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a b s t r a c t
In this study, chitin (CH), chitosan (CS) and epichlorohydrin cross-linked chitosan beads were 
applied to remove Congo red (CR) from an aqueous medium. The same materials were used for 
olive mill wastewater treatment as industrial reject. First, the cross-linked chitosan was synthesized 
by the homogeneous reaction of chitosan with epichlorohydrin in an acid solution. Then, it was 
characterized by attenuated total reflection–Fourier-transform infrared spectroscopy (ATR-FTIR), 
thermogravimetric analysis (TGA, DTGA) and scanning electron microscopy. The dye (CR) removal 
was analyzed by kinetics, equilibrium and thermodynamic studies. Subsequently, the three mate-
rials were tested for olive mill wastewater purification as an innovative method, which presents 
the originality of our work. The adsorption isotherms indicate that the Congo red adsorption was 
well fitted by the Langmuir isotherm equation under the studied concentrations by comparing 
the linear correlation to the non-linear parameters. Moreover, thermodynamic parameters showed 
that the adsorption was exothermic and spontaneous. The ATR-FTIR indicated the adsorption of 
phenolic compounds on chitosan and epichlorohydrin cross-linked chitosan was a chemical reac-
tion. The performed experiments showed that epichlorohydrin cross-linked chitosan has high 
adsorption of Congo red and it can be used as potential material for olive mill wastewater treatment.
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1. Introduction

Major water pollution can be caused by heavy metals 
due to rapid industrialization, urbanization and routine 
activities [1,2]. In our days, heavy metals are one of the 
inorganic compounds which present the major substrates 
of wastewater [3,4]. In addition to the water pollution by 

heavy metals, the water contamination level was increased 
due to the presence of organic pollutants such as dyes. 
Synthetic dyes are one of the major causes of water pol-
lution. They result from discharging the wastes of textile 
dyeing, printing, plastics, etc. [5,6]. In fact, many dyes and 
pigments contain aromatic rings in their structures, which 
makes them toxic for human health and aquatic systems [7].  
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They cannot be easily removed because of their higher 
resistance to bio-degradation in the aquatic medium [8]. 
Among them, Congo red, disodium-3,3ʹ-([1,1ʹ-biphenyl]-
4,4ʹ-diyl)bis(4-aminonaphthalene-1-sulfonic acid) is a 
benzidine-based anionic biazo dye known as a human 
carcinogen affecting health and environment [9]. It causes 
many health diseases including eye and skin problems, gas-
trointestinal irritation, vomiting, diarrhea and nausea to 
humans and animals [10] as well as a low lethal concentra-
tion (LC50 < 63 mg/L) of some organisms [11].

In recent years, a range of conventional treatment 
technologies for the removal of Congo red, such as film 
[12], membrane [13], photo-degradation process [14] and 
adsorption [15] have been extensively investigated. On the 
other hand, olive oil production is one of the most tradi-
tional agricultural industries with a great economic impor-
tance in most of the Mediterranean countries [16]. Tunisia 
is one of the first countries that release the exponentially- 
growing amount of olive mill wastewater (OMW) [16]. The 
annual production of OMW worldwide was estimated to 
be over 20 million m3 [17], which represents a huge envi-
ronmental problem. The OMW is characterized by the 
high concentrations of several organic compounds, such 
as organic acids, sugars, tannins and phenolic compounds 
(up to 10 g L–1) [17] such as hydroxytyrosol which is the 
most abundant phenolic compound in OMW. This waste is 
one of the most harmful effluents produced by agro-food 
industries because of its high polluting load and high tox-
icity to the whole ecosystem (plants, aquatic organisms and 
air) [16,18]. In this case, technologies for the purification of 
OMW and the recovery of polyphenols have been devel-
oped in recent years using adsorption [19], ultrafiltration 
membrane [20,21] and liquid–liquid extraction [22]. The 
adsorption process provides an attractive alternative treat-
ment, especially if the adsorbent is inexpensive and readily 
available for dye removal and OMW treatment. Chitosan, 
a derivative biopolymer obtained from the deacetylation 
of chitin, is a natural and abundant biopolymer occurring 
from the exoskeletons of insects, crustaceans shells and 
fungi cellular walls. Recently, chitosan, used as an adsor-
bent, has drawn the attention of scientists and researchers 
due to its high contents of amino and elevated nitrogen 
content showing high potential for the adsorption of dyes 
and OMW treatment resulting from its high selectivity 
and reactivity towards the pollutants removal [23,24]. 
Nonetheless, to increase chitosan’s adsorbent capacity, the 
chemical composition of chitosan can be easily modified 
because of the presence of hydroxyl and amino functional 
groups. Chitosan derivatives are viewed as one of the most 
employed adsorbents for the retention of toxic dyes and 
OMW treatment. Numerous chitin and chitosan-based 
products, namely chitin-clay microspheres [25], lignin [26], 
chitosan–polyethylenimine [27], 2,3-dialdehyde cellulose 
[28] and L-monoguluronic acid [29], were prepared by 
graft copolymerization to enlarge this chitin and chitosan 
functionality and their application for dyes removal and 
OMW purification. Herein, cross-linked chitosan with epi-
chlorohydrin was synthesized by a one-step method. The 
as-prepared powder was characterized for the adsorption 
of Congo red from water using adsorption kinetics and iso-
therms, compared to chitin and chitosan as biopolymers, 

after employing this chitosan derivative for OMW treatment 
as an industrial reject. The kinetics of phenolic compounds 
adsorption on chitin (CH), chitosan (CS) and chitosan–epi-
chlorohydrin (CS-ECH) was investigated and followed 
by desorption studies. The results of CS-ECH were very 
encouraging, exhibiting high adsorption percentages of 
Congo red removal and olive mill wastewater purification.

