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a b s t r a c t

In the present investigation, Fe-chitosan crosslinked is used as adsorbent for the removal of chromium
from aqueous solutions. The influence of pH, temperature and other ions was evaluated. pH 2.0 was found
to be the optimum pH for adsorption of Cr(VI) onto Ch-Fe. Coordination of unsaturated sites for the iron(III)
vailable online 6 March 2010
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complex of polymer were considered to be the adsorption sites for Cr(VI) species, the predominant species
being HCrO4

−. The Langmuir and Langmuir–Freundlich adsorption isotherm models were applied to
describe the isotherm parameter for Cr(VI) adsorption. The results indicate that the Langmuir–Freundlich
adsorption model and maximum adsorption capacity was calculated as 295 mg/g at 25 ◦C, with pH 4.7.
Cr(VI) uptake on the adsorbent decreased from 295 mg/g at 25 ◦C to 209 mg/g at 65 ◦C. Rate constants as
a function of temperature were evaluated with the help of a proposed second order kinetic model. The
other coexisting ions, nitrate, chlorides and sulphate influenced Cr(VI) adsorption.
. Introduction

Cr(VI) is a contaminant commonly found in wastewater pro-
uced by several industries, including the dye, stainless steel,
hotography, leather tanning, and wood preservative industries.
hromium occurs in aqueous systems in trivalent and hexavalent

orms, but the latter form is of particular concern due to its greater
oxicity. When chromium enters the gastric system, epigastric pain,
ausea, vomiting, severe diarrhea, corrosion of skin, respiratory
ract and lungs carcinoma may occur [1–4]. The discharge limit of
hromium from industries is <100 �g/L. Chromium is hazardous to
ealth when its limit in drinking water exceeds 50 �g/L [5].

Several methods for removal of Cr(VI) from wastewater have
een reported, including chemical precipitation [6], oxidation [7],

on exchange [8], reverse osmosis [9] and solvent extraction [10].
Adsorption is a simple technique that has been reported for

emoval of Cr(VI) using a variety of materials, such as active carbon
11,12], magnetic beads [13] and modified silica-gel [14]. Biosorp-
ion processes have advantages over other processes, including the

ower cost of materials, such as, microalgal [15], plant leaves [16]
nd waste biomass [17] and its ease of operation. Many biopoly-
ers such as, chitosan [18,19], alginate [20], and chitin [21] are

nown to bind metals strongly, and the use of biopolymers as adsor-
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bents for the recovery of valuable metals for the removal of toxic
metal contaminants has been studied.

Various reports have already been published involving Fe-
crosslinked chitosan complex (Ch-Fe) as adsorbent of oxianions,
such as phosphate [22], arsenate [23] and chromium (VI) [24] and
the results have demonstrate that Ch-Fe could be a stronger adsor-
bent of oxianions.

In this study Ch-Fe was used to remove Cr(VI) under a wide range
of conditions, such as, initial pH, temperature, Cr(VI) ion concentra-
tion and competing ions. The adsorption capacity was determined
using the Langmuir and Langmuir–Freundlich isotherm equation
models. The kinetics adsorption was evaluated by the pseudo-first
order and pseudo-second order models.

2. Materials and methods

2.1. Materials

The procedure for the preparation and characterization of the
Fe-crosslinked chitosan complex (Ch-Fe) was the same as that
reported in literature [25]. The quantity of iron in the sample was
determined by calorimetric methods using 1.10 phenantroline and
a Spectrovision DB 2500 spectrophotometer, and was found to be
80.6 mg/g. The zero-point charge (pHzpc) was determined using

a potentiometric titration [26] and was found to be 8.9. All the
reagents used in this study were of analytical grade. An aqueous
solution of Cr(VI) was prepared by dissolving K2Cr2O7 (VETEC, São
Paulo, Brazil) in distilled water. A stock solution with a concentra-
tion of 1000 mg/L of Cr(VI) was prepared and subsequently diluted.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:crodrigues@univali.br
dx.doi.org/10.1016/j.jhazmat.2010.02.078
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.2. Isotherm

The equilibrium isotherm was determined using batch studies.
n the experiments, 0.025 g of Ch-Fe samples was added to 20 mL
olution of Cr(VI) concentration between 50 mg/L and 300 mg/L,
H 4.8, in an isothermal shaker, for 60 min, at 25 ◦C, 35 ◦C, 45 ◦C,
5 ◦C and 65 ◦C. After adsorption, the solution was filtered and the
mount of unabsorbed Cr(VI) was determined.

