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ABSTRACT

In this paper, iron oxide impregnated with dextrin (Dex-Fe3O4) nanocomposite was
synthesized by simple one-step hydrothermal chemical precipitation reaction. The nanocom-
posite was characterized by XRD, FT-IR, TGA, DTG, SEM with EDX and TEM techniques.
The material was further explored as an adsorbent for the removal of Cr(VI) ions from its
aqueous solution. The optimum removal of Cr(VI) ions with the highest adsorption capacity
of 17.8 mg g−1 was observed at pH 2. The equilibrium data were analysed with Langmuir,
Freundlich, D–R and Temkin isotherms model and data were best followed by Langmuir
model and Temkin model with a maximum monolayer adsorption capacity of 51.28, 54.64,
and 71.43 mg g−1 at 30, 40, and 50˚C, respectively. The activation energy calculated by D–R
model reveals that the adsorption process is chemisorption in nature. The experimental data
were best fitted with pseudo-second-order. The results of thermodynamic parameters
(ΔG˚, ΔH˚, and ΔS˚) showed that the adsorption of Cr(VI) on Dex-Fe3O4 is endothermic
spontaneous in nature. The synthesized nanocomposite material is very promising for the
removal of Cr(VI) from aqueous solution.
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1. Introduction

Among various heavy metals, Cr(VI) is one of the
most important heavy metal due to its vast applica-
tions in industries [1,2]. In aqueous medium, two
forms of chromium exists, i.e. Cr(III) and Cr(VI) and
the toxicity and reactivity of both the forms mainly
depend on oxidation state of the chromium [3]. In
trace amounts, Cr(III) is an essential nutrient for
humans and to mammals for their maintenance of
normal glucose tolerance factor, lipid and protein

metabolism [4]. On the other hand, Cr(VI) is very toxic
to human as well as marine life and poses various
health problems such as liver damage and pulmonary
congestion and regarded as carcinogenic also [5–7].

Various conventional methods have been devel-
oped for the removal of Cr(VI) in wastewater, includ-
ing electrochemical precipitation, ion exchange,
membrane ultrafiltration, reverse osmosis, reduction
and adsorption [8–10]. Of these methods, adsorption
has been widely used for the removal of chromium
from contaminated groundwater [11] due to its low
initial cost and ease of operation and high efficiency
to remove such toxic heavy metals. This technique can
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be utilized for large scale of polluted water frequently
as it can handle fairly large flow rates, producing a
high quality of water without producing notorious
sludge and residual contaminants [12–14].

Recently, Fe3O4 nanoparticles have been used as a
highly efficient material for the removal of heavy met-
als by adsorption due to its excellent magnetic proper-
ties, chemical stability, and biocompatibility and large
surface area [15–17]. However, difficulty arises due to
its nanosize of magnetic particles that agglomerate in
contact of aqueous system. To overcome this difficulty,
the magnetic nanoparticles were functionalized by
polymers and biopolymer having long chain that pro-
vides chemical stability and well distribution of MNPs
in aqueous system [18,19].

In this study, MNPs were functionalized by a
carbohydrate polymer, dextrin which is a mixtures
of linear a-(1,4)-linked D-glucose polymers [20,21].
Dextrin is a class of low molecular weight carbohy-
drates produced by acid or/and enzymatic partial
hydrolysis of starch or glycogen and is widely used
material with a great variety of applications such as
adhesives, foods, textiles and cosmetics [22]. So the
encapsulation of nanoparticles with dextrin increases
the particles dispersion, biocompatible and chemical
stability and adsorption efficiency by providing –OH
groups on dextrin which can be responsible for an
increase in adsorption capacity.

In present study, iron oxide-impregnated dextrin
(Dex-Fe3O4) nanocomposite were synthesized by sim-
ple and inexpensive one-step hydrothermal chemical
precipitation reaction and used as an effective adsor-
bent for the treatment of Cr(VI) ions from the aqueous
solution. The prepared Dex-Fe3O4 was characterized
by Fourier transform infrared (FT-IR) spectroscopy,
X-ray diffractometry, scanning electron microscopy,
transmission electron microscopy and thermal studies.
The effect of pH, Dex-Fe3O4 doses, initial concentra-
tion of Cr(VI) ions, the kinetics of adsorption and the
adsorption isotherms were studied.