2. Experimental

2.1. Materials

Chitin (CH, Fig. 1a) powder was extracted in our labora-
tory from yellow lobster wastes (kindly supplied by Antartic 
Seafood S.A., Chile). Chitosan powder (CS, Fig. 1b, degree 
of deacetylation of 98% and viscosity-average molecular 
weight of 500,000) was supplied by Mahtani Chitosan Pvt. 
Ltd., India. Epichlorohydrin (Sigma-Aldrich, 99%, France), 
acetic acid (Ph. Eur. reagent >99.5%), acetone (Sigma-
Aldrich, >99%, France), sodium hydroxide (NaOH, reagent 
grade, ≥98%, pellets (anhydrous)), hydrochloric acid (HCl, 
ACS reagent, 37%), gallic acid (ACS reagent, ≥97.5%), Folin 
& Ciocalteu’s Reagent (Sigma-Aldrich, France), sodium 
bicarbonates (Sigma-Aldrich, France), Congo red (Sigma-
Aldrich, >85%, France). All reagents were used as received 
without further purification. Olive mill wastewater was col-
lected from a unit of olive oil extraction located in Tunisia, 
and stored in a plastic container in a refrigerator at 4°C.

2.2. Preparation of chitosan–epichlorohydrin bead

2.0 g of chitosan powder was dissolved in 70 mL of a 
1.0% aqueous solution of acetic acid under constant stir-
ring. Then, 2.0 mL of epichlorohydrin were added to a solu-
tion of chitosan and the pH of this mixture was adjusted 
to 9.0 with a well-defined amount of NaOH. After this 
reaction, the mixture was kept under stirring for 20 h. The 
pH of this mixture was adjusted to 7.0 with dilute HCl. 
Subsequently, the solid was filtered and washed with water 
and acetone [30,31]. Then, the gel was dried at 50°C to 
obtain the CS-ECH powder (Fig. 1c).

2.3. Characterization of the cross-linked chitosan (ECH-
chitosan): attenuated total reflection–Fourier-transform infrared 
spectroscopy, thermal and scanning electron microscopy analysis

Attenuated total reflection–Fourier-transform infra-
red spectroscopy (ATR-FTIR) spectra were recorded on a 
Nicolet Nexus 670 (United States) equipped with a KRS-5 
crystal of refractive index 2.4 and using an incidence 
angle of 45°. The spectra were taken in a transmittance 
mode in the wavenumber range of 750–4,000 cm–1, with a 
resolution of 4 cm–1 and after 128 scan accumulations.

Thermogravimetric analysis was carried out using a 
thermogravimetric analysis TGA/SDTA 851 Mettler-Toledo 
instrument (TGA, Switzerland). The scanning rate about 
10°C min–1, from room temperature to 900°C under nitro-
gen atmosphere (20 mL min–1) using around 5 mg of each 
sample.

Scanning electron microscopy images were obtained 
with a scanning electron microscope JEOL JSM-6400F 
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(Akishima, Tokyo, Japan) with field emission cathode, 
a lateral resolution of 10–11 Å at 20 kV.

2.4. Congo red adsorption test and olive mill wastewater treatment

2.4.1. Adsorption experiments of Congo red

A stock solution of 1.0 g L–1 was prepared in distilled 
water. Different concentrations were obtained by succes-
sive dilutions until reaching the desired concentrations 
ranging from 20 to 50 mg L–1. The adsorption of Congo 
red on chitin, chitosan and chitosan–epichlorohydrin was 
performed by continuous stirring for varying time in dif-
ferent beakers, using 0.2 g of the adsorbents with 100 mL 
of different Congo red concentrations. The supernatant 
was centrifuged for 2.0 min. Afterwards, it was filtered 
and analyzed by UV-Visible spectrophotometry at a wave-
length of 497 nm [32]. The Congo red adsorption capacity at 
equilibrium (qe) was then calculated using Eq. (1). The dye 
removal efficiency (R) was obtained applying Eq. (2) [33].

q
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×0  (1)

R
C C
C

e=
−

×0

0

100  (2)

where qe is the amount of Congo red adsorbed on the adsor-
bents at equilibrium (mg g–1), C0 and Ce are the initial and 
the equilibrium concentration of Congo red in the solution, 
respectively (mg L–1), M denotes the weight of adsorbents (g) 
and V (L) represents the volume of Congo red solution.

2.4.2. Adsorption experiments of the total phenolic compounds

Fig. 2 shows the different steps of OMW treatment. 
The first step consists of filtering the collected olive mill 
wastewater. Then, the obtained solution of OMW was 

maintained in contact with the different adsorbents 
(0.3 g of the adsorbent) and was added to 10 mL of OMW. 
The mixture was later stirred at 300 rpm for 30 min at room 
temperature (22°C) using a magnetic stirrer. After centrifu-
gation, in the resulting aqueous phase (treated OMW), the 
total phenolic compounds were analyzed by UV-visible 
spectrophotometry at 760 nm [19]. A series of gallic acid 
solutions (60, 120, 180, 240 and 300 mg L–1) were prepared 
and employed to establish the calibration curve. UV-visible 
measurements were carried out as follows: Aliquots of gal-
lic acid solutions (100 μL) were mixed with 6 mL of distilled 
water, 500 μL of Folin & Ciocalteu’s Reagent and 1.5 mL of 
Na2CO3 (20% in water). These solutions were subsequently 
adjusted to 10 mL with distilled water and stirred vigor-
ously after 2 h of incubation [19]. For olive mill wastewater 
treatment, the adsorption efficiency (%A) was calculated 
using Eq. (3) where C0 and Ce are the initial and equilibrium 
concentrations of phenolic compounds (mg L–1), respectively.
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C
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0

100  (3)

The regeneration of the different adsorbents was also 
investigated using sodium hydroxide to regenerate pow-
der after Congo red adsorption and the acidified ethanol 
as eluent after OMW treatment. The samples of chitin, chi-
tosan and chitosan–epichlorohydrin loaded Congo red 
(50 mg L–1) after contact time (120 min) were eluted using 
20 mL of sodium hydroxide. After OMW treatment, these 
specimens were eluted using 20 mL of acidified ethanol 
(ETOH-HCl) as desorbing agent [19].

