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a b s t r a c t
The study was aimed at synthesizing films of crosslinked chitosan-terephthaldehyde (CS-TPA) and 
investigating their swelling, adsorption, kinetic, isotherm and thermodynamic properties. Films 
derived from CS-TPA were prepared with different cross-linking rates of 0%, 0.1% and 0.2%. The 
chemical composition of the films was examined using Fourier-transform infrared spectrometry 
to confirm formation of Schiff base. The morphology of films was analyzed by scanning electron 
microscopy. The micrographs showed that the chitosan (CS) films had a homogeneous smooth 
surface while CS-TPA films had cavities which were related to the cross-linking rate. Thermal 
properties were characterized by differential scanning calorimetry analysis where results revealed 
that synthesized films had degradation and glass transition temperatures in agreement with the 
literature. The swelling behavior of the films was examined by varying the cross-linking rate, reac-
tion time, salinity, pH, and temperature. The swelling process of films was found to be endothermic 
and spontaneous and obeyed with a pseudo-second-order kinetic model. The adsorption perfor-
mance of the crosslinked chitosan films was investigated for the removal of hexavalent chromium. 
The maximum adsorption capacity of 60.53 mg g–1 was obtained using terephthaldehyde 0.1%. 
The adsorption data fitted well to the Langmuir isotherm and a pseudo-second-order kinetic 
model. The thermodynamic results indicated that adsorption of chromium onto CS-TPA 0.1% film 
was favorable, spontaneous, and exothermic with high randomness at the solid/liquid interface.
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1. Introduction

One of most serious environmental problems is heavy 
metal pollution of water. Among these pollutants, chromium 
is a widely used heavy metal in the tanning, textiles, elec-
troplating, wood processing and even food industries [1]. In 
the aqueous phase, chromium exists mainly in two forms, 
hexavalent Cr(VI) and trivalent Cr(III). Species of Cr(VI) 

include aqueous forms H2CrO4, HCrO4
–, Cr2O7

2–, CrO4
2–, and 

solid forms CrO3 [2]. Unlike Cr(III), the high solubility of 
Cr(VI) makes it more bio-available and more toxic to plants, 
aquatic organisms and humans [3].

Over the past decades, several chemical and/or biologi-
cal technological methods have been employed for treatment 
of heavy metals. These approaches involve coagulation, 
ion exchange, precipitation, ultrafiltration, reverse osmosis 
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and electrodialysis [4]. However, such techniques have var-
ious drawbacks, including very high reagent and energy 
consumption, expensive installations and equipment, man-
datory monitoring systems and low selectivity. All of which 
translates into high cost. To circumvent these problems, 
adsorption has been applied for removal of Cr(VI) [5].

The development of new natural bio-adsorbents with 
or without modification has aroused great interest partic-
ularly in the case of chitosan (CS) which is an exceptional 
bio-sorbent for chromium [6], and is also a readily avail-
able polyaminosaccharide component of crustacean shells 
[7–9]. Chemically, it is a linear polycationic copolymer of 
2-acetamido-2-deoxy-β-D-glucopyranose and 2-amino-2-de-
oxy-β-D-glucopyranose joined by β(1,4) glycosidic linkages 
obtained by deacetylation of chitin under alkaline condi-
tions [10]. CS is odorless, biodegradable, non-allergenic 
and biocompatible [11–13]. It is antibacterial, renewable, 
non-toxic compound and widely used in biomedical appli-
cations [14,15] also in textiles, in wood products [16] and in 
wastewater treatment [17,18]. Furthermore, CS is a hydro-
philic polymer present as an amorphous solid form soluble 
in acid solutions diluted by protonation of its amine groups 
(pKa = 6.5) at pH below 6 [19]. All these properties make chi-
tosan a fascinating precursor for preparation of films [20].

The technique of separation by evaporation is one of 
most investigated fields for formation of films [21]. Liquid 
separation is controlled by chemical nature, morphology 
of film and experimental conditions of the process [22]. CS 
shows a swelling capacity in contact with aqueous media. 
To improve the mechanical and chemical properties of CS 
films, several studies have examined its modification by 
different methods, such as complexation and cross-linking 
[23]. CS cross-linking with dialdehydes has been subject of 
numerous studies [24,25] where terephthaldehyde (TPA) was 
employed as a crosslinking agent leading to different forms 
of chitosan (beads, films or membranes, gels, or hydrogels).

