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This work describes magnetic separation of hexavalent chromium by iron(III)-loaded chitosan-magnetite nanocomposites. The
Cr(VI) uptake data, studied at 25◦C and 45◦C, was well fitted into the Freundlich isotherm. The values of constant KF and 1/n were
found to be 1.515, 1.266 and 1.006 (mg g−1) (l mg−1)1/n and 0.76, 0.77, and 0.71, respectively. The Dubinin-Kaganer-Radushkevich
isotherm was applied to determine mean sorption energy E. The value of E was found to be in the 8.977 to 9.90 kJ mol−1 range,
thus indicating the chemical nature of the sorption process. The kinetics of Cr(VI) uptake was best interpreted by the Power function
model. The intraparticle diffusion of sorbate was confirmed by the Bangham equation, and various thermodynamic parameters were
also evaluated. Finally, a plausible mechanism has been suggested to understand the sorption process. The intraparticle diffusion was
found to occur and later on confirmed by the Bangham equation. Finally, a plausible mechanism has been suggested for the observed
Cr(VI) uptake on this newly developed sorbent. The various thermodynamic parameters were also evaluated.

Keywords: Sorption, chitosan, magnetite, Freundlich, power law

1 Introduction

Hexavalent chromium, one of the potential pollutants with
a well known toxicity (1), is used extensively in indus-
tries such as electroplating, tanning, anodizing and chrome
mining. Strong exposure of Cr(VI) may cause cancer in
the digestive tract and lungs (2). Although, the mechanis-
tic cytotoxity of Cr(VI) is not completely understood, a
number of studies have demonstrated that it induces ox-
idative stress, DNA damage and apoptotic cell death (3).
Therefore, its removal from drinking water sources and in-
dustrial effluents has been a matter of great concern for
environmental chemists. Most industries like paint and
pigment manufacturing, leather tanning, chrome plating
etc. in underdeveloped countries like India, discharge waste
water into the surface water only after reduction of Cr(VI)
into Cr(III). However, the major drawback of this conven-
tional treatment method is the high cost of chemicals used
for reduction purpose and incomplete reduction of Cr(VI)
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oratory, Department of Chemistry, Govt. Model Science College,
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which may produce toxic sludge due to surface adsorption
of Cr(VI) onto a Cr(III) hydroxide precipitate. Therefore,
it is essential to develop cost-effective technologies that
can minimize the Cr(VI) concentration to the ‘below toxic
level’ without producing any adverse effects on the envi-
ronment. In the recent past, there have been remarkable
attempts made for removal of hexavalent chromium from
aqueous solutions using cost-effective and non-toxic natu-
rally occurring sorbent materials such as chitosan (4), saw
dust (5), wood-pulp (6), oil palm fibers (7), coconut coir
(8) brown coals (9), sodium alginate (10), cajanus cajan
husk (11), lignocellulosic residues (12) etc. However, due
to practical problems associated with these sorbent mate-
rials, such as their tendency to agglomerate, their sticky
nature and problems in packing the columns or in removal
of these sorbents after the sorption process is over, these
materials have been confined to laboratory experiments
only and their uses on industrial scale have not been as
attractive.

Magnetic separation appears to be the best alternative
to overcome such problems. Due to the magnetic nature
of the sorbent material, its removal from the sorption sys-
tem can easily be done by introducing a moderate magnetic
field onto the sorption system. In addition, the nanoscale
size of sorbent enhances its surface area appreciably, thus
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Sorption of Chromium by Iron(III)-Loaded Chitosan Magnetite 511

causing effective removal of toxic metals (13). Recently, Ba-
jpai et al (14) have demonstrated effective removal of Cr(VI)
by using magnetite nanoparticles. In addition, maghemite
nanoparticles have also been used for removal of Cr(VI)
from aqueous solutions (15). The maximum adsorption
was observed at pH 2.5 and the uptake data was well fitted
in the Freundlich model. Magnetic alginate microcapsules
have also been exploited for the removal of Ni(II) from
aqueous solutions (16).