2.4.3. Effect of the different parameters of the adsorption 
process (i e., pH, temperature, initial concentration) and 
isotherms of adsorption

The pH evaluation was performed as follows: a volume 
of 100 mL of the Congo red solution (50 mg L–1) was stirred 
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Fig. 1. Chemical structure of: chitin (a), chitosan (b), and schematic synthesis of CS-ECH (n: numbers of monomeric units of 
chitosan) (c).
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for 2 h with 0.2 g of each adsorbent. The pH of the dye solu-
tions varied from 5 to 12 using sodium hydroxide NaOH 
(0.1 M) and hydrochloric acid HCl (0.1 M).

The effect of temperature on the adsorption of Congo 
red was studied using the same solid/liquid ratio and 
the same Congo red concentration for each adsorbent. 
The adsorption experiments were carried out without 
adjusting the pH and the temperature was controlled by 
thermometer reading.

To demonstrate the effect of dye concentration on 
adsorption, experiments were carried out at different dye 
concentrations ranging from 20 to 50 mg L–1, 0.2 g of each 
adsorbent and each concentration of Congo red solution 
was stirred for a period of time equal to 120 min.

The effect of the initial mass of each adsorbent was 
investigated at the same pH in the Congo red solutions, at 
room temperature, at a constant speed and at an initial con-
centration of 50 mg L–1. The employed adsorbent masses 
were 0, 0.05, 0.1 and 0.2 g.

The adsorption isotherm is the ratio between the con-
centration in the liquid phase and the amount of Congo 
red adsorbed by the adsorbents. In our study, adsorp-
tion equilibrium was achieved in concentrations ranging 
from 20 to 50 mg L–1 with a mass of 0.2 g for each material. 
The colored solutions were stirred with a constant stirring 
speed and at room temperature.

3. Results and discussion

3.1. Characterization of chitosan–epichlorohydrin

ATR-FTIR spectra of chitosan and the cross-linked chi-
tosan (CS-ECH) are given in Fig. 3a. As displayed in this 
figure, the two materials presented the main FTIR bands 
corresponding to the vibrations of the different groups. 
The two ATR-FTIR spectra, showing the existence of a 
wide-band between 3,360 and 3,280 cm–1, correspond-
ing to the –OH and –NH2 elongation vibrations. Peaks at 
1,150 and 1,065 cm–1 can be attributed to the vibrations 
of elongations of C–N and C–O [30]. Two characteristic 
bands, related to the elongation vibrations of the –CH2 
and –CH groups in the epichlorohydrin, emerge at 2,920 
and 2,870 cm–1. The deformation vibration band appear-
ing on the two spectra at 1,648 cm–1 is due to the presence 
of the NH of the primary amine. A vibrational elongation 
band for the C=O bond of the amide secondary is also 
observed around 1,588 cm–1. The band located at 1,375 cm–1 
is assigned to the deformation of the CH in the CH3 group 
of the acetamide group present in a small proportion in the 
polymer chain (chitosan is not completely deacetylated) [30].

Fig. 3b shows the TGA and DTGA curves of chitosan 
(CS) and the cross-linked chitosan (CS-ECH). Thermo-
gravimetric data demonstrates that the decomposition took 
place in the two stages of CS and CS-ECH. In the first step, 

Fig. 2. Different steps of olive mill wastewater treatment (OMW) with chitin, chitosan and chitosan-ECH.
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it was due to the loss of water in both polymers. The sec-
ond step corresponds to the decomposition of the material 
itself because it is a complex process including deacetylation 
and depolymerization decomposition of monomeric units. 
The comparison of the thermograms for the two adsorbents 
reveals that the modified chitosan decomposes at higher 
temperatures, compared to pure chitosan, which shows an 
increase in thermal stability because of the structural modi-
fication caused by the cross-linking with epichlorohydrin.

The scanning electron microscopy (SEM) photograph 
of chitosan (CS) and the cross-linked chitosan (CS-ECH) 
are represented in Figs. 3c and d. It can be observed, from 
these figures, that the cross-linked chitosan has a smoother 
surface than chitosan. This morphological change is also 
in an evidence for the cross-linking of chitosan with 
epichlorohydrin.

3.2. Adsorption kinetics (effect of the contact time)

Figs. 4a–c depict the effect of contact time for Congo 
red removal by the three adsorbents (chitin, chitosan and 

chitosan–epichlorohydrin), respectively. Obviously, these 
materials show the same behavior for all the studied 
concentrations. This behavior is characterized, in the first 
minutes of adsorption, by the increase of the adsorption 
capacities which remains almost constant to the equilibrium 
time for the Congo red removal. Based on these results, it 
can be concluded that kinetics presents two distinct stages 
[34]. The fast step corresponds to the external mass trans-
fer, while the slow stage refers to the diffusion phenome-
non. In fact, the kinetics of adsorption is rapid during the 
first minutes of the reaction of Congo red, which can be 
interpreted by the fact that, at the beginning of adsorp-
tion, the number of active sites available on the surface of 
the adsorbents rises [35]. In addition, the increase in the 
initial dye concentration leads to the augmentation of the 
adsorption capacity resulting from the rise of the driving 
force of the concentration gradient which favors intrapar-
ticle diffusion [35,36]. Furthermore, an increase in the con-
centration gradient causes a rapid diffusion of the dye. The 
above-listed figures show also that the adsorption equilib-
rium is reached in the first 10 min for the CS-ECH with a 