The aim of the present study was to prepare films of 
crosslinked chitosan-terephthaldehyde (CS-TPA) and then to 
investigate their swelling properties. Effects of cross-linking 
rate, reaction time, salinity, pH and temperature were 
assessed. Moreover, kinetic, and thermodynamic studies 
were carried out to optimize operating conditions for swell-
ing. The second part was focused on assessing the kinetic, 
isotherm and thermodynamic effectiveness of CS-TPA 0.1% 
film in the removal of Cr(VI) from solution.

2. Materials and methods

2.1. Materials

Chitosan, CS was purchased from Sigma-Aldrich and tere-
phthaldehyde was supplied by Riedel-de Haen. Acetic acid, 
sodium hydroxide and potassium dichromate used as a 
source of Cr(VI) ions were supplied by Sigma-Aldrich.

2.2. Preparation of films

Solution of 1% CS in acetic acid 0.17 M was poured 
into kneaded dishes (90/15 mm) and placed in an oven at 
40°C for 36 h. The films thus obtained were removed from 
the mold and then neutralized with 0.1 N NaOH for 2 h, 

washed until neutralization. The resulting films were care-
fully removed and then dried in open air. The films were 
immersed in terephthaldehyde solution (0.1%, 0.2%, 0.4%, 
0.6%) followed by washing with distilled water. The films 
were then dried at 50°C for 24 h and stored in a desiccator.

The cross-linking reaction between chitosan and tere-
phthaldehyde is illustrated in Fig. 1.

Photographs of the CS-TPA films are shown in Fig. 2. 
The prepared films with cross-linking rates 0.4 and 0.6% 
were very fragile and brittle. The current study therefore 
focused on the first three films (Fig. 2a–c).

2.3. Characterization

The Fourier-transform infrared (FTIR) spectra of the  
films were recorded over a frequency range of 400–
4,000 cm–1 using a FTIR spectra Bruker Alpha-P equipped 
with an ATR diamond (without solvent, without KBr). 
Thermal analysis was carried out by a differential scanning 
calorimeter (NETZSCH DSC 214 Polyma), where 10 mg of 
sample was put in crucible with a heating time and rate of 
45 min and 10°C/min, respectively. The morphology of the 
products was determined by scanning electron microscope 
(SEM QUANTA 600). Kinetics adsorption of hexavalent 
chromium onto CS crosslinked were monitored using a 
Shimadzu UV-2401PC spectrophotometer at a wavelength 
λ = 540 nm.

2.3.1. pH at point of zero charge pHpzc

The pH of the medium is one of the parameters that 
impacts the adsorption process since any change in pH 
affects the adsorbent surface. pHpzc is the value of pH at which 
the sorbent surface charge is equal to zero. At pH < pHpzc, 
the adsorbent surface is positively charged whereas at 
pH > pHpzc the surface adopts a negative charge. The pHpzc of 
the crosslinked chitosan film was determined using the pH 
drift salt addition method [8].

2.4. Swelling behavior study

Swelling ability is an important factor in assessing phys-
ical-chemical properties of films, Structural factors influenc-
ing swelling rate are time of reaction, cross-linking rate and 
hydrophily, as well as properties of medium such as pH, 
temperature, and salinity.

The swelling behavior of the synthesized films was fol-
lowed by immersion of 1 cm2 of dry films in distilled water 
at room temperature. Equilibrium swelling ratio of films 
was calculated using the following formula [26].

% swelling �
�

�
w w
w
s d

d

100  (1)

where ws and wd are the weight of the swollen and dry film 
respectively, at different swelling times.