.3. pH effect

The effect of pH on Cr(VI) adsorption was investigated in initial
H range 2–8. The pH of the solution was adjusted using NaOH
.0 M, and HCl 1.0 M. Ch-Fe 0.025 g was added to 20 mL of the
r(VI) solution (initial concentration of 600 mg/L). The solution was
tirred for 60 min, at 25 ◦C, then the solutions were filtered and the
r(VI) concentrations determined.

.4. Kinetics study

Pseudo-first and pseudo-second order rate equations were used
o model the kinetics of Cr(VI) adsorption. The experiments were
onduced at 25 ◦C, 45 ◦C and 65 ◦C to investigate the adsorption
inetic parameter. 0.025 g of the Ch-Fe was added to 20 mL of the
r(VI) solution (600 mg/L). The solution was stirred, and samples
0.5 mL) were removed at different time intervals to determine the
oncentration of Cr(VI).

.5. Salt effect

Experiments were carried out to study the effect of salt on
dsorption of Cr(VI) by the Ch-Fe. In the experiment, 0.025 g was
dded to 20 mL of the Cr(VI) solution (initial concentration of
00 mg/L) and stirred for 60 min at 25 ◦C. The salts used for the test
ere: Na2SO4, NaNO3, NaCl, at a concentration of 0.1 M. Simul-

aneously, experiments were conduced with NaCl, varying the
oncentration at 0.01 M, 0025 M, 0.05 M, 0.1 M and 0.5 M. After
0 min, the samples were filtered and the remaining Cr(VI) in the
olution was determined. All the adsorption experiments were con-
uced without controlling the pH of the solution, in order to prevent

nfluence by the buffer ions on the adsorption.

.6. Cr(VI) analysis

The Cr(VI) analysis was carried out spectrophotometrically at
40 nm in a spectrophotometer (Spectrovision DB 2500), using
iphenylcarbazide as the complexing agent. The amount of Cr(VI)
dsorbed was calculated based on the difference in their initial and
nal concentrations [16].

. Results and discussion

.1. pH effect

pH is an important factor for controlling the adsorption process,
s it affects the surface charge of the adsorbents, the degree of ion-
zation, and the species of adsorbate. The ion adsorption of Cr(VI) on
he surface of ChFe is strongly influenced by the pH of the solution,
s shown in Fig. 1. It was found that maximum adsorption occurs
t pH 2, where the adsorbed quantity is 325 mg/g and decreases to
25 mg/g when pH was increased to 8.0. In aqueous solutions from

H 1 to 8 Cr(VI) exists in ionic form as CrO4

2−, Cr2O7
2−, HCrO4

−,
Cr2O7

− depending on the Cr(VI) concentration. Under the condi-
ions used, concentration of Cr(VI) 0.001 M and pH 4.8, the relative
bundance observed for the ionic species HCrO4

− is around 97%,
herefore chromium uptake in the pH range 2.0–5.0 occurs via
Fig. 1. Effect of pH on adsorption of Cr(VI) (initial Cr(VI) concentration 600 mg/L;
volume of Cr(VI) solution 20 mL; amount of ChFe 25 mg; temperature 25 ◦C).

the ligand-exchange mechanism. The adsorption of HCrO4
− can be

considered as a ligand-exchange reaction between the coordinated
nitrate and HCrO4

− ions. This reaction can be represented as shown
in Fig. 2.

The decrease in adsorption of Cr(VI) at higher pH values can be
attributed to several factors: first, the higher concentration of OH−

ions present in the solution, which compete with Cr(VI) species
for the adsorption sites (the end-pH was lower than the initial pH),
Fig. 2; second, in basic medium the only significant specie is CrO4

2−

which is not absorbed by Ch-Fe [27]; finally, the pHzpc of ChFe is
8.9 and with an increase in pH, the net surface charge on the adsor-
bent becomes less positive. At pH > pHzpc, the net surface charge
becomes negative, resulting in repulsive forces between Ch-Fe and
Cr(VI).

The maximum removal of chromium (42 mg/g) was reported
at a pH value of 2.0 for waste biomass [17]. With chitosan beads as
adsorbent [17], the maximum uptake capacity (58 mg/g) was noted
at a pH of 3.5. The magnetic beads [13] removed 108 mg/g at a pH of
2.0. The maximum removal of chromium (108 mg/g) was reported
at a pH of 2 with activated carbon [11].