2. Experimental

2.1. Chemicals and reagents

Dextrin (Sigma-Aldrich, India), FeCl3·6H2O and
FeCl2·4H2O (Merck, India), potassium dichromate
(Sigma-Aldrich, India), and liquor ammonia (Fischer
Scientific, India) were used as received without further
purification. Buffer tablets of pH 4.0 and 9.2 were
used as received. The stock solution (1,000 mg L−1) of
Cr(VI) was prepared by dissolving appropriate
amount of K2Cr2O7 in double-distilled water.

2.2. Synthesis of Dex-Fe3O4 nanocomposite

Dex-Fe3O4 nanocomposite was synthesized by a
simple one-step chemical co-precipitation method fol-
lowed by treatment under hydrothermal conditions
[23]. Briefly, 4.8 gm of FeCl2·4H2O, 9.5 gm of
FeCl3·6H2O and 5.5 g of dextrin were dissolved in
150 mL of double-distilled water with vigorous stirring
at a speed of 1,000 rpm for 2 h. 20 mL of 25% solution
liquor ammonia (NH4OH) was added after the solution
was heated to 90˚C. The reaction was continued for 2 h
at 90˚C under constant stirring and nitrogen
environment. The resulting nanoparticles were then
centrifuged and washed with double-distilled water
four to five times to remove any unreacted chemicals
and dried in a vacuum oven at 60˚C for 2 h.

2.3. Characterization of Dex-Fe3O4 nanocomposite

The modification of Fe3O4 MNPs with dextrin was
confirmed by different techniques such as FT-IR, X-ray
diffraction (XRD), scanning electron microscopy and
transmission electron microscopy.

The nanocomposite was characterized by FT-IR
and spectra were recorded in transmission mode
(Perkin Elmer 1800 model) on powder samples that
were ground with KBr and compressed into a pellet.
FT-IR spectra in the range 4,000–400 cm−1 were
recorded in order to investigate the structural deter-
mination and bond formation.

XRD patterns of the samples were obtained using
Siemens D 5005 X-ray unit Cu Kα (λ = 1:5,406 Å)
radiation, generated at a voltage of 40 kV and a
current of 40 mA.

The changes in the morphology of dextrin after the
incorporation of Fe3O4 MNPs were studied using
scanning electron microscope (GSM 6510LV) under a
20-kV electron acceleration voltage coupled with
energy dispersive (EDX) for elemental analysis. The
particle size and structure of the synthesized
nanocomposite were observed using JEM 2100
transmission electron microscope (TEM).

The thermal stability was determined by thermo-
gravimetric analysis (TGA, Perkin Elmer model, STA
6000) and derivative thermal analysis (DTG, Perkin
Elmer Pyris 6). The TGA thermograms were recorded
for 20 mg of powder sample at a heating rate of
10˚C min−1 in the temperature range of 30–800˚C
under nitrogen atmosphere.

Atomic absorption spectrophotometer (AAS) model
GBC-902 was used to investigate the concentration of
metal ions in the supernatant. Elico Li 120 pH meter
was used to adjust the pH of the solutions.
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2.4. Adsorption experiments

The adsorption experiments were carried out using
batch equilibrium technique in aqueous solutions at a
pH range of 2–3 and at temperature range 30–50˚C.
50 mg of magnetic nanoadsorbents was added to
20 mL of Cr(VI) solution of various concentrations
(from 10 to 100 mg L−1) and shaken in a thermostatic
water-bath shaker operated at 120 rpm. After equilib-
rium was reached, magnetic nanoadsorbents were
removed and the supernatant was collected after
reaching equilibrium. The concentrations of Cr(VI) in
supernatant were measured using flame AAS. The
solution pH was adjusted by 0.1 M NaOH or HCl.
Kinetic experiments were performed at three different
Cr(VI) ion concentrations mainly at 10, 50, and
100 mg L−1 at pH range of 2–3. The effect of time on the
adsorption of Cr(VI) ions on Dex-Fe3O4 nanocomposite
was studied at 5–360 min and equilibrium time was
reached at 180 min. The effect of adsorbent dose and
initial metal ion concentration was also studied. The
amount of metal ions adsorbed onto Dex-Fe3O4 was
calculated by well-known mass balance relationship.