2.5. Adsorption experiments of Cr(VI)

The adsorption efficiencies of Cr(VI) of the crosslinked 
chitosan-based films were investigated by batch adsorption 
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experiments. In each experiment, 1 cm2 of film was immersed 
in 100 mg L–1 of hexavalent chromium solution at neu-
tral pH and room temperature. The amount of adsorbed 
Cr(VI) was calculated by applying Eq. (2):

q
c c
W

Vt
i t�
�  (2)

where qt is amount of Cr(VI) absorbed (mg g–1); ci: ini-
tial Cr(VI) concentration (mg L–1); ct: Cr(VI) concentration 
after sorption (mg L–1); W: mass of film (mg) and V: vol-
ume of solution. Kinetic modeling of hexavalent chromium 
adsorption was fitted with well-known models [27], namely 
pseudo-first-order and pseudo-second-order (Table 1).

2.6. Effect of parameters

The effect of initial hexavalent chromium concentra-
tion of 20, 30, 40 and 50 mg L–1 on its removal by CS-TPA 
film was assessed. These experiments were performed for 

fixed adsorbent surface 1 cm2, aqueous pH at 20°C ± 2°C.
The effect of pH on Cr(VI) efficiency was analyzed at vari-
ous pH values ranging from 2 to 10 at 20°C ± 2°C, 50 mg L–1 
of Cr(VI) and for contact time of 60 min. The effect of solu-
tion temperature on hexavalent chromium adsorption 
was investigated at different temperatures of 20°C, 30°C, 
40°C and 50°C for an initial heavy metal concentration of 
50 mg L–1 and a fixed contact time of 60 min.

2.7. Adsorption isotherms

An adsorption isotherm describes the relationship 
between amount of hexavalent chromium adsorbed by 
adsorbent film (CS-TPA) and concentration of remaining 
hexavalent chromium in solution at constant temperature. 
The adsorption mechanism was studied using most common 
isotherms models: Langmuir and Freundlich. The empirical 
Freundlich isotherm model describes adsorption on hetero-
geneous surfaces while Langmuir isotherm refers to homo-
geneous adsorption where all sites possess equal affinity for 

Fig. 1. Reaction of crosslinking CS-TPA film.
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Fig. 2. Photographs of the synthesized films: (a) CS, (b) CS-TPA 0.1%, (c) CS-TPA 0.2%, (d) CS-TPA 0.4%, and (e) CS-TPA 0.6%.
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adsorbate. Original and linear forms of these two models 
are given in Table 1 in which qe and qt (mg g–1) are sorption 
capacities at equilibrium and at time t, respectively, k1 and 
k2 are rates constants of pseudo-first-order and pseudo- 
second-order models, respectively, Ce (mg L–1) is hexavalent 
chromium concentration at equilibrium, qm (mg g–1) is theo-
retical maximum adsorbed amount, KL (L mg–1) is Langmuir 
constant and KF is Freundlich empirical constant [27].

3. Results and discussion

3.1. Characterization of synthesized crosslinked chitosan films

The FTIR spectra of CS, CS-TPA 0.1% and 0.2% are shown 
in Fig. 3a. The disappearance of the peak at 1,690 cm–1 was 
attributed to the free aldehyde function and a strong peak 
at 1,640 cm–1 relative to the azomethine group CN con-
firmed that cross-linking agent successfully reacted with CS 
and Schiff bases were formed. A broad band was noted at 
3,284 cm–1 corresponding to the overlapped O–H and N–H 
groups. On other hand, the presence of three characteristic 
polysaccharide bands at 1,150, 1,060 and 1,022 cm–1 were 
observed.

Scanning electron microscopy (SEM) images of CS films 
shown in Fig. 3b indicated that CS-TPA 0.2% film exhibited 
many irregularities and a compact porous structure in con-
trast to that of CS-TPA 0.1% which displayed a smooth and 
flat morphology without any cracks. This can be explained 
by covalent bridges caused by CS-TPA junctions, which 
created this arrangement during cross-linking process 
according to previous work.