(a) (c)

(b) (d)

Fig. 3. ATR-FTIR spectra (a), thermal analysis (TGA and DTGA (b)) and SEM analysis (c and d) of CS and CS-ECH.
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high adsorption amount of 24.5 mg g–1 for a concentration 
of 50 mg L–1. However, under the same concentrations of 
Congo red, the equilibrium time is about 60 min for chi-
tin and chitosan. Moreover, the adsorption efficiency of 
the dye by CS-ECH is much greater compared to that of 
chitin and chitosan, while the percent of removal is 31.3%, 
90.2% and 98% for CH, CS and CS-ECH respectively.

To evaluate the adsorption kinetics of Congo red 
(CR) by chitin, chitosan and chitosan–epichlorohydrin, 
three kinetic models were applied to the experimental data: 

The pseudo-first-order model, pseudo-second-order model 
and intraparticle diffusion model. The first model can be 
expressed as follows [Eq. (4)] [37]:

log logq q q
K

te t e−( ) = − 1

2 203,
 (4)

where qt (mg g–1) is the adsorption capacity at time (t); 
qe (mg g–1) denotes the adsorption capacity at equilibrium 
and the constant K1 (min–1) designates the pseudo-first-order 

(a) (b)

(c) (d)

Fig. 4. Effect of contact time on the adsorption of Congo red onto CH (a), CS (b) and CS-ECH (c) at different concentrations of Congo 
red (20, 30, 40 and 50 mg L–1) at 22°C using 0.2 g of each adsorbent; effect of contact time on the adsorption of the total phenolic 
compounds on CH, CS and CS-ECH (d).
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kinetic model. The linear variation of the curve log (qe – qt) vs. 
time (t) (Figs. S1a–c) allows calculating the value of the con-
stants K1 and qe for (CR) adsorption on chitin, chitosan and 
the cross-linked chitosan, respectively.

The equation of the model pseudo-second-order is 
written below [Eq. (5)] [38]:

t
q k q q

t
t e e

= +
1 1

2
2  (5)

The plot of (t/qt) vs. (t) permits determining the val-
ues of K2 and qe for (CR) adsorption on chitin, chitosan 
and the cross-linked chitosan, respectively. The data was 
then fitted to a pseudo-second-order kinetic model based 
on Figs. S1d–f. The kinetics parameters and the correla-
tion coefficients are summarized in Table 1. The linear fit 
between the t/qt vs. contact time (t) and the calculated cor-
relation (R2) > 0.99 for pseudo-second-order kinetic model 
show that the removal process using chitin, chitosan and 
chitosan–epichlorohydrin follows the pseudo-second- order 
kinetic model. In addition, the experimental adsorption 

capacity at equilibrium (qe,exp) values fitted well with those 
calculated (qe,cal). However, the correlation coefficient (R2) 
of the pseudo-first-order model is in the range of 0.9 and 
the calculated values (qe,cal) and the experimental ones (qe,exp) 
are not coherent. This kinetic model cannot be employed 
to describe the adsorption process (Table 1) for Congo red 
removal by chitin, chitosan and chitosan–epichlorohydrin.

To further investigate the diffusion mechanism between 
Congo red and the adsorbents (CH, CS and CS-ECH), the 
intraparticle diffusion model (Weber–Morris model) was 
applied [39]. The linear equation of Weber–Morris model 
is expressed as follows:

q k t Ct p= +1 2/  (6)

where kp (mg g–1 min–1/2) is the intraparticle diffusion rate 
constant and C (mg g–1) represents a constant related to 
the thickness of the boundary layer. According to Eq. (6), 
a plot of qt vs. t1/2 should be a straight line with a slope kp 
and intercept C when the adsorption mechanism complied 
with the intraparticle diffusion process. The experimental 

Table 1
Parameters of the pseudo-first-order and the pseudo-second-order model for the Congo red adsorption on CH, CS and CS-ECH

Model Materials Parameters

Pseudo-second-order

C0 (mg L–1) qe,cal (mg g–1) qe,exp (mg g–1) K2 (g mg–1 min–1) R2

Chitin

a 5.58 4.32 0.005 0.99
b 7.84 5.80 0.005 0.97
c 8.48 6.70 0.007 0.96
d 8.37 7.82 0.017 0.99

Chitosan

a 9.69 9.01 0.011 0.99
b 16.31 13.95 0.004 0.99
c 23.25 18.42 0.002 0.98
d 28.24 22.50 0.001 0.99

Chitosan-ECH

a 9.95 9.94 0.147 0.99
b 14.83 14.84 0.179 0.99
c 19.92 19.75 0.048 0.99
d 24.57 24.50 0.200 0.99

Pseudo-first-order

C0 (mg L–1) qe,cal (mg g–1) qe,exp (mg g–1) K1 (min–1) R2

Chitin

a 4.65 4.32 0.030 0.98
b 5.95 5.80 0.026 0.97
c 8.55 6.70 0.034 0.87
d 5.72 7.82 0.035 0.91

Chitosan

a 5.00 9.01 0.053 0.93
b 19.93 13.95 0.064 0.99
c 28.76 18.42 0.052 0.94
d 36.06 22.90 0.053 0.96