3. Results and discussion

3.1. Characterization of Dex-Fe3O4 nanocomposite

The functionalization of dextrin on magnetic
nanoparticles was confirmed by FTIR spectroscopy.
Fig. 1 shows the FTIR spectra of Fe3O4 MNPs, dextrin
and dextrin-functionalized Fe3O4 nanocomposite in
the range 4,000–400 cm−1 wavenumber range. Spec-
trum of Fe3O4 MNPs shows a high-intensity band at
578 cm−1 corresponds to the Fe–O stretching vibration
from the magnetite [24], and bands at 1,631,

3,393 cm−1 can be assigned to the O–H stretching
modes and bending vibration of Fe3O4, respectively.
FTIR of dextrin showed a broad peak at
3,437 cm−1which is due to O–H stretching. This broad
band indicates association due to –OH groups (Fig. 1).
Other important peaks were observed at 2,934 cm−1

(aliphatic C–H stretching), 1,733 cm−1 (C–O stretching)
and 1,000–1,158 cm−1 (C–O–C stretching) [25]. The
spectra of the iron oxide nanoparticles functionalized
with dextrin exhibit few differences as compared to
pure dextrin and Fe3O4 MNPs, which indicates that
the interactions between dextrin and iron oxide MNPs
are intermolecular interactions.

Fig. 2 shows the XRD patterns of Fe3O4 MNPs,
dextrin and Dex-Fe3O4 nanocomposite. Core Fe3O4

MNPs diffraction peaks were observed at 30.4370,
31.8948, 35.8414, 43.4590, 53.8936, 57.3527, 62.9424, and
74.4688 at 2θ scale and for dextrin 22.9658, 30.4666,
38.3965, and 72.6042. The Dex-Fe3O4 nanocomposite
shows diffraction peaks at 30.1882, 33.2602, 35.5757,
43.2436, and 57.4402 that are characteristic peaks of
Fe3O4 MNPs with little bit shift of the peaks towards
lower 2θ value showing that the MNPs are modified
with dextrin. The crystalline structure of core Fe3O4

MNPs changes slightly in Dex-Fe3O4 nanocomposite
due to modification with dextrin.

Thermal stability of dextrin and Dex-Fe3O4 was
checked by thermogravimetric analysis and derivative
weight loss and the curves are shown in Figs. 3 and 4. It
can be seen from the Fig. 3 that dextrin shows a weight
loss of 10% at 108.63˚C due to loss of free water. In the
temperature range of 237–327˚C, the main degradation
of dextrin was seen with 60–70% of weight loss.
This weight loss may be due to selective dehydration,
possibly accompanied by transglucosidation. A residual

Fig. 1. FT-IR spectra of Fe3O4 MNPS, dextrin and
Dex-Fe3O4 nanocomposites.

Fig. 2. XRD patterns of Fe3O4 MNPS, dextrin and
Dex-Fe3O4 nanocomposites.
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mass of 15% was obtained at 500˚C for dextrin. While
looking at the thermogram of Dex-Fe3O4 nanocompos-
ite, it is found that the weight loss curve of the
nanocomposite is continuous and occurs at a higher
temperature than pure dextrin confirming that the
Fe3O4 MNPs have been reinforced in the biopolymer
matrix. Also, the weight loss of the nanocomposite
material is very less (25%) as compared to pure dextrin
(80%). So reinforcement of Fe3O4 MNPs in the dextrin
matrix provides a good thermal stability to the biopoly-
mer. Thermal stability of the dextrin and its nanocom-
posite can also be analysed by derivative thermogram
as shown in inset of Fig. 4. In the thermogram, the melt-
ing temperature of dextrin was found at 301˚C which is
due to elimination of polyhydroxyl groups, in associa-
tion with de-polymerization and decomposition [26],
while for Dex-Fe3O4 nanocomposite, the melting tem-
perature (Tm) was observed at 228.33˚C. This shift in Tm

could be attributed to rearrangement in the distribution

of molecular weight and transformation of the
crystallinity of dextrin due to reinforcement of Fe3O4

MNPs in dextrin matrix.
Scanning electron micrographs of dextrin, Dex-

Fe3O4 (before adsorption) with its EDS and Dex-Fe3O4

loaded with Cr(VI) with its EDS are shown in Fig. 5.
The dextrin granules were spherical with a smooth
surface and after reinforcement with Fe3O4 MNPs, it
shows porous structure showing a narrow size
distribution of nanoparticles within the matrix of
biopolymer. The change in morphology is due to
formation of a crosslink network between dextrin and
Fe3O4 MNPs. After adsorption, the morphology of
Dex-Fe3O4 nanocomposite again changes due to
swelling of water as shown in Fig. 6.