Thermograms from differential scanning calorimetry 
(DSC) analysis of films are shown in Fig. 3c. Thermograms 
showed three endothermic peaks at 79.7°C, 57.7°C and 
57.2°C of CS, CS-TPA 0.1% and CS-TPA 0.2% respectively, 
related to residual water evaporation. This agreed with 
previous studies [28,29]. Exothermic peaks at 291.0°C, 
289.6°C and 295.5°C correspond to thermal degrada-
tion of CS, CS-TPA 0.1% and CS-TPA 0.2% respectively. 
Several studies have confirmed that degradation precedes 

fusion [28,29]. The dehydration of the saccharide rings and 
main degradation of pure or crosslinked CS film deter-
mined by the enthalpies of decomposition were 87.56, 
41.9 and 68.95 J g–1 of CS, CS-TPA 0.1% and CS-TPA 0.2% 
respectively. Concerning glass transition temperature (Tg) 
of chitosan and derivatives, many findings reported differ-
ent Tg values of 140°C, 183°C to 203°C [28,29]. In our case 
it was observed at around 150°C (Fig. 3c). For crosslinked 
CS, an increase in Tg was probably related to the effects of 
cross-linking which reduces mobility of chains.

3.2. Swelling properties

As shown in Fig. 4a, the swelling ratios of the prepared 
films increased rapidly during the first 10 min. This obser-
vation can be explained by a sponge effect exerted on first 
contact with water and then decreasing until establishment 
of an equilibrium state. This was 1 h in the current case. 
The swelling ratios were evaluated at 400%, 300% and 
200% for CS, CS-TPA 0.1% and CS-TPA 0.2% respectively. 
This decrease in swelling rate is explained by the effect 
of cross-linking and cross-linking rate which increase the 
number of nodes in the network chain leading to a slow-
down in water penetration and consequently the swelling 
ability was reduced. The chitosan film after its cross- 
linking thus becomes less hydrophilic. These trends agree 
with those reported by several authors who confirmed that 
swelling of crosslinked films depends on cross-linking rate 
as well as on the nature of the cross-linking agent [30–32]. 
Fig. 4b describes the swelling behavior of the three films 
at various temperatures 25°C, 40°C and 60°C at pH = 7. 
It was observed that an increase in temperature led to an 
increase in swelling rate due presumably to dissociation of 
hydrogen bonds between amino groups in the CS chain. 
This allowed for a relaxation of polymer chain and as 
result more water molecules were able to come inside the 
network [30].

A decrease in degree of swelling with increase in pH was 
observed (Fig. 4c). This meant that high swelling capacity is 

Table 1
Models for kinetic and isotherm studies

Models Equations Linear forms

Kinetic models

Pseudo-first-order
dq
dt

k q qe
e t= −( )1 ln lnq q q k te t e−( ) − − 1 (3)

Pseudo-second-order
dq
dt

k q qe
e t� �� �2

2 t
q k q

t
qt e e

� �
1

2
2 (4)

Isotherm models

Langmuir q
q K C
K Ce

m L e

L e

=
+1

C
q K q

C
q

e

e L m

e

m

= +
1

(5)

Freundlich q K Ce F e
n= 1/ ln ln lnq K

n
Ce F e= +

1
(6)
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obtained in acidic environments and is in line with results 
found by Li et al. [33] when investigating the swelling and 
mechanical properties of chitosan/GPTMS hydrogel films. 
CS is a weak polybase, therefore, in a low pH solution, CS 

amine functions are protonated which increases the elec-
trostatic repulsions in the polymer network leading to the 
extension of the chain. This facilitates the penetration of more 
water molecules inside the network which results in a strong 
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swelling of the film. As pH increases, the degree of ionization 
of CS decreases and therefore, structure becomes more com-
pact and lower swelling is observed.