Most recently, Shehaand and co-worker (17) have suc-
cessfully removed Cr(VI) using a new organic-inorganic
magnetic composite resin, obtained by immobilizing mag-
netite within the polymer poly(acrylic acid-acrylonitrile)
and the ion exchange resin (Amberlite IR 120). In this
continuation, we hereby propose a unique ‘already used
magnetic sorbent’ for the effective magnetic separation of
another toxin chromium(VI). In our previous work, we re-
ported chitosan-magnetite nanocomposites for the removal
of iron(III) (18). Here, we propose the effective removal
of hexavalent chromium by re-using the iron(III)-loaded
chitosan-magnetite nano-composite (ILCMN) as a new
magnetic sorbent material. To the best of our knowledge,
such a sorbent-sorbate system has been reported for the
first time.

2 Experimental

2.1 Materials

Chitosan was obtained by de-acetalylation of chitin (Hi
Media, Mumbai, India) under strong alkaline conditions
as reported previously (19). Its molecular weight, as deter-
mined using the Mark-Howink equation, was found to be
6.1 × 105. The chemicals ferrous chloride, ferric chloride,
sodium hydroxide, potassium dichromate were purchased
from Hi Media Laboratories, Mumbai, India and were used
as received. The double distilled water was used throughout
the investigations.

2.2 Preparation of Magnetite Nanoparticles

Magnetite nanoparticles were prepared by chemical co-
precipitation of Fe(II) and Fe(III) ions in a strong alkaline
solution of sodium hydroxide followed by treatment un-
der hydrothermal conditions. Iron(II) and iron(III) chlo-
ride were dissolved in 1:2 molar ratios in distilled wa-
ter and chemically precipitated at 40◦C by adding 30%
NaOH dropwise with constant stirring, at a control pH
(10–10.4). The suspension was heated at 90◦C for one hour
under continuous stirring and separated by centrifuging
several times in water and then in ethanol at 200 rpm.
The purification step was used to remove impurities from
Fe3O4nanoparticles. The particles were finally dried in vac-
uum at 70◦C. The jet-black appearance of freshly prepared

Fe3O4 nanoparticles and their retention by magnet were
indications of magnetite formation.

2.3 Preparation of Chitosan-Magnetite Nanocomposites
(CMN)

The pre-calculated quantity of magnetite nanoparticles was
added to a 1%(w/v) solution of chitosan obtained by dis-
solving chitosan in 2% (v/v) acetic acid solution. The above
colloidal suspension was stirred at a constant rate and was
allowed to be dropped into a 2M sodium hydroxide solution
under constant stirring. The magnetite-chitosan nanocom-
posites, thus obtained were filtered and washed extensively
with water until neutrality was almost obtained. Finally the
solid mass was dried at 50◦C in an electric oven.

2.4 Preparation of Iron(III)-loaded CMN (ILCMN)

The known quantity of CMN was added to an aqueous
solution (w/v) of FeCl3 and the resulting mixture was
stirred vigorously at a constant rate for a period of 2 h.
The obtained iron(III)-loaded CMN was filtered, washed
with distilled water, and then dried in an electric oven
(Tempstar, India) at 40◦C. The iron(III) uptake by CMN
was determined by measuring the equilibrium concentra-
tion (i.e., Ce) of iron(III) solution using a spectropho-
tometric method (20). The solid dried mass was passed
through standard sieves to get micrometer sized ILCMN
particles of average geometrical diameters, 84 µm and 508
µm. We shall designate them as ILCMN (84) and ILCMN
(508), respectively. Figure 1 (A) and (B) depicts the phys-
ical appearance of magnetite and iron(III)-loaded CMN,
respectively.

2.5 FTIR Spectroscopy

The FTIR spectra of magnetite, plain chitosan and
chitosan-magnetite nanocomposites was recorded by FTIR
spectrophotometer, (Shimadzu, 8201) using KBr.

2.6 TEM Analysis

The TEM image was obtained by employing a JEM-2010
microscope under 200 kV. The samples for observation of
TEM were prepared by placing a few drops of magnetite
and CMN suspensions prepared in acetone, on the carbon-
coated copper grid and allowing them to dry.