Typical TEM image of Dex-Fe3O4 nanocomposite
has been shown in Fig. 7 which indicates the presence
of relatively spherical structures and well-dispersed
distribution of the Fe3O4 MNPs in the dextrin matrix.
According to the Fig. 6, the average size of Fe3O4

MNPs was estimated to be 4.96 nm.

3.2. Sorption behaviour of Cr(VI) onto Dex-Fe3O4

3.2.1. Effect of contact time and initial metal ion
concentration

The effect of retention time on removal efficiency
of Cr(VI) was investigated by varying the contact time
in the range of 5–300 min at three different metal ion
concentrations 10, 50, and 100 mg L−1 at pH 2 and
adsorbent dose of 50 mg. The effect of contact time on
Dex-Fe3O4 for Cr(VI) removal is depicted in Fig. 8
indicating an initial increase in adsorption capacity
with an increase in time and attaining the equilibrium
time at 180 min after that little change in adsorption
capacity for Cr(VI) is seen which indicates that the
system has already achieved equilibrium. No change
in adsorption capacity after equilibrium reveals that
the adsorption sites are completely occupied by metal
ion.

The initial metal ion concentration provides an
important driving force to overcome all mass transfer
resistance of metal ions between the aqueous and
solid phases [27]. Three different concentrations 10, 50,
and 100 mg L−1 of the metal ions were chosen to see
the effect of initial metal ion concentration on
adsorption capacity of Dex-Fe3O4. Fig. 8 also shows
the effect of initial metal ion concentration in which
by increasing Cr(VI) ions concentration, the adsorption
capacity continuously increases. The maximum
adsorption capacity at 10, 50, and 100 mg L−1 was
found to be 9.88, 18.56, and 31.77 mg g−1, respectively
which might be due to the fact that increasing metal
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Fig. 5. SEM images of dextrin and Dex-Fe3O4 nanocomposites with its EDS before adsorption.

Fig. 6. SEM image of Dex-Fe3O4 nanocomposite with its EDS after adsorption.
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ion concentration increased the number of collision
between the adsorbent and metal ion species, this
leading an increased metal uploading [28].

3.2.2. Effect of pH

One the most important parameter that directly
affects the adsorption of Cr(VI) is pH. The effect of
the initial solution pH on the removal of Cr(VI) was
studied with 50 mg of Dex-Fe3O4 nanocomposite,
20 mL of 50 mg L−1 Cr(VI) solution with different pH
values in the range 2–7at 30˚C. The effect of pH on
sorption of Cr(VI) has been shown in Fig. 9. It was
found that the maximum adsorption capacity for Cr
(VI) was in the pH value of 2 and as the pH value
increases, the adsorption capacity decreases. Various
forms of Cr(VI) in water such as HCrO�

4 in acidic
medium, CrO2�

4 in neutral and basic medium are pre-
dominant factors for the adsorption of Cr(VI) onto
Dex-Fe3O4 nanocomposite.

At pH < 4, due to the presence of excess of H+ ions
in the solution, the adsorbent surface becomes posi-
tively charged due to protonation and HCrO�

4 form of
Cr(VI) ions are dominant at lower pH [29], so strong
electrostatic attraction between positively charged
adsorbent surface and negatively charged HCrO�

4 ions
leads to higher removal efficiency. However, as the
pH increases, deprotonation of surface of the adsor-
bent was occurred due to the decrease in the number
of H+ ions. So lower adsorption capacity results due
to less interaction between Cr(VI) ions and adsorbent
surface at higher pH value. The point of zero charge
of adsorbent surface is found to be 5.5.