3.2. Isotherm study

The amount of Cr(VI) adsorbed by Ch-Fe, qeq (mg/g) was cor-
related with concentration at equilibrium ce (�g/L) using the
Langmuir and Langmuir–Freundlich adsorption isotherm models.
The experimental values of the isotherms were used in this non-
linear form of Langmuir equation (1). This equation is valid for
monolayer adsorption. The model contains a limited number of
sites and predicts a homogeneous distribution of adsorption ener-
gies [28]:

qeq = KLqmce

1 + KLce
(1)

where qe is the amount of Cr(VI) adsorbed at the equilibrium
(mg/g); ce is the equilibrium solution concentration (mg/L); KL
is the Langmuir adsorption constant (L/mg); qm is the maximum
amount of Cr(VI) adsorbed onto 1 g of adsorbent.

The Langmuir and Freundlich models can be combined to give
the composite Langmuir–Freundlich equation (2):

KL–Fqmcc

qeq = e

1 + KL–Fcc
e

(2)

where KL–F is the Langmuir–Freundlich adsorption constant (L/mg);
c is the heterogeneity parameter. As the equation has three fitting
constants, it describes the adsorption much better. For independent
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Fig. 2. A schematic reaction betw
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ig. 3. Adsorption isotherm for adsorption of Cr(VI) on ChFe: Langmuir isotherm
lot (. . .) and Langmuir–Freundlich isotherm plot ( ) (Cr(VI) concentration
0–300 mg/L; volume of Cr(VI) solution 20 mL; amount of Ch-Fe 25 mg; temperature
5 ◦C; pH 4.8; contact time 60 min).

on-interacting adsorption sites corresponding to the Langmuir
odel, c is 1. When c > 1, positive cooperativity is assumed, and
hen 0 < c < 1, negative adsorption cooperativity is expected.

Fig. 3 shows the experimental equilibrium data and predicted
heoretical isotherm for adsorption of Cr(VI) onto Ch-Fe. The val-
es of the constants of the two models, along with the regression
oefficient, are listed in Table 1. The value of the parameters was
valuated from a non-linear plot. Between the two types of adsorp-
ion isotherm models used, that of Langmuir–Freundlich gives a
elatively better representation than the Langmuir isotherm. This
ndicates that the adsorption of Cr(VI) onto Ch-Fe does not occur

hrough the monolayer coverage of Cr(VI) on the surface of Fe-Ch.
his behavior can be attributed to the presence of other adsorption
ites, non-specific such as NH or OH found in chitosan.

The maximum adsorption capacity of Cr(VI) on the Ch-
e (295 mg/g), calculated by the Langmuir–Freundlich isotherm

able 1
angmuir and Langmuir–Freundlich isotherm constant for Cr(VI) on ChFe (Cr(VI) concen
.8; contact time 60 min).

Langmuir

Temp. KL (L/mg) qm (mg/g) R2

25 0.034 512 0.991
35 0.050 377 0.854
45 0.010 960 0.980
55 0.011 715 0.925
65 0.080 373 0.871
een Ch-Fe and Cr(VI) ion.

model, at 25 ◦C and pH 4.6, is approximately 2.5 times higher
than that adsorbed in Fe3+-coordinated amino functionalized
mesopourus-silica [14], 58 times higher than Fe(OH)3 immobilized
in sugar bagasse [5] and 2.7 times higher on magnetic parti-
cles (Fe3O4) immobilized onto PEI/acrylate beads [13]. Adsorption
of Cr(VI) is also considerably higher than in a study previously
reported for chitosan powder 1.9 time [27], chitin powder 4 times
[21], chitosan beads 3.8 times [18] and chitosan flake 39.3 times
[19].

3.3. Thermodynamic parameter

The thermodynamic parameters, including the Gibbs free
energy change (�G◦), enthalpy (�H◦), and entropy (�S◦), were
determined using the following equations and represented as van’t
Hoff equations:

ln KL−F = �S◦

R
+ �H◦

RT
(3)

�G◦ = −RT ln KL−F (4)

where KL–F is the equilibrium constant obtained from the
Langmuir–Freundlich isotherm model; R is the gas constant
(8.314 J mol−1 K−1); T is the absolute solution temperature (K).