2.7 TGA analysis

Thermal analysis of chitosan and chitosan magnetite
nanoparticles was carried out using a thermogravimetric
analyzer (Metler, Toledo Gmb H Switzerland). About 9.6
mg of a powdered sample was placed in ceramic crucibles
and analyzed over the temperature range of 20 to 600◦C at
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512 Bajpai and Armo

Fig. 1. Photograph of (A) magnetite and (B) chitosan-magnetite
nanocomposite (CMN).

a heating rate of 20◦C per min under the flow of dry N2 at
the rate of 30 ml min−1.

2.8 Cr (VI) Uptake Studies

The stock solution of K2Cr2O7 was prepared by dissolving
its pre-calculated quantity in distilled water to give a final
concentration of 50 mg l−1. The stock solution was diluted
to obtain standard solutions with their concentration in the
range of 1 to 10 mg l−1. Now, 50 ml of K2Cr2O7 solution of
desired concentration was placed in a 125 ml Erlenmeyer
flask containing 20 mg of sorbent ILCMN and agitated in
thermostatic water bath at 50 rpm for 2 h. At the end of
the experiment, the sorbent particles were removed from
the sorption system by introducing a bar magnet and su-
pernatant was analyzed for a Cr(VI) concentration using
the diphenylcarbazide method (21).

Fig. 2. FTIR spectrum of magnetite, plain chitosan and iron (III)-
loaded chitosan-magnetite nanocomposite.

3 Results and Discussion

3.1 FTIR Spectral Analysis

The formation of chitosan-magnetite nanocomposites
(CMN) was confirmed by FTIR spectral analysis
(Figure 2). In (A), a characteristic peak of magnetite,
present at 610 cm−1 confirms the metal-oxygen stretch-
ing, whereas in (B) the peaks corresponding to stretching
vibrational frequency of amide I and amide II of chitosan
molecules appeared at 1650 and 1449 cm−1. Finally, it can
be seen in (C) that all these characteristic peaks are present
in the spectrum at chitosan-magnetite nanocomposites.

3.2 TGA Analysis

Since thermal stability of magnetite is more than that of the
polymer chitosan, its doping into the chitosan is expected
to enhance the overall thermal stability of the resulting
nanocomposite. The results of thermogravimetric analysis,
as depicted in Figure 3, clearly indicate that the initial de-
composition temperatures of plain chitosan and chitosan-
magnetite nanocomposite (CMN) are 162 and 195◦C, re-
spectively. The higher decomposition temperature of CMN
is due to the presence of magnetite in the nanocomposite
material. In addition, the overall thermal decomposition
of chitosan and CMN is observed to be nearly 69 and
27%, thus indicating enhanced thermal stability of CMN.
Finally, the plain chitosan suffers a major weight loss of
nearly 40% at 256◦C, while at the same temperature; CMN
shows a weight loss of nearly 8%. Thus, it may be concluded
that CMN particles possess greater thermal stability than
plain chitosan.

3.3 TEM Analysis of Magnetite Particles

Figure 4 shows a TEM image and Selected Area Electron
diffraction (SAED) pattern of the synthesized magnetite
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Sorption of Chromium by Iron(III)-Loaded Chitosan Magnetite 513

Fig. 3. Thermograms of plain chitosan and chitosan-magnetite nanocomposites.

nanoparticles. It is clear that most of the particles are
almost monodisperse with an average of nearly 100 nm.
The particles also seem to be aggregated which may be at-
tributed to the absence of a stabilizer in the reaction system
during the course of formation of magnetite. The SAED
pattern also confirms formation of magnetite nanoperti-
cles.

3.4 TEM Analysis of CMN Particles

The transmission electron microscopy (TEM) image of
CMN particles has been shown in Figure 5. The average
diameter of particles, as determined from the measurement
of diameter of 15 particles selected from the TEM image
in an arbitrary manner, was found to be nearly 29 nm. It

also clear that the two moieties, namely chitosan and mag-
netite are homogeneously mixed or embedded into each
other which may simply be attributed to the two simultane-
ous processes that occurred during the mixing of chitosan-
magnetite suspension into an aqueous solution of sodium
hydroxide. The exact mechanism of the formation of CMN
has been well explained in our previous work (18).