Chitosan-ECH

a 0.55 9.94 0.019 0.95
b 0.01 14.84 0.475 0.64
c 1.72 19.75 0.033 0.77
d 0.03 24.50 0.270 0.50

a: 20 mg L–1; b: 30 mg L–1; c: 40 mg L–1; d: 50 mg L–1.
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results are plotted in Figs. S1g–i. As displayed in these 
figures, there are two separate regions for Congo red 
adsorption. The first straight portion was attributed to the 
macro-pore and micro-pore diffusion and to the instanta-
neous utilization of the adsorbing sites on the adsorbent’s 
surface. However, the second region of the intraparticle 
diffusion model can be attributed to a very slow diffu-
sion of the Congo red on CH, CS and CS-ECH which are 
the least accessible adsorption sites. This observation was 
due to the very slow rate of adsorbates migration from the 
liquid phase onto the adsorbent surface. The deviation of 
a straight line from the origin may be caused by the dif-
ference in the rate of mass transfer in the initial and final 
stages of adsorption [40]. The fitting results obtained from 
the slopes and intercepts of the linear portions are listed 
in Table 2 which shows that, for all initial concentrations, 
kp1 is higher than kp2 and C2 is larger than C1. This result 
indicates that the dye removal rate is higher at the begin-
ning of the adsorption because of the large surface area 
of the adsorbent available for the adsorption of Congo 
red on CH, CS and CS-ECH [40,41].

3.3. Isotherm modeling

The Langmuir isotherm is widely used to describe the 
adsorption of solute from a liquid solution, based on the 
assumption that the adsorbed layer is a layer of one mol-
ecule on completely homogeneous surfaces, resulting in 
an equal amount of adsorption energies. The Langmuir 
model in the non-linear [Eq. (7)] and linear [Eq. (8)] 
forms is obtained as follows [42]:

q
K q C
KCe
l m e

l e

=
+1

 (7)

c
q

c
q k q

e

e

e

m l m

= +
1  (8)

where qe (mg g–1) and Ce are the capacity and the amount of 
Congo red adsorbed at equilibrium, respectively, while qm 

(mg g–1) and Kl (mg L–1) represent the maximum capacity 
and the constant adsorption Langmuir isotherm, respec-
tively [42]. Kl and qm can be determined from the non-linear 
and linear variation Ce/qe vs. Ce for Congo red adsorption on 
CH, CS and CS-ECH (Figs. S2a–c). The essential character-
istics of the Langmuir isotherm is expressed by a dimen-
sionless constant called separation factor (or the equilibrium 
parameter), Rl, defined by Weber and Chakkravorti [43].

R
KCl
l

=
+
1

1 0

 (9)

where C0 (mg L–1) is the initial amount of adsorbate and 
Rl indicates the nature of the adsorption (adsorption is 
favorable when the Rl value is between 0 and 1, the Rl val-
ues) for the non-linear and linear variations) (Table 3) and 
for the adsorption of Congo red on CH, CS and CS-ECH 
at different initial concentrations (20 mg L–1–50 mg L–1). 
Rl values show a favorable adsorption process of Congo 
red on CH, CS and CS-ECH and the R2 correlation coef-
ficient equal to 0.99 for both the non-linear and linear 
variations, which means that the Langmuir model is 
more efficiently applied to describe the adsorption due 
to the fact that the Langmuir parameters are so close 
for the linear and non-linear fittings [44,45].

The Freundlich model is based on the assumption that 
a heterogeneous surface with the participation of different 
sites until the adsorption energy exponentially decreases 
in the adsorption process [46]. The model of Freundlich 
in the non-linear [Eq. (10)] and linear [Eq. (11)] forms is 
expressed as follows:

q K Ce F e
n=
1

 (10)

log log logq
n

C Ke e F= +
1  (11)

where KF (mg g–1) is related to the adsorption capacity and 
1/n represents the empirical parameter of the adsorption 

Table 2
Parameters of the intraparticle diffusion model for Congo red adsorption on CH, CS and CS-ECH

Materials C0 (mg L–1) kp1 kp2 C1 C2 R1
2 R2

2

Chitin

a 0.56 0.27 E 1.46 0.99 0.91
b 0.51 0.40 0.18 1.47 0.96 0.82
c 0.44 0.48 0.96 1.60 0.84 0.89
d 0.72 0.31 2.27 4.47 0.98 0.94

Chitosan

a 1.67 0.07 E 8.35 0.98 0.41
b 2.51 0.20 E 11.91 0.99 0.71
c 2.56 0.62 E 12.12 0.99 0.72
d 2.65 0.97 0.10 13.03 0.99 0.74

Chitosan-ECH

a 0.09 0.04 9.17 9.44 0.77 0.96
b 0.19 0.04 13.70 14.32 0.86 0.73
c 1.32 0.04 12.81 19.23 0.94 0.97
d 0.98 0.005 19.79 24.43 0.72 0.75

E: Error; a: 20 mg L–1; b: 30 mg L–1; c: 40 mg L–1; d: 50 mg L–1.
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intensity. The values of 1/n and KF for the adsorption of 
Congo red on CH, CS and CS-ECH were calculated using 
different initial concentrations (20, 30, 40 and 50 mg L–1) 
from the slope of the variation of the linear variation as a 
function of logqe vs. Ce (Figs. S2d–f). The various parameters 
(non-linear and linear fitting) of the Freundlich model are 
summarized in Table 3. As shown in this table, the values of 
R2 and KF for the Freundlich isotherm in non-linear fitting 
are slightly different than those obtained in linear fitting, 
which indicates that the used model is unable to describe 
the adsorption phenomena. However, the values of 1/n are 
between 0 and 1, which represents favourable adsorption. 
The adsorption capacity of other chitosan derivatives was 
tested for the removal of Congo red with previous results 
shown in Table 4. It is clear that CS-ECH has a better per-
cent of removal (98 %) and a maximum adsorption capacity 
equal to 34.48 mg/g compared to the raw chitin for the stud-
ied concentrations, chitosan utilized in our work and other 
adsorbents recently reported in the literature [27,47–54]. 
These chitosan-based materials present a good percent of 
removal with different chelating groups on the chitosan 

chain. Besides, the cross-linked chitosan (CS-ECH) used in 
this work for Congo red removal show high affinity toward 
this dye employing only the epichlorohydrin as a cross-linker.