The effect of salinity on swelling rate was investigated 
using KCl, KBr and KI salts at various concentrations 
(0.005, 0.01, 0.05, 0.1 M). As seen in Fig. 4d, a decrease in 
swelling ability was recorded with increasing concentra-
tions of salt solutions. Indeed, at higher concentrations of 
NaCl solution, the osmotic pressure of the external solu-
tion increases, consequently the osmotic pressure differ-
ence between the external solution and the film decreases 
which makes it difficult for water molecules to penetrate 
the inner of the film. It was also noted that increasing 
radius of anion results in lower swelling. Therefore, the 
swelling behavior of the films CS and CS-TPA 0.2% in 
salt solutions can be classified in the following decreas-
ing order KCl > KBr > KI. However, a change in swelling 
behavior of CS-TPA 0.1% was observed, the film showed 
highest values of swelling in KBr solutions. Similar results 
were obtained by Gierszewska and Ostrowska-Czubenko 
[33] when studying the swelling of chitosan membranes 
crosslinked by pentasodium tripolyphosphate (TPP) 
in various saline solutions at different concentrations. 
Additionally, the swelling decreased with crosslinker 
contents in salt solutions as in aqueous media. Similar 
trends have been reported in previous studied [33,34].

3.3. Kinetic and thermodynamic analysis of swelling

Kinetics were studied using pseudo-first-order and 
pseudo- second-order models, represented by Eqs. (7) and 
(8), respectively [30].

ln lnS S S k te t e−( ) = − 1  (7)

t
S S

t
Skt e e

� �
1

2
2  (8)

where Se and St are quantity of water absorbed by films at 
equilibrium and at time t respectively. k1 and k2 are pseudo- 
first-order and pseudo-second-order absorption rate con-
stants, respectively. The results obtained in Fig. 4e show a 

good coefficient of correlation with a pseudo-second kinetic 
order.

A thermodynamic study (Fig. 4f) made it possible 
to determine experimentally the parameters: Gibbs free 
energy ΔG, enthalpy ΔH and entropy ΔS using Van’t Hoff 
expression, with the help of Eqs. (9) and (10) given:

ln k S
R

H
RT0 = −

∆ ∆  (9)

∆ ∆ ∆G H T S= −  (10)

where absorption equilibrium constant k0 was determined 
from the amount of solvent absorbed per unit mass of films 
satisfies Van’t Hoff equation [37]. Values of thermodynamic 
parameters are summarized in Table 2. ΔH values were pos-
itive for the three films indicating an exothermic Henry’s 
process, which proceeds by creating new sites or pores in 
polymer. Positive ΔS values confirmed randomness at the 
solvent-film interface and negative values of ΔG showed that 
the swelling process was spontaneous.

3.4. Adsorption potential of synthesized films

The effect of the crosslinker concentration on the abil-
ity of chitosan films to remove Cr(VI) is shown in Fig. 5a. 
Adsorption of Cr(VI) onto CS-TPA 0.1% was rapid at first 
and reached equilibrium after 60 min. The adsorption capac-
ity was estimated at 53 mg g–1 for CS-TPA 0.1% which was 
significantly higher than that of CS-TPA 0.2% at 33 mg g–1. 
This difference was probably due to the more porous struc-
ture of CS-TPA 0.1%. So, for the further tests the CS-TPA 
0.1% film was selected. It was also noted that the equilib-
rium time was independent of Cr(VI) initial concentration. 
This result was verified by others [35–37].

Fig. 5b reveals that the amount of hexavalent chromium 
adsorbed at equilibrium increases with an increase in initial 
Cr(VI) concentration. This behavior was attributed to the fact 
that with increasing initial Cr(VI) concentration, the differ-
ence in Cr(VI) concentration between the external solution 
and the adsorbent film increased. This favored the mass 
transfer between the liquid and solid phases and migration 

Table 2
Kinetic and thermodynamic parameters of swelling process of the prepared films

Films
Kinetic data pseudo-second-order Thermodynamic parameters

k2·103 (g mg–1 min–1) Se·10–2 (g g–1) R2 T ΔH (kJ mol–1) ΔS (J K–1 mol–1) ΔG (kJ mol–1)

CS 0.6 4.03 0.9992 298 –22.098 79.31 –1.537
313 –2.726
333 –4.312

CS-TPA 0.1% 0.4 2.91 0.9996 298 –21.327 75.57 –1.193
313 –2.326
333 –3.838

CS-TPA 0.2% 1.18 2.13 0.9999 298 –20.66 72.121 –0.832
313 –1.914
333 –3.356
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of Cr(VI) ions to the surface of film and as a result the adsorp-
tion process improved [35].