3.5 Sorption Isotherms

The equilibrium sorption data can be regarded as an indi-
cation of attainment of equilibrium for the distribution of
solute between the sorbent and sorbate phase and is usu-
ally interpreted in the terms of one or more isotherms (22).
In the present study, the equilibrium Cr(VI) uptake data

Fig. 4. TEM image of magnetite nanoparticles.
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514 Bajpai and Armo

Fig. 5. TEM image of chitosan-magnetite nanocomposite
(CMN).

was obtained by agitating 84 µm sized ILCMN particles
in chromium (VI) solutions of different concentrations, in
the range of 1 to 10 mg l−1, at three different temperatures,
namely 25, 35 and 45◦C. The data, thus obtained, was fitted
in the linearized Freundlich sorption isotherm:

log qe = log KF + 1/n log Ce

Where Ce is the equilibrium concentration (mg l−1) of
Cr(VI) in the solution, qe in the amount of sorbate present
on sorbent at equilibrium (mg l−1) and KF and 1/n are
Freundlich constants related to the maximum sorption ca-
pacity (mg g−1) (l mg−1)1/n and energy of sorption (l mg−1),
respectively. The almost linear plots, obtained between log
qe and log Ce at three temperatures, with regression values
in the range 0.9869 to 0.9907, indicated suitability of the
Freundlich isotherm on the uptake data (Figure 6). The val-
ues of KF and 1/n, as obtained using intercept and slope of

Fig. 6. Freundlich isotherm for Cr(VI) uptake at three different
temperatures.

Table 1. Graphical and regression values of Freundlich constant
obtained for Cr(VI) uptake by 84 µm sized sorbent particles at
different temperatures

Graphical values Regression values

Temp.
(◦C)

KF (mg g−1)
(l mg−1)1/n 1/n R2

KF (mg g−1)
(l mg−)1/n 1/n

25 1.515 0.7683 0.9886 1.386 0.8590
35 1.266 0.7726 0.9907 1.169 0.8496
45 1.006 0.7116 0.9869 0.953 0.7600

the linear plots, have been given along with those obtained
using regression analysis, in the Table 1. It can clearly be
seen that the two values are in close agreement with each
other. In addition, we also applied equilibrium sorption
data on the Langmuir model (Figure 7). However, the poor
regressions (0.782, 0.8553, 0.9164) obtained were indicative
of unsuitability of the model. The Freundlich type of be-
havior is an indication of the surface heterogeneity of the
sorbent i.e., the surface of the sorbent is made up of small
heterogeneous adsorption patches that are homogeneous
in themselves (23). In addition, as the values of 1/n lie in
the range 1 to 10, the sorption capacity is quite fair (24).

In order to determine the nature of the sorption pro-
cess, the equilibrium Cr(VI)-uptake data was applied on an
DKR isotherm model (25) which, in the linearized form,
may be given as:

ln qe = ln Xm − βε2

Where qe is the amount of Cr(VI) sorbed at equilibrium
(mg g−1), Xm is the DKR monolayer capacity, β is the
activity coefficient related to the mean sorption energy and
ε is the Polanyi potential, given as:

ε = RT ln(1 + 1/Ce)

Fig. 7. Langmuir isotherm for Cr(VI) uptake at three different
temperatures.
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Sorption of Chromium by Iron(III)-Loaded Chitosan Magnetite 515

Fig. 8. Dubinin-Radushkevich isotherm of Cr(VI) for evaluation
of β.

Where R is the gas constant (JK−1 mol−1), T is the tem-
perature (K) and Ce is the equilibrium concentration (mg
l−1). When ln qe values obtained at 25, 35 and 45◦C, were
plotted against ε2, straight lines were obtained (Figure 8).
The slopes of the linear plots yielded values of β which
were used to calculate mean sorption energy E using the
relationship

E = 1√ − 2B

which may be regarded as a free energy transfer of one
mole of solute from infinity to the surface of an ILCMN
sorbent. The numerical values of E, obtained at 25, 35
and 45◦C, were found to be 8.97, 9.25 and 9.90 kJ mol−1,
respectively. As these values lie in the range of 8–16 kJ
mol−1, which is indicative of chemisorptions or an ion-
exchange process, the Cr(VI) uptake on ILCMN sorbent
may probably occur via the same mechanism. Finally, the
uptake data was also fitted into the Temkin isotherm model
which explicitly takes into account sorbate species-sorbent
interactions. This isotherm assumes that: (i) the heat of
sorption of all the molecules in the layer decreases linearly
with coverage due to sorbate-sorbent interactions and (ii)
adsorption is characterized by a uniform distribution of
binding energies, up to some maximum binding energy.
The Temkin equation is:

qe = β1 ln Kt + β1 ln Ce

Fig. 9. Temkin isotherm for Cr(VI) uptake at three different tem-
peratures.