3.4. Thermodynamics research

To assess the effect of temperature on the adsorption 
of Congo red and the energy variation in the adsorption 
process, the thermodynamic adsorption was investigated 
at temperatures ranging from 22°C to 42°C. The thermo-
dynamic parameters (i.e., the enthalpy change (ΔH°), the 
standard-free energy (ΔG°) and entropy change (ΔS°)) were 
estimated according to the nature of the adsorption process 
which was determined by the following equations [Eqs. (12) 
and (13)] [55]:

∆G RT Kc° = − ln  (12)

lnK S
R

H
RTc =

°
−

°∆ ∆  (13)

Table 3
Linear and non-linear Langmuir and Freundlich isotherm parameters for Congo red adsorption on CH, CS and CS-ECH at 22°C

Materials

Langmuir parameters Freundlich parameters

qm (mg g–1) Rl Kl (L mg–1) R2 KF (mg g–1) 1/n R2

Linear form

Chitin 12.82 0.30a; 0.35b; 0.42c; 0.52d 0.04 0.98 9.97 0.52 0.96
Chitosan 33.33 0.04a; 0.05b; 0.07c; 0.10d 0.42 0.99 9.97 0.50 0.97
Chitosan– 
 epichlorohydrin

34.48 0.01a; 0.01b; 0.009c; 0.007d 2.54 0.99 24.54 0.47 0.99

Non-linear form

Chitin 12.68 0.55a; 0.45b; 0.38c; 0.33d 0.04 0.98 1.24 0.51 0.98
Chitosan 33.12 0.10a; 0.07b; 0.05c; 0.04d 0.41 0.99 10.27 0.49 0.99
Chitosan– 
 epichlorohydrin

33.33 0.01a; 0.01b; 0.009c; 0.007d 2.60 0.98 24.70 0.46 0.96

a: 20 mg L–1; b: 30 mg L–1; c: 40 mg L–1; d: 50 mg L–1.

Table 4
Comparison of maximum adsorption capacity of Congo red by CH, CS and CS-ECH with different adsorbent materials 
including CH and CS and CS-ECH synthesized in this study (in mg g–1)

Adsorbent materials Adsorbents 
dose (mg L–1)

qm (mg g–1) Equilibrium 
time (min/h)

References

Polypyrrole/multi-walled carbon nanotubes nanocomposite 0.01 147 5 min [47]
Magnetic chitosan–polyethylenimine 1.4 1,876 200 min [27]
Chitosan-Fe(OH)3 beads 0.2 314.45 3,000 min [48]
Magnetic chitosan fluid 0.5 1,724 30 min [49]
Cellulose/chitosan hydrogel beads 2.0 40 115 min [50]
Graphene-chitosan composite hydrogel 0.015 384.62 1,440 min [51]
Ball-milled sugarcane bagasse 10 38.2 24 h [52]
Tea waste 0.7 23.26 12 h [53]
Cationic surfactant-modified tea waste 0.2 106.4 12 h [54]
Chitin 0.2 12.82 120 min This study
Chitosan 0.2 33.33 120 min This study
Chitosan–epichlorohydrin 0.2 34.48 120 min This study
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where (R) is the universal gas constant equal to 8.314 
J mol–1 K–1 and (Kc) is the equilibrium constant. The val-
ues of (ΔH°) and (ΔS°) were calculated from the slope and 
intercept of the plot between (lnKc) vs. (1/T) (Figs. S3a–c). 
The thermodynamic parameters are summarized in Table 5. 
The negative values of (ΔG°) at different temperatures indi-
cate the feasibility and spontaneous nature of the Congo 
red adsorption on CH, CS and CS-ECH [49]. The decrease 
of the negative values of (ΔG°) caused by the reduction 
of temperatures clearly shows that the adsorption was 
favoured at low temperatures. The negative values of (ΔH°) 
reflect an exothermic nature of adsorption. Furthermore, 
the negative values of (ΔS°) demonstrate the increased ran-
domness of the solid/solution interface during the sorp-
tion of Congo red on CH, CS and CS-ECH at the internal 
structure of the adsorption and hence the feasibility of the  
process [4,55].

3.5. Effect of the variable parameters on the adsorption 
process of Congo red

3.5.1. Effect of pH on the adsorption

The effect of pH solution for sorption of Congo red on 
CH, CS and CS-ECH was investigated over a pH range of 
3–12. As presented in Fig. S3d, at acidic pH, the adsorp-
tion capacities of the anionic dye by chitosan and the 
cross-linked chitosan are much higher than those of chi-
tin. Chitosan and cross-linked chitosan (CS-ECH) have an 
amine group –NH2, which is easily protonated in an acidic 
medium to give –NH3

+. Thus, it can be concluded that the 
increase of the adsorption capacity of the CR at a lower 
pH is probably due to the increase of the electrostatic 
attraction between a sulfonated group (–SO3

–) negatively 
charged with CR and a positively charged amine group of 
each adsorbent [56]. However, chitin has amide groups that 
cannot be easily protonated in an acid medium. Therefore, 
the lower electrostatic interaction between chitin and the 
anions leads to the decrease of the adsorption capacity of 
Congo red adsorbed on chitin which remains lower than 
that of chitosan and the cross-linked chitosan. At pH greater 
than 8.0, the adsorbed amount of Congo red becomes very 
low. Increasing the concentration of the hydroxide ions in 
the solution causes the deprotonation of the amino groups 

of the polymers, which prevents adsorption by the elec-
trostatic repulsive force between the negatively-charged 
dye molecule and the adsorbents. But, an amount of quite 
noticeable adsorption, in this pH zone, suggests a strong 
implication of physical forces such as hydrogen bonding, 
Van der Waals force, etc. In the adsorption process [57], 3.0 
was chosen as an optimum pH for the adsorption study of 
Congo red on all adsorbents.