3.2.3. Effect of adsorbent dose and temperature

To investigate the effect of adsorbent amount for
Cr(VI) removal, various amounts of adsorbent dose
from 10 to 100 mg was used at 30˚C with 20 mL of
50 mg L−1 Cr(VI) solution at pH 2. The sample was
agitated in a shaker at 120 rpm and after 180 min the
adsorption capacity was calculated. From Fig. 10, it
can be seen that the adsorption capacity increases with
an increase in the adsorbent amount till 70 mg after
that slight increase in adsorption capacity was
observed. This trend can be explained as the adsor-
bent dose increases, the number of adsorbent particles
also increases facilitating more active sites for adsorp-
tion. However, as the amount of adsorbent increases,
effective surface area and adsorbate/adsorbent ratio
reduce resulting in less metal ion uptake. In our
study, 50-mg adsorbent dose was used for further
experiments.

Due to the influence of temperature on adsorption
of Cr(VI) ions, experiments were performed at 30, 40,
and 50˚C with 20 mL of 50 mg L−1 Cr(VI) solution in a
water-bath shaker incubator (120 rpm) for 180 min.

Fig. 7. TEM image of Dex-Fe3O4 nanocomposite showing
particle size and particle distribution.
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It was seen that by increasing the temperature, the
adsorption capacity of the adsorbent also increases
showing that the adsorption of Cr(VI) onto Dex-Fe3O4

nanocomposite follows an endothermic process and
could be elucidated by activation of the adsorbent sur-
face at higher temperatures. This could also be due to
the easily mobility of heavy metals ions from the bulk
solution towards the adsorbent surface and enhanced
the accessibility to the adsorbent active sites at higher
temperature [30].

3.3. Adsorption isotherms

To investigate the interaction between metal ion
and adsorbent, three well-known adsorption isotherms
viz. Langmuir [31], Freundlich [32] and Dubinin–
Radushkevich (D–R) [33] and Temkin were used to fit
the experimental data and describe the isotherm con-
stants of metal ion uptake by adsorbents.

The Langmuir equation is generally used to calcu-
late the maximum adsorption capacity corresponding
to the complete monolayer coverage on homogenous
adsorbent surface without any interaction between
the adsorbed ions. Linearized Langmuir equation is
commonly represented as;

ce
qe

¼ 1

qmKL
þ ce
qm

(1)

where ce is the equilibrium concentration of metal ions
(mg L−1), qe is the adsorption amount at the equilib-
rium (mg g−1), qm is the maximum capacity (mg g−1)
and KL is the Langmuir constant related to the affinity
of binding sites (L mg−1).

The linearized Freundlich equation can be
represented as;

ln qe ¼ 1

n
ln ce þ lnKF (2)

where KF is roughly an indicator of the adsorption
capacity and n is the adsorption intensity which is a
numerical value and varies with heterogeneity. The
magnitude of the exponent n gives an indication of
the favourability of adsorption. For a favourable
adsorption, the value of n must be greater than unity.

D–R isotherm is generally applied to express the
adsorption mechanism with a Gaussian energy dis-
tribution onto a heterogeneous surface. The isotherm
is generally expressed by the following equation:

ln qe ¼ ln qm � be2 (3)

where qe is the amount of metal ion adsorbed on the
adsorbent at equilibrium (mg g−1); qm is the theoretical
isotherm saturation capacity (mg g−1); β is the D–R
isotherm constant (mol2 kJ−2) and ε is the D–R iso-
therm constant. The model is generally used to distin-
guish the physical and chemical adsorption of metal
ions with its mean free energy, E per molecule of
adsorbate can be computed by the relationship;

E ¼ 1ffiffiffiffiffiffi
2b

p (4)

ε is Polanyi potential which is related to the
equilibrium concentration as follows:

e ¼ RT 1þ 1

ce

� �
(5)

where R, T, and ce represent the gas constant
(8.314 J mol−1 K−1), absolute temperature (K) and
metal ion equilibrium concentration (mg L−1) at
equilibrium, respectively.

The Temkin model isotherm contains a factor that
explicitly taking into account of adsorbent–adsorbate
interactions. The linear equation for the model is given
as

qe ¼ B lnAþ B ln ce (6)

where A is the binding constant corresponding to
binding energy in L mg−1 and B is the heat of
adsorption in J mol−1.