Where β1 and Kt are the constants, Kt is the equilibrium
binding constant (l mol−1) corresponding to maximum
binding energy and constant β1 is related to sorption heat.
Using the data obtained at three temperatures, qe values
may be plotted against ln Ce and straight lines are obtained
(Figure 9). The slope and intercepts were used to calculate
the constants β1and Kt. All the isotherm constants, ob-
tained for Freundlich, DKR and Temkin model have been
given in the Table 2, along with corresponding regression
values. It can clearly be seen that the Freundlich isotherm
is most suitable to interpret the equilibrium sorption data.

3.6 Sorption Kinetics

In order to investigate the mechanistic aspects regarding
the dynamics of the sorption process, chromium(VI) up-
take was measured at different time-intervals for the IL-
CMN sorbent particles with size 84 and 508 µm at 25◦C.
The results as depicted in Figure 10, clearly indicate that the
amount of Cr(VI) sorbed increases with time and later on,
it attains an almost saturation value. The relatively higher
uptake, observed for 84 µm sized particles as compared to
508 µm sized sorbent particles, may simply be attributed to
the fact that smaller sized particles exhibit a greater surface
area available and hence, provide more binding sites for up-
take of Cr(VI) molecules. Here, it is worth mentioning that
in our previous work (14), maximum Cr(VI) uptake, as ex-
hibited by magnetite nanoparticles, was nearly 2.9 mg g−1

Table 2. Data showing values of various constant obtained for different isotherm models using equilibrium sorption data obtained
with 84 µm sized particles at different temperatures

Freundlich constant
Dubinin-Kaganer-Radudhkevich

constant Temkin constant

Temp. (◦C)
KF (mg g−1)
(l mg−1)1/n 1/n R2 −β Xm R2 β1 Kt R2

25 1.515 0.7683 0.9886 0.0062 1.13 × 10−6 0.9922 2.2738 5.345 0.9513
35 1.266 0.7726 0.9907 0.0058 8.04 × 10−6 0.9897 2.0365 4.3609 0.9243
45 1.006 0.7116 0.9869 0.0051 2.17 × 10−6 0.982 1.3665 5.4053 0.8701
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516 Bajpai and Armo

Fig. 10. The kinetic data for Cr(VI) uptake by sorbent particles
of different size at 25◦C.

at 30◦C, while in the present work, ILCMN sorbent parti-
cles with 84 µm diameter exhibit nearly 4.2 mg g−1 Cr(VI)
uptake at 25◦C. Therefore, this newly developed sorbent ap-
pears to be more effective than magnetite nanoparticles. A
close look at Figure 10 also reveals that in the first 10 min,
the sorption process is very rapid and nearly 60% of the
total uptake is observed in this time span. However, after
10 min, the uptake process becomes relatively slower. The
observed finding may be explained on the basis of the fact
that initially Cr(VI) is sorbed simultaneously on the surface
of the sorbent particles, thus making the uptake process
fast. However, later on, the Cr(VI) molecules, which have

Fig. 12. Bangham equation showing intraparticle diffusion of
Cr(VI) into sorbent particles of different sizes.

been sorbed on the surface of the particles, begin to dif-
fuse towards the bulk of the sorbent particles, thus causing
intraparticle diffusion which occurs at a relatively slower
rate. In order to further confirm this, graphs were plotted
between log (time) and log (% sorption) which yielded fair
linear plots (Figure 11), thus confirming the occurrence of
intraparticle diffusion as suggested by Raghwanshi et al.
(26). The higher regression values, i.e., 0.9961 and 0.9952
for 84 and 508 µm sized particles, also support excellent
linearity observed. Thus, it can be concluded that ‘intra-
particle diffusion’ does occur in the present study and it is
the rate-limiting step (27). Finally, the intraparticle diffu-
sion was also confirmed by applying dynamic uptake data
on the Bangham equation (28) which is given as:

log log Q0/Q0−qtw = log k0W/2.303 V + a log t

Where Q0 is the initial concentration (g l−1), of metal ion, V
is the volume (l) of solution, W is the weight (g) of sorbent,
qt is the amount of Cr(VI) sorbed (g g−1) at time, while α