The equations of pseudo-first-order as well as second 
were applied to determine the kinetic order of adsorption 
(Fig. 5c and d). The corresponding kinetic parameters are 
regrouped in Table 3.

Based on the correlation coefficient (R2) values (0.9994, 
0.9568 for pseudo-second-order, pseudo-first-order respec-
tively), it was clear that adsorption of Cr(VI) on the cross-
linked chitosan film was best fitted the pseudo-second-order 
model. In addition, the qe value of the pseudo-second-order 
model was 54.615 mg g–1, clearly closer to the experimen-
tal value. These findings suggested that the limiting step 
of Cr(VI) adsorption onto the synthesized film involves 
chemisorptions with the establishment of a strong electronic 
bond between chromium ions and the functional surface 
sites [38].

The increase in adsorption capacity at low pH could 
be explained by protonation of free amine groups in the 
films increasing electrostatic attractions with negatively 
charged aqueous forms ions HCrO4

–, Cr2O7
2–, CrO4

2–. The 
surface charge of adsorbent, pHpzc of CS-TPA 0.1% film 
was approximately 6.5 (Fig. 3d). Below this value, the film 
surface was positively charged, and anionic adsorption of 
Cr(VI) occurred easily. Towards a neutral pH (i.e., 6→7), 
adsorption is a more complex process, and another mecha-
nism could be involved, such as hydrophobic interactions, 
hydrogen bonds (film/Cr(VI)) and hydroxyl groups. This 
has also been observed at alkaline pH because the amino 
groups of the polymer are non-protonated. The optimal 
value for the adsorption of Cr(VI) by CS-TPA 0.1% films 
was found to be pH 4. As pH increased, adsorption capac-
ity decreased due to the excess of OH– ions competing with 
negative charge of anionic aqueous forms HCrO4

–, Cr2O7
2–, 

CrO4
2– to access the adsorption sites. At a pH above pHpzc, 

the film surface has a negative charge leading to electro-
static repulsions between negative aqueous species and 
negatively charged film, resulting in a decrease in absorp-
tion of hexavalent chromium [40].

The absorption capacity of crosslinked films tested at 
20°C, 30°C, 40°C and 50°C decreased with increasing solu-
tion temperature (Fig. 6a). This implied an exothermic pro-
cess. It can be argued that the behavior could be attributed 
to shrinkage or/and alteration of active sites on the sur-
face of the film at high temperature. As a result, the active 
adsorbent surface is reduced, and the adsorption efficiency 
declines. Also, the greater mobility of ions at high tempera-
ture strongly affects the probability of collision between 
metal ions and adsorbent sites and is in accordance with 
conclusions from previous studies [41].

The graph of lnk0 as a function of 1/T, showed in Fig. 6b, 
allowed to calculate the enthalpy change and the entropy 
change. The calculated thermodynamic data are sum-
marized in Table 3 and indicated the spontaneity of the 
Cr(VI) adsorption process on crosslinked chitosan films 
0.1% (ΔG negative). The absolute value of ΔG° increased 
with temperature confirming that the spontaneous nature 
of the adsorption process increased with rising tempera-
ture. The negative values of ΔH demonstrated that the 
adsorption of chromium hexavalent on CS-TPA 0.1% films 
obtained by covalent cross-linking is of an exothermic 
nature and that the positive values of ΔS reveal an increase 
in randomness at the solid-solution interface.

The equilibrium data adjusted with Langmuir isotherm 
model are shown in Fig. 6c by plotting Ce/qe as a function of 
Ce. The values qmax and KL can be obtained from intersections 
and slopes. As it appears in Table 4, for crosslinked film 
CS-TPA 0.1%, the ratio Ce/qe against Ce shows an approximate 

Table 3
Kinetic and thermodynamic parameters for Cr(VI) adsorption on CS-TPA 0.1% film

Film
Cr(VI) 
(ppm) pH

Kinetic parameters Thermodynamic parameters

Pseudo-second-order Pseudo-first-order

R2 = 0.988R2 = 0.9994 R2 = 0.9568

k2·103 qe k1·102 qe ΔH ΔS ΔG

(g mg–1 min–1) (mg g–1) (mn–1) (mg g–1) T (K) (kJ mol–1) (J K–1 mol–1) (kJ mol–1)