3.5.2. Effect of the amount of chitin, chitosan and 
chitosan-ECH on Congo red adsorption

The Congo red anionic dye adsorption results obtained 
using CH, CS and CS-ECH powder (adsorbent dose 
calculated at 0 g L–1–2.0 g L–1 dry weight) in an initial 
Congo red solution (50 mg L–1) for 120 min, are shown in 
Fig. S3e. The higher adsorbent doses provide more active 
adsorption sites for the Congo red. A small difference of 
adsorption capacity is shown between 0.1 and 0.2 g due to 
the fact that, at a higher dose, the available CR is insuffi-
cient to cover all adsorption sites, which slightly increases 
the adsorption capacities [8]. The dose chosen for the 
adsorption studies were 0.2 g of CH, CS and CS-ECH.

3.6. Kinetic study of olive mill wastewater treatment

The concentration of the total phenols of the stud-
ied OMW sample was 8.21 g L–1 before adsorption [19]. 
10 mL of OMW solution was stirred with 0.3 g of CH, CS 
and CS-ECH at room temperature (22°C) and 30 min of 
contact time. The adsorption efficiency (%A) of CH, CS, 
CS-ECH is shown in Fig. 4d. The latter demonstrates that 
the tested materials exhibit significant color removal, with 
CS-ECH being the most efficient, that is, 85% vs. 56.7% and 
30.34% for CH and CS, respectively at 30 min as an equi-
librium time (Fig. 4d). The foregoing data indicate that 
although CS-ECH shows a higher adsorption capacity for 
phenolic compounds, which indicates that phenolic com-
pounds are efficiently adsorbed on CS-ECH due to the 
elevated number of the available sites for this adsorbent. 
Moreover, comparing the adsorption capacity of Congo red 
and the total phenols on pure CH and CS, we notice that the 
CS-ECH is the most performing polymeric material indicat-
ing the effect of the added functional groups on chitosan. 

Table 5
Thermodynamic parameters for the adsorption of Congo red onto CH, CS and CS-ECH at an initial concentration of 50 mg L–1; 
mass of CH, CS and CS-ECH: 0.3 g/100 mL–1)

Material ΔH° (kJ mol–1) ΔS° (kJ mol–1 K–1) ΔG° (kJ mol–1) T (°C)

Chitin –22.56 –0.07
–1.91 22
–1.21 32
–0.51 42

Chitosan –61.79 –0.17
–11.64 22
–9.94 32
–8.24 42

Chitosan– 
 epichlorohydrin

–12.37 –0.01
–9.42 22
–9.32 32
–9.22 42
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Consequently, CS-ECH is the more effective material for 
Congo red and phenolic compounds removal.

3.7. Adsorption mechanism of Congo red and phenolic 
compounds on CH, CS and CS-ECH

ATR-FTIR was used to determine the change in the 
functional groups for CH, CS and CS-ECH due to Congo 
red and phenolic compounds adsorption as shown in 
Figs. 5a–c. The ATR-FTIR spectra of the biopolymers studied 
before and after Congo red adsorption show no modification 
on the absorption bands (intensities or displacement of the 
wavenumbers). In fact, there is no formation of the adsor-
bate-adsorbent chemical bonds. The obtained experimen-
tal results prove that the mode of adsorption of Congo 
red on chitin, chitosan and epichlorohydrin-modified 
chitosan is mainly physical. The phenolic compound’s 
adsorption on chitin is physisorption and no modifi-
cation is observed in the FTIR spectra before and after 
adsorption. However, the FTIR spectra of chitosan and 
chitosan–epichlorohydrin reveal two new peaks at the 
wavenumbers in the range 1400 and 1540 cm–1, indicat-
ing that the adsorption of the phenolic compound’s on 
CS and CS-ECH is chemisorption [58,59]. The chemical 
removal of phenolic compounds by CS and CS-ECH can 
be explained by a new band formation between the adsor-
bents of the phenolic compounds in olive mill wastewater.

The SEM images of CH, CS and CS-ECH before and 
after Congo red and phenolic compounds uptake are 

represented in Fig. 6. They show a smooth surface after CR 
and phenolic compounds. As demonstrated, all adsorbents 
surfaces are visibly dissimilar to the pure adsorbents. CH, 
CS and especially CS-ECH display a loose and coarse sur-
face. This result is due to the higher Congo red and phe-
nolic compounds uptake when using CS-ECH, compared 
to CH and CS. A comparison of the CS-ECH and CH, CS, 
before and after Congo red and phenolic compounds uptake 
at the same magnifications, reveals a significant change 
in the morphologies, confirming the adsorption process. 
These results indicate that the surface change of CH and 
CS was due to the pollutants removal. However, CS-ECH 
shows a remarkable morphological change indicating the 
higher uptake of dye and phenolic compounds by CS-ECH 
enriched with hydroxyl (OH) and amine (NH2) groups, 
which can significantly enhance its adsorption proprieties.