Fig. 11. Plot between log (% adsorption) and log (time) to confirm intraparticle diffusion of Cr(VI).
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Sorption of Chromium by Iron(III)-Loaded Chitosan Magnetite 517

Fig. 13. q (mg g−1) vs. t0.5 plot for determination of kid for Cr(VI) uptake by iron-loaded CMN particles of different sizes.

and k0 are constant. Straight lines were obtained by plot-
ting log log Q0/Q0-qtw against log t (Figure 12) thus con-
firming the intraparticle diffusion of chromium (VI) into
sorbent particles. We also calculated the rate constants for
intraparticle diffusion, kid , using the “intraparticle diffu-
sion model” (29).

q = kid t0.5 + I

Where q is amount of Cr(VI) sorbed (mg g−1), at time t.
The plots, obtained for Cr(VI) uptake by 84 and 508 µm
sized sorbent particles at 25◦C, are shown in Figure 13. The
initial curved portion of the plots represents boundary layer
adsorption, while the slope of the final linear portion is a
measure of intraparticle diffusion. The regression values for
the two plots, drawn for 84 and 508 µm sized particles, were

found to be 0.9782 and 0.9959, respectively, thus indicating
excellent fitness of the Weber-Morris equation on kinetic
uptake data. The values of kidat 25◦C for 84 and 508 µm
sized ILCMN particles were evaluated to be 41.56 × 10−2

and 17.48 × 10−2 mg g−1 min−0.5, respectively. These values
also establish superiority of this new sorbent over magnetite
nanoparticles for which the kid value was found to be in the
range 9.6 to 20.0×10−2 mg g−1 min1/2 in the temperature
range of 30 to 50◦C (14).

Finally, the kinetic uptake data at 25◦C (as shown in
Figure 10) was applied on various kinetic models, such as
a first order kinetic model, second order uptake model,
Lagergren equation, Power function model, Elovich equa-
tion (31) etc. Table 3 describes various constants obtained
using these models along with their respective regression

Table 3. Data showing values of various constants obtained by applying different kinetic models on uptake of Cr(VI) by iron(III)
loaded chitosan magnetite particles

Parameters with

S. No. Kinetic Model Equation 84 µm 508 µm

1 First Order −ln (C/Co) = kt R2 = 0.9409 R2 = 0.9720
K1 = 0.0052 K1 = 0.0018

2 Second Order 1/C − 1/Co kt R2 = 0.9342 R2 = 0.9640
K2 = 0.0012 K2 = .0004

3 Lagergren Equation ln (1 − q/qe) = −kad.t R2 = 0.9666 R2 = 0.9358
kad = 0.0673 kad = 0.0559

4 Power Function log q = log a + b log t R2 = 0.9961 R2 = 0.9952
a = 1.2817 a = 0.427
b = 0.296 b = 0.3269

5 Simple Elovich q = a + 2.303 b log t R2 = 0.9893 R2 = 0.9588
a = 0.8516 a = 0.2172
b = 0.8006 b = 0.3286

6 Bangham Equation log log Qo/Qo −qt W = log R2 = 0.9959 R2 = 0.9945
koW / 2.303V + α log t α = 0.3036 α = 0.3353

K0×103 = 12.6 K0×103 = 4.20
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518 Bajpai and Armo

Fig. 14. In Kc vs. 1/T plot for evaluation of �H◦ and �S◦ for
Cr(VI)uptake by sorbent particles with size 84 µm.

values. On the basis of regression values obtained for dif-
ferent models, it can be said that the Power function model
appears to be the most suitable for the interpretation of
uptake data. This, in turn, supports our findings that the

equilibrium uptake of Cr(VI) is best interpreted by a Fre-
undlich sorption isotherm because it has been supported
that the Power function model, also known as modified the
Freundlich equation (30), is a simple consequence of the
Freundlich isotherm.