CS-TPA 0.1% 50 4 3.786 54.615 2.573 19.29

293

–2.091 7.161

–4.189
303 –4.26

318 –4.368

328 –4.439

Table 4
Isotherm parameters for Cr(VI) adsorption on CS-TPA 0.1% film

Film Freundlich isotherm Langmuir isotherm

n KF (mg1–1/n L1/n g–1) R2 qmax (mg g–1) KL (L mg–1) R2 RL

CS-TPA 0.1% 4.00 16.50 0.974 60.53 0.094 0.996 0.175
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linear relationship with a coefficient of determination 
(R2 = 0.996). For the Freundlich model (Fig. 6d), factors KF 
and 1/n were calculated from a curve of lnqe against lnCe, 
which gives an acceptable linear relationship with the R2 of 
0.974.

Thus, according to the isotherm analysis, adsorp-
tion of Cr(VI) on CS-TPA 0.1% films could be effectively 

simulated with the Langmuir isotherm model. The highest 
Langmuir’s parameter value RL was estimated at 0.175 which 
is less than 1 indicating a favorable adsorption [42].

The Langmuir’s maximum adsorption capacity of 
Cr(VI) by CS-TPA 0.1% films was assessed to 60.53 mg g–1. 
It can therefore be deduced that the adsorption of Cr(VI) 
on CS-TPA 0.1% films is a mono-layer physical adsorption 
which takes place onto a homogeneous surface. Table 5 sum-
marizes the adsorption capacities (Langmuir’s qm) of modi-
fied chitosan materials against hexavalent chromium.

4. Conclusions

The present work has demonstrated that it is pos-
sible to synthesize adsorption films based on chitosan 
and crosslinked chitosan for removal of heavy metal pol-
lutants. FTIR, SEM and DSC techniques confirmed the 
appearance of imine functions and the disappearance of 
aldehyde groups in crosslinked chitosan. The films exhib-
ited sensitivity to variations in pH, temperature, and 
salinity. Investigation of the swelling behavior of mate-
rials revealed that swelling capacity of crosslinked chi-
tosan was considerably less than that of non crosslinked 

Table 5
Comparison of adsorption capacities between CS-TPA 0.1% and 
other CS-based materials

CS biomaterials q (mg g–1) References

CS-Sodium dodecyl sulfate 09.5 [5]
CS-Activated carbon 24.4 [35]
CS-Nanoparticles Fe2O3 47.576 [36]
CS-Graphite binary composite 105.6 [37]
CS-Glutaraldehyde-coated bentonite 106.44 [38]
CS-Bentonite 89.13 [39]
CS-N,N’-Methylenebisacrylamide 149 [43]
CS-Terephthalaldehyde crosslinked 60.53 This study
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Fig. 6. (a) Effect of temperature on Cr(VI) removal by CS-TPA 0.1% film, (b) plot of logKeq vs. 1/T, isotherms modeling, (c) Langmuir 
isotherm and (d) Freundlich isotherm.
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chitosan CS (400%, 300% and 200% for CS, CS-TPA 0.1% 
and CS-TPA 0.2%, respectively). The swelling behavior 
was pseudo-second-order. The performance of the syn-
thesized films for hexavalent chromium removal was 
demonstrated. The results emphasized the effect of cross-
linking on the efficiency of chitosan to remove Cr(VI) and 
the adsorption process was found to follow a pseudo-sec-
ond-order kinetic model with a high correlation coeffi-
cient. Thermodynamic analysis revealed that adsorption 
of Cr(VI) onto CS-TPA 0.1% was spontaneous, exothermic 
with high randomness at solid/liquid interface during 
adsorption. The Langmuir’s adsorption capacity of Cr(VI) 
by CS-TPA 0.1% film was found to be 60.53 mg g–1.

In closing, the great potential of the synthesized cross-
linked chitosan-based films for removal of hexavalent chro-
mium was shown. Further investigations are required for 
evaluating the performance of the films under dynamic 
conditions.
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