3.8. Desorption study

To evaluate the reusability of CH, CS and CS-ECH 
adsorbent, desorption experiment was conducted for Congo 
red and phenolic compounds. The desorption results of 
Congo red and the total phenols were obtained using 
sodium hydroxide [60,61] and ethanol-HCl [19], respec-
tively. The desorption tests were conducted after the two 
pollutants removal. The different adsorbents loaded Congo 
red and phenolic compounds powder was eluted using the 
appropriate eluent and stirred for 1.0 h. Sodium hydroxide 
was efficiently employed to desorb the maximum amount 

(a) (b)

(c)

Fig. 5. ATR-FTIR spectra before and after Congo red and the total phenolic compounds adsorption on chitin (a), CS 
(b) and CS-ECH (c).
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of Congo red from the loaded adsorbents (>51%, >53% and 
>61.7% for CH, CS and CS-ECH respectively for two cycles of 
adsorption/desorption). So, sodium hydroxide was selected 
as desorbing medium to desorb Congo red and regenera-
tion of the biomaterials for further adsorption/desorption 
cycles. After phenolic compounds adsorption, ethanol-HCl 
became the appropriate eluent and it was found to be effi-
cient for the desorption of total phenols (49%> for CS, 
>51% for CH and >52% for CS-ECH) up to two adsorption/
desorption cycles for all adsorbents. CS-ECH derived from 
the chemically-modified chitosan includes hydroxyl and 
amine groups showing higher adsorption and desorption 
in the proposed condition, compared to CH and CS.

4. Conclusion

The present study showed that chitosan cross-linked 
with epichlorohydrin had the same potential as an adsor-
bent for the removal of Congo red aqueous solution and 

olive mill wastewater treatment. The Langmuir isotherm 
was found to be the suitable model for the adsorption of 
Congo red onto CH, CS and CS-ECH (correlation coef-
ficient R2 > 0.96) indicating the monolayer adsorption 
process. The adsorption behavior of Congo red can be 
well described by the pseudo-second-order model and 
intraparticle diffusion model associated with the adsorp-
tion process. The effects of pH, contact time, initial dye 
concentration and the adsorbent amount on the adsorp-
tion process of Congo red on CH, CS and CS-ECH were 
investigated. At pH 3.0, the adsorption of CR was highest. 
The thermodynamic study illustrated that the adsorption 
reaction for Congo red was spontaneous and exothermic in 
nature (the negative values of the enthalpy change and the 
free energy). Based on ATR-FTIR analysis before and after 
Congo red uptake and olive mill wastewater treatment, it 
was assumed that the adsorption capacity of Congo red on 
CH, CS and CS-ECH was augmented by physisorption. In 
contrast, the phenolic compound’s removal by CH increased 

Chi�n Chi�n-CR Chi�n-OMW

Chitosan Chitosan-CR Chitosan-OMW

Chitosan-ECH Chitosan-ECH-CR Chitosan-ECH-OMW

Fig. 6. SEM analysis before and after Congo red and the total phenolic compounds adsorption on chitin; CS and CS-ECH.
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by physisorption and chemisorption when CS and CS-ECH 
were used. Moreover, CH, CS and CS-ECH were regener-
ated after Congo red adsorption and olive mill wastewa-
ter treatment using sodium hydroxide and ethanol-HCl, 
respectively. The adsorbent (CS-ECH) provided a very 
effective and convenient tool (maximum adsorption higher 
than chitin and chitosan) to remove Congo red from the 
aqueous solution and phenolic from olive mill wastewater.
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Symbols and abbreviations

CH — Chitin
CS — Chitosan
CS-ECH — Chitosan–epichlorohydrin
CR — Congo red
OMW — Olive mill wastewater
FTIR — Fourier-transform infrared spectroscopy
TGA — Thermogravimetric analysis
DTGA — Differential thermogravimetric analysis
SEM — Scanning electron microscopy
C0 — Initial Congo red concentration, mg L–1

Ce —  Concentration of Congo red solution at 
equilibrium, mg L–1

qe —  Amount of Congo red adsorbed at equilib-
rium, mg g–1

qt —  Amount of Congo red adsorbed at time, t 
(mg g–1)

K1 —  Constant adsorption pseudo-first-order 
model, min–1

K2 —  Constant adsorption pseudo-second-order 
model, g mg–1 min–1

qe,cal —  Amount of Congo red calculated at equilib-
rium, mg g–1

qe,exp —  Amount of Congo red of the experimental at 
equilibrium, mg g–1

KF —  Freundlich adsorption isotherm constant, 
mg g–1

1/n — Freundlich adsorption isotherm constant
Rl — Dimensionless separation constant
Kl —  Langmuir isotherm constant related to the 

energy of adsorbent, L mg–1

qm — Maximum adsorption capacity, mg g–1

T — Temperature, °C
Ca —  Adsorbent phase concentration at equilib-

rium, mg L–1

Kc — Equilibrium constant
ΔG° — Standard free energy, kJ mol–1

ΔH° — Standard enthalpy change, kJ mol–1

ΔS° — Standard entropy change, kJ mol–1 K–1
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Fig. S1. Pseudo-first-order (CH (a), CS (b) and CS-ECH (c)), pseudo-second-order (CH (d), CS (e) and CS-ECH (f)), intraparticle 
diffusion model (CH (g), CS (h) and CS-ECH (i)) for Congo red adsorption onto CH, CS and CS-ECH.
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Fig. S2. Linear and non-linear Langmuir (CH (a), CS (b) and CS-ECH (c)), linear non-linear Freundlich (CH (d), CS (e) and 
CS-ECH (f)) plots for adsorption of Congo red. Conditions: 0.2 g/100 mL–1; dose of adsorbent at 22°C.
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