The linear plots for all the four models are given,
respectively, in Figs. 11–14 and data calculated from
plots are given in Table 1. For all the models, data
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were calculated at three different temperatures viz. 30,
40, and 50˚C. As can be seen from the Table 1,
Langmuir with a higher correlation coefficient (R2)
value 0.99 is assumed to be followed by adsorption
process than the other models giving a maximum
adsorption capacity of 51.43 at 30˚C, 54.64 at 40˚C and
71.43 at 50˚C. The value of n obtained by Freundlich
model at all temperature ranges 30–50˚C gives a value
greater than unity indicating the adsorption to be
favourable. Higher value of n tends to stronger value
of interaction between metal ion and adsorbent. As
can be seen from Table 1 as the temperature increases,
the value of n also increases indicating adsorption is
more favourable at high temperature. The value of
mean free energy E calculated by D–R isotherm indi-
cates that the adsorption follows a physisorption to
chemisorption process as the temperature increases
from 30 to 50˚C. The increase in binding constant A of
Temkin model with respect to temperature indicates
an increase in adsorbent–adsorbate interaction at
higher temperature. The values of B obtained are
continuously decreasing with an increase in tempera-
ture indicating an increase in surface coverage at
higher temperature. The regression coefficient values
obtained also confirm that the model fits to
experimental data along with Langmuir model.

3.4. Adsorption kinetics

Adsorption reactions are always time dependent
and therefore predicting the rate of the reaction is the
most important factor to describe the kinetics of
adsorption. Pseudo-first-order, pseudo-second-order
[34] and intraparticle diffusion models were used to
test the kinetics of adsorption and the rate of the
reaction for Cr(VI) on Dex-Fe3O4 nanocomposite.
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The linear equation for pseudo-first-order model is
given as:

logðqe � qtÞ ¼ log qe � k1
2:303

t (7)

where qe (mg g−1) is the equilibrium adsorption capac-
ity, qt (mg g−1) is the adsorption capacity at time t and
k1 (min−1) is the pseudo-first-order rate constant.
Values of k1 and qe can be obtained from the slope
and intercept of the plot of log(qe − qt) and t is given
in Fig. 15.

Pseudo-second-order rate equation is given as:

t

qt
¼ 1

k2q2e
þ t

qe
(8)

where k2 is the pseudo-second-order rate constant
(g mg−1 min−1), qe is the amount of Cr(VI) ionsT
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Fig. 15. Pseudo-first-order plot for removal of Cr(VI) onto
Dex-Fe3O4 nanocomposite at various metal ion concentra-
tions with 50-mg adsorbent dosage and pH 2 at 30˚C.
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adsorbed at equilibrium (mg g−1) and qt is the amount
of Cr(VI) at any time t (mg g−1). The linear plot of
pseudo-second-order model is given in Fig. 16 from
which constant k2 and qe can be calculated.

The calculated data for both the models are listed
in Table 2 from which it can be that the correlation
factor obtained for pseudo-second-order model (0.99)
is higher than the pseudo-first-order (0.98) which
showed that the experimental data for adsorption of
Cr(VI) onto Dex-Fe3O4 nanocomposite was best fitted
with pseudo-second-order model than the pseudo-
first-order and furthermore. Moreover, the calculated
values of qe using pseudo-second-order rate equation
and the experimental values were close to each other
for all the concentrations studied as compared to
pseudo-first-order rate equation which showed a large
deviation from the experimental values indicating that
adsorption kinetics for the uptake of Cr(VI) by
Dex-Fe3O4 nanocomposite is best described by
pseudo-second-order rate equation.

Intraparticle diffusion model determines the rate-
determining steps of the adsorption process and is
best described by the intraparticle model given by
Weber and Morris [35]:

qt ¼ kintt
0:5 þ C (9)

where the parameter qt is the amount adsorbed at
time t (mg g−1), Kint is the intraparticle diffusion equa-
tion constant (mg g−1 min−1/2) and t is the time.
According to the Weber–Morris model, the plot of qt
against t1/2 should give a straight line when diffusion
plays a role in the sorption rate and should cross the
origin if intraparticle diffusion is the rate-determining
step. From the Fig. 17, it was observed that the plot of
qt vs. t1/2 was not a straight line and did not
pass through the origin, moreover, poor values of
correlation coefficients were obtained for 10, 50, and
100 mg L−1, respectively (Table 2). This showed
that the intraparticle diffusion was not the rate-
determining factor in the adsorption of Cr(VI) onto
Dex-Fe3O4 nanocomposite.