The plot of ln KL–F vs 1/T was found to be linear, Fig. 4. The neg-
ative value of �H◦ (−499 kJ/mol) suggests the exothermic nature
of the process. The negative values of �Go at various temperatures
(−12.3 kJ/mol, −10.8 kJ/mol and −10.6 kJ/mol to 298 K, 308 K and
328 K, respectively) indicate that the adsorption process is sponta-
neous in nature. The adsorption is exothermic; hence, the amount
adsorbed at equilibrium must decrease with increasing tempera-
ture, because �G◦ decreases with increasing temperature of the
solution. Similar results from �G◦ to �H◦ have been reported
for Cr(VI) adsorption by iron (III) hydroxide-loaded sugar beet
Cr(VI) adsorption corresponds to a decrease in randomness at the
solid/liquid interface during the adsorption of Cr(VI) on Ch-Fe. The
results are in agreement with those reported by Zubair et al. [17]
for adsorption of Cr(VI) by waste biomass.

tration 50–300 mg/L; volume of Cr(VI) solution 20 mL; amount of ChFe 25 mg; pH

Langmuir–Freundlich

KL–F (L/mg) qm (mg/g) ˇ R2

2.7 × 10−2 295 1.5 0.996
1.8 × 10−6 212 5.6 0.999
1.4 × 10−2 273 2.2 0.994
1.2 × 10−4 240 4.0 0.994
1.0 × 10−7 209 3.8 0.983
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icantly expanded by the presence of NaCl. This expansion inhibits
the adsorbent particles and Cr(VI) species from approaching each
other more closely, and through decreased electrostatic attraction,
leads to the decreased uptake of Cr(VI) ions.

Table 2
Kinetic parameters for Cr(VI) adsorption on ChFe at different temperatures (initial
Cr(VI) concentration 600 mg/L; volume of Cr(VI) solution 20 mL; amount of ChFe
25 mg; temperature 25 ◦C, pH 4.8).

T (◦C) Pseudo-first order Pseudo-second order

2 2
Fig. 4. van’Hoff plot for adsorption of Cr(VI) on Ch-Fe.

.4. Kinetic study

From an economic point of view, the contact time between
he sorbate molecules and the sorbent is of significant importance
n wastewater treatment by sorption. The adsorption equilibrium
ime is defined as the time required for a heavy metal concentration
o reach a constant value. The equilibrium time for Cr(VI) adsorp-
ion was 90 min at a constant pH of 4.6, Ch-Fe dosage 2.5 g/L, initial
hromium concentration 600 mg/L and temperature of 25 ◦C. A fur-
her increase in contact time did not show an increase in adsorption.
ifferent equilibrium agitation times are reported in the litera-

ure for the removal of chromium. With the Citrus reticulata waste
iomass the equilibrium agitation time is found to be 6 h [17]. This
ime is 12 h with the thermally activated weed Salvinea cucullata
12], 69 h with the microalga Chorella miniata [15], 10 h with acti-
ated carbon from olive bagasse [11], 60 min with raw rice bran
28], 67 h with activated neem leaves [16], 50 min with chitosan
eads [18] and 120 min with PEI immobilized acrylate magnetic
eads [13]. Therefore, the time needed to reach the equilibrium
epends on several factors such as the type of adsorbent, chromium
oncentration, pH, particle size and stirring speed. Thus the Ch-Fe
resent a time to reach equilibrium much smaller when compared
ith the adsorbents reported above, except for raw rice bran and

hitosan beads.
The order of kinetics adsorbate–adsorbent interactions has been

etermined with two kinetics models [29]. The pseudo-first order
quation is one of the most commonly used for the adsorption of
olute from solution. The model is represented as follows:

n(qeq − qt) = ln qeq − K1t (5)

here K1 (1/min) is the rate constant of pseudo-first order adsorp-
ion and qeq and qt (mg/g) denote the amounts of dye adsorbed at
quilibrium and at time t, respectively.

