From careful
analysis of these results, it was concluded that the final
temperature for breakdown of the Fe3O4/chitosan
nanocomposites was higher than that of pure chitosan.
During the reaction process, chitosan and Fe3O4 are
linked together via chelation between chitosan
(hydroxyl and amino groups) and Fe3+, which ulti-
mately causes conformational changes in chitosan,
resulting in improved thermal stability of chitosan in
the Fe3O4/chitosan nanocomposites. Similar TGA
data were obtained by [18, 22].

Figure 6 shows a typical hyperstasis magnetic curve
of Fe3O4/chitosan nanocomposites. Amost zero coer-
civity and remnance values were obtained in the mag-
netization curve, indicating supermagnetic properties
of the synthesized nanocomposite. In addition,
Fe3O4/chitosan nanocomposites gave the saturation
magnetization of 21 emu/g. The synthesized magnetic
nanocomposites were quickly attracted toward a mag-
net, and the reaction solution became clear. Thus, the
Fe3O4/chitosan nanocomposites could be effectively
collected from contaminated water by magnetic sepa-
ration.

Adsorption of Congo red. Adsorption is an eco-
nomic process for treatment of textile wastewater [4].
Various nano-adsorbents have recently been devel-
oped and applied to treatment of wastewater contain-
ing textile dye [23]. Chitosan polymers have been used
for adsorption of CR [24]. Chitosan contains the
amino functional group (–NH2) and serves as an
 CHEMICAL ENGINEERING  Vol. 54  No. 4  2020
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Fig. 5. TGA analysis of chitosan, Fe3O4 nanocomposites, and Fe3O4/chitosan nanocomposites.
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excellent adsorbent for anionic textile dyes [24]. Mag-
netically separable, inexpensive, highly efficient, and
environment-friendly Fe3O4/chitosan nanocompos-
ites offer better options for treatment of hazardous
CR. In this study, 68% removal of CR was achieved
with the developed Fe3O4/chitosan nanocomposites
having magnetic properties. The UV-visible absorp-
tion spectra of CR before and after the adsorption
treatment are presented in Fig. 7. The clearly observed
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN
decrease in the absorption intensity after treatment
with the adsorbent provides evidence of the adsorption
of CR on the Fe3O4/chitosan nanocomposites. The
surface charge present on the Fe3O4/chitosan nano-
composites increases in acidic medium due to
increased protonation of the amino groups, i.e., con-
version of (–NH2) to ( ). The acidic CR dye con-

tains negatively charged sulfonate groups ( Na+).

+− 3NH
−− 3SO
EERING  Vol. 54  No. 4  2020
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Fig. 7. UV-visible spectrophotometric analysis of control CR and Fe3O4/chitosan nanocomposites after adsorption.
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Therefore, adsorption of CR on the Fe3O4/chitosan
nanocomposites occurs via electrostatic attraction
between the negatively charged dye molecules and
positively charged amino groups of chitosan. The CR
adsorption capacity of Fe3O4/chitosan nanocompos-
ites in this study was compared with those obtained in
previous studies of CR adsorption using different chi-
tosan or magnetic adsorbents (Table 1). The adsorp-
tion capacity of the nanocomposites was higher than
those of most of the adsorbents reported previously.

Equilibrium isotherm models such as Langmuir,
Freundlich, and Tempkin were applied to the adsorp-
tion of CR on the Fe3O4/chitosan nanocomposites.
The mechanism of the isothermal adsorption process
was predicted by using the non-linear fitting method
THEORETICAL FOUNDATIONS OF

Table 1. Comparative study of CR adsorption considering m

Adsorbent

Fe3O4/chitosan nanocomposites

Magnetic Fe3O4@graphene nanocomposite

Chitosan coated magnetic iron oxide

Cellulose/chitosan hydrogel beads

Magnetic core manganese oxide shell nanoparticles

Powdered Fe2O3

Hollow Zn–Fe2O4 nanospheres
(OriginPro 8 software). The non-linear equations of
the isotherm models were represented as Langmuir
(Eq. (3)) [30], Freundlich (Eq. (4)) [31], and Tempkin
(Eq. (5)) [32].

(3)

(4)

(5)

where, qe is the adsorption capacity of the adsorbent at
equilibrium (mg/g), Ce is the equilibrium concentra-
tion of CR in solution (mg/L), qm is the mono-layer
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qmax, m/g Reference

47.00 This study
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Table 2. Different adsorption isotherm models and their
obtained parameter values

Isotherm model Parameters Obtained values

Langmuir qm, mg/g 47.01
KL, L/mg 0.19

r2 0.993

Freundlich KF, mg/g 14.01
n 3.37

r2 0.935

Tempkin bT 113.00
AT 2.18

r2 0.978
adsorption capacity (mg/g), and Ka, KF, n, AT and bT
are the Langmuir, Freundlich, and Tempkin isotherm
constants (Eqs. (3)–(5)). The Langmuir equation
assumes that the adsorption process is monolayer in
nature [33]. In comparison, the Freundlich isotherm
empirical equation assumes a heterogeneous nature of
the system [29]. The Tempkin model represent the
hear of the adsorption [22]. Table 2 shows the correla-
tion coefficients (r2) for fitting of the Langmuir (r2 =
0.993), Freundlich (r2 = 0.935), and Tempkin (r2 =
0.978) isotherm models. From these r2 values, it was
deduced that the data obtained from the experiments
fit best to the Langmuir model. Figure 8a (Langmuir
model), Fig. 8b (Freundlich model), and Fig. 8c
(Tempkin model) show the experimental adsorption
equilibrium; the fit of the empirical data to the iso-
therm models followed the order: Langmiur > Temp-
kin > Freundlich.

The separation factor, RL, was calculated in order
to evaluate the favorability of the adsorption process
by using Eq. 6.

(6)=
+L

0

1 ,
1 a

R
K C
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN

Fig. 8. Adsorption dynamics study: (a) Langmuir model, (b) Fre
tion factor RL at different initial CR concentrations.
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where RL (the separation factor) is dimensionless and
indicates the isotherm shape, C0 is the initial CR con-
centration, and KL is the obtained Langmuir constant.
The RL values provide an indicator of whether the
adsorption process is (i) favorable (RL < 1), (ii) unfa-
vorable (RL > 1), (iii) linear (RL = 1), or (iv) irrevers-
ible (RL = 0) [34] based on the isotherm data. The RL
EERING  Vol. 54  No. 4  2020
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value obtained for adsorption of CR on the Fe3O4/chi-
tosan nanocomposites fell between 0 and 1 (Fig. 8d),
indicating favorable adsorption dynamics.

CONCLUSIONS
Magnetic Fe3O4/chitosan nanocomposites were

successfully synthesized by reduction precipitation.
FE-SEM, FT-IR, and TGA analyses indicated suc-
cessful coating of the adsorptive chitosan species on
magnetic iron oxide (Fe3O4). The supermagnetic
nature of Fe3O4/chitosan nanocomposites was con-
firmed by MPMS analysis. The Fe3O4/chitosan nano-
composites exhibited a good adsorptive removal
capacity for CR. Adsorption isotherm analysis
revealed that the Langmuir model provided a better fit
of the data for this system than the Freundlich and
Tempkin models. The obtained RL factor suggests that
CR adsorption on the nanocomposite is a favorable
process. Therefore, inexpensive, magnetic, and effi-
cient nanocomposites for adsorptive treatment of haz-
ardous dye CR were successfully developed.
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