3.5. Adsorption thermodynamics

To observe the inherent energetic changes during
the adsorption process, thermodynamic studies were
carried out at 30, 40, and 50˚C according to van’t Hoff
equation [36]:

Table 2
Kinetic parameters for Cr(VI) ions onto Dex-Fe3O4 nanocomposite at various concentrations of Cr(VI) ions and 30˚C

Metal
ion Concentration (ppm)

Pseudo-first-order Pseudo-second-order Intraparticle

qe,cal k1 R2 qe,cal k2 R2 Kint C R2

Cr(VI) 10 (qexp = 9.88 mg g−1) 6.08 0.015 0.98 10.37 0.006 0.99 0.38 3.79 0.89
50 (qexp = 18.56 mg g−1) 8.39 0.016 0.98 19.12 0.006 0.99 0.54 10.03 0.87
100 (qexp = 31.77 mg g−1) 10.69 0.017 0.98 32.15 0.008 0.99 0.56 23.08 0.77

Fig. 17. Intraparticle diffusion model plot for removal of
Cr(VI) onto Dex-Fe3O4 nanocomposite at various metal ion
concentrations with 50-mg adsorbent dose and pH 2 at
30˚C.
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lnKc ¼ �DH�

R
þ DS�

RT
(10)

The gas constant R is defined by 8.3145 J mol−1 K−1; Kc

(Cad/Ce) is the distribution coefficient; and T is the
temperature of the solution in Kelvin. ΔH˚ (kJ mol−1)
and ΔS˚ (JK−1 mol−1) were calculated from the slope
and intercept of a plot of ln Kc as a function of 1/T, as
shown in Fig. 18. The free energy change (ΔG˚) can be
determined from the following equation.

DG� ¼ DH� � TDS� (11)

It was observed that the positive value of ΔH˚ (49.47
kJ mol−1) demonstrates the endothermic nature of
adsorption of Cr(VI) onto Dex-Fe3O4 nanocomposite
and the positive value of ΔS˚ (180.66 J K−1) reveals
the increased randomness at the solid/liquid interface
during the sorption of Cr(VI) onto Dex-Fe3O4

nanocomposite which reflects the fact that chromium
has a good affinity for Dex-Fe3O4. The values of ΔG˚
at 30, 40, and 50˚C are −5.27, −7.07, and −8.88 suggest-
ing that the adsorption process on Dex-Fe3O4 is
spontaneous and the magnitude of the Gibbs free
energy increased with increasing temperatures, indi-
cating that better adsorption capacity of Dex-Fe3O4 for
Cr(VI) can be obtained at higher temperatures.

3.6. Comparison of adsorption capacity

The comparison of adsorption capacities of various
adsorbents has been presented in Table 3. It is evident
from the table that present adsorbent exhibits the
highest adsorption capacity of 71.43 mg g−1.

4. Conclusions

Fe3O4 MNPs have been successfully incorporated
in the polymer matrix which was further confirmed

by FTIR, XRD, TGA, DTG, SEM, and TEM analysis.
Dex-Fe3O4 nanocomposite has been found very effec-
tive and efficient for the removal of Cr(VI) from aque-
ous solution and the highest adsorption capacity of
17.8 mg g−1 was observed at pH 2. Adsorption of Cr
(VI) onto Dex-Fe3O4 nanocomposite was spontaneous,
endothermic and accompanied with an increase in
entropy. The adsorption process followed the Lang-
muir adsorption model at different temperature
ranges giving a maximum adsorption capacity of 51.43
at 30˚C, 54.64 at 40˚C and 71.43 at 50˚C. The adsorp-
tion process was better described by the pseudo-
second-order kinetic model than other kinetic models
with high correlation coefficients over various concen-
tration ranges of Cr(VI) ions (10, 50, and 100 mg L−1).
Therefore, it is concluded that Dex-Fe3O4 nanocom-
posite can be successfully utilized for the adsorption
of Cr(VI) ions from aqueous solution.
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