3.7 Evaluation of Thermodynamics Parameter

The various thermodynamic parameters were calculated
for the sorption process using the following equations:

�G0 = −RT ln Kc

Where Kc is the equilibrium constant for the sorption pro-
cess and is given as:

Kc = C0 − Ce/Ce

In addition, the values of �H0 and �S0 were calculated
from the Van’t Hoff equation given below:

ln Kc = �S/R − �H/R.1/T

Sch 1. (A) Binding of Fe(III) ion with amino groups of two chitosan chains to form iron-loaded chitosan-magnetite nanocomposites
(ILCMN). I (B) Coordination of Cr2O2−

7 ions with vacant sites present in (ILCMN).
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By using the slope and intercept of linear plot obtained
between ln Kc and 1/T for Cr(VI) uptake by 84 µm sized
particles (Figure 14) the values of �H0 and �S0 were evalu-
ated and found to be −0.063 kJ mol−1 and −17.87 kJ mol−1,
respectively. It is clear that negative �H0 value is indicative
of exothermic nature of the uptake process. In addition,
negative value of �S0 corresponds to the decrease in de-
gree of freedom of the sorbed species (32). In other words,
the coordinated water molecules, which are displaced by
Cr(VI) ions, gain less translational entropy than is lost by
Cr(VI) species, thus resulting in decreased randomness in
the sorbent-sorbate interactions (33). The values of �S0,
obtained at 10, 20, 30, 40 and 50◦C were 0.0162 0.309,
1.41, 2.01 and 2.30 kJ mol−1, respectively.

3.8 Mechanism of Cr(VI) Uptake

Chromium exhibits different types of pH dependent equi-
libria in aqueous solutions e.g. below pH 1.0 it exists as
H2CrO4, while in the pH range at 2 to 6, it has HCrO−

4 and
Cr2O2−

7 as dominant species (34). In the present work, since
the whole sorption studies have been carried out at self pH
(i.e., pH 6.2) to make the overall process move practical
and industrially feasible, the Cr2O2−

7 ions are the domi-
nant species in the sorbate solution. It is well known that
iron usually acts as trivalent cation Fe(III) to chelate with
electronegative elements or electron donor species. Similar
to Cu(II), iron(III) has also a stronger tendency to chelate
with chitosan to form coordination compounds (34). With
an electronic configuration of d5, Fe(III) may form a more
stable octahedral structure with six electron pair donors
by the d2sp3 hybridization as reported elsewhere (35). On
the basis of proposed coordination of Fe(III) with chi-
tosan chains, the binding of chromium(VI) on this chitosan
bound iron may be explained as shown in the Scheme 1. It
is clear from Scheme 1 (A) that when Fe(III) ions come in
contact with chitosan magnetite nanocomposite particles,
iron (III) undergoes d2sp3hybridization to produce an octa-
hedral structure and four nitrogen atoms of amino groups
of two chitosan chains coordinate with iron(III) through
coordination bonds. As can be seen, two coordination sites
of Fe(III) are still vacant. Later on, when Fe(III) coor-
dinated chitosan magnetite nanocomposite particles are
agitated in Cr(VI) solution at self pH (i.e., 6.2), the ‘O’
atom present in Cr2O2−

7 ion, acting as bridge with two
chromium atoms, coordinates with the vacant hybridized
orbital of Fe(III). As there is an equal probability of coor-
dination of Cr2O2−

7 with other vacant sites also, the overall
chelating structure of Cr(VI) sorbed Fe(III)-chitosan com-
plex may be shown as given in Scheme 1 (B). Therefore,
the sorbtion of Cr(VI) onto Fe(III)-loaded chitosan mag-
netite nanocomposite particles appears to be chemical in
nature.

4 Conclusions

From the above study, it may be concluded that after re-
moval of iron(III) as a toxin from an aqueous solution
by using chitosan-magnetite nanocomposites (CMN), the
resulting iron(III)-loaded CMN obtained, may further be
reused as a new sorbent material for magnetite separation
of Cr(VI), the another potential toxin. This study opens
the possibilities of using ‘already used sorbent materials’
for removal of metal ions.
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