The pseudo-second order equation based on the adsorption
quilibrium capacity can be expressed as:

t

qt
= 1

K2q2
eq

+ t

qeq
(6)

here K2 (mg/g min) is the rate constant of pseudo-second order
dsorption.
Fig. 5 shows the plots of the pseudo-second order kinetics
odel. The kinetics parameter for Cr(VI) adsorption is given in

able 2. Considering the correlation coefficient (R2) the pseudo-
econd order equation fitted the experimental data well. R2 values
re >0.990 for all temperatures. On the other hand, the R2 val-
Fig. 5. Pseudo-second order kinetics plot for the removal of Cr(VI) (initial Cr(VI)
concentration 600 mg/L; volume of Cr(VI) solution 20 mL; amount of Ch-Fe 25 mg;
temperature 25 ◦C, pH 4.8).

ues for the pseudo-first order equation are very low. Therefore,
these results indicate that the adsorption of Cr(VI) on Ch-Fe follows
pseudo-second order kinetics. The suitability of the second order
rate equation for the present data indicates chemisorption as the
rate controlling step involving a sharing or exchange of electrons
between the adsorbate and the adsorbent [30]. The suitability of
the second order rate equation was reported in the literature for the
removal of chromium for the adsorbents: active carbon from olive
bagasse [11], magnetic beads [13] waste biomass [16] and ther-
mally activated weed [12]. On the other hand, the results found in
this work are different from those reported by Fagundes et al. [22]
for adsorption of As(V) by Ch-Fe.

3.5. Effect of ionic strength

Wastewaters from electroplating industries contain various
types of suspended solids and salts. The presence of ions leads to
high ionic strength, which may significantly affect the performance
of the adsorption process. The adsorption of Cr(VI) from the solution
with a 600.0 mg/L initial concentration decreases from 285 mg/g to
53 mg/g as the ionic strength is increased from 0 M to 1.0 M, Fig. 6.
It is noted that the salt concentration primarily influences Cr(VI)
adsorption. The adverse effect of ionic strength on dye uptake sug-
gests the possibility of ion exchange mechanisms being active in
the adsorption process. According to the surface chemistry theory
developed by Guoy Chapman, when solid adsorbent comes into
contact with sorbate species in solution, the latter is surrounded by
an electrically diffused double layer, the thickness of which is signif-
qe (mg/g) K1 (1/min) R qe (mg/g) K2 (g/mg min) R

25◦ 231 0.016 0.674 22 0.007 0.996
35◦ 77 0.013 0.841 179 0.680 0.990
45◦ 106 0.003 0.729 133 0.015 0.994
55◦ 82 0.009 0.797 109 0.025 0.996
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Fig. 6. Effect of ionic strength on adsorption of Cr(VI) (initial Cr(VI) concentration
600 mg/L; volume of Cr(VI) solution 20 mL; amount of ChFe 25 mg; temperature
25 ◦C; pH 4.8; contact time 60 min).

Table 3
Effect of competing ion on adsorption of Cr(VI); Cr(VI) solution concentration
600 mg/L; volume of Cr(VI) solution 20 mL; amount of ChFe 25 mg; temperature
25 ◦C; pH 4.8; contact time 60 min.

Salt (0.1 M) Cr(VI) mg/g Reduction of adsorption (%)
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librium studies for the sorption of chromium and nickel from aqueous solutions
using raw rice bran, Process. Biochem. 40 (2005) 3485–3490.

[29] Y. Liu, Y.J. Liu, Biosorption isotherms, kinetics and thermodynamics, Sep. Purif.
– 285.0 0
NaCl 168.0 32.8
NaNO3 176.2 29.6
Na2SO4 96.0 66.3

Table 3 shows the inhibition of Cr(VI) adsorption by com-
eting anions. The adsorption capacity is suppressed between
2% and 66%. The molar ratio [ion/Cr(VI)] was kept constant at
0 for all anions. The inhibition by competing ions is clearly
ependent on the anion as well as the valence of anion. The
ffect of anions on chromium adsorption by ChFe followed the
rder Na2SO4 > NaCl > NaNO3. The presence of competing anions
ecreased the chromate adsorption capacity, indicating that chro-
ate adsorption on ChFe is an outer-sphere complex.

. Conclusion

In this study, Ch-Fe was used for absorption of Cr(VI) from
queous solution. The adsorption was dependent on pH and tem-
erature. The pseudo-second order kinetic model could explain
he adsorption process for adsorption of Cr(VI) by Ch-Fe. The
angmuir–Freundlich isotherm model has better correlation with
he experimental data. The maximum uptake of Cr(VI) was
95 mg/g at pH 4.8. Other anions can compete with Cr(VI) by
dsorption site.
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