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a b s t r a c t
Chitosan-polyvinyl alcohol-iron (CS-PVA-Fe) composite films with acid resistance and large 
adsorption capacity were prepared by doping trivalent iron, chitosan, and polyvinyl alcohol. The 
adsorption mechanism of Congo red (CR) on the composite films was investigated by changing 
the adsorption conditions (temperature, pH, salt) and characterization (isoelectric point, infrared 
spectroscopy, photoelectric spectroscopy, scanning electron microscopy). The results showed that 
the adsorption capacity of the composite film was 450 mg g–1 at pH 5.0, and the adsorption of CR by 
high concentration salt had only a slight negative effect. The adsorption was following Langmuir, 
pseudo-first-order kinetics and pseudo-second-order kinetics model, which showed that the adsorp-
tion process was based on the single-layer heterogeneous adsorption, and there were both physical 
and chemical adsorption processes. Thermodynamic analysis shows that adsorption was sponta-
neous, endothermic and entropy increasing process. According to the characterization analysis, the 
adsorption mechanism of CR was mainly hydrogen bonding, ion exchange, and complexation. Also, 
the desorption of CR-loaded film can be performed using 75% alcohol at pH 12. The results showed 
that CS-PVA-Fe composite films are promising as a suitable candidate for the efficient removal of 
CR from solution.
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1. Introduction

In modern times, enterprises mainly in the printing, 
dyeing industry, and paint industry have increased rapidly, 
which has led to the generation of a large amount of waste-
water containing dyes [1–3]. Untreated effluents from these 
industries have a deleterious effect on the environment as 
well as on the health of people living within its catchment 
areas. These wastewater results in the increase of organic 
matter content, the change of chemical oxygen demand, 
and ultimately the death of organisms in water [4]. Dyes are 
known to contain nitro and amino compounds as well as 
some heavy metal elements such as copper, zinc, and arsenic. 

These pollutants enter the groundwater through water cir-
culation and also have the potential of bioaccumulating in 
organisms which results in their increasing levels of toxicity 
[5–7]. Due to this issue associated with dyes, it is very import-
ant to treat dye-containing wastewater before it is released 
into the environment. Congo red (CR) as an anionic dye is 
applied in cotton, hemp, silk, leather, paper products dye-
ing as its structural stability and good dying effect. CR dis-
charged into wastewater can cause serious damage to the 
environment. Besides, CR can be metabolized to benzidine, 
a known human carcinogen. So it is necessary to remove 
CR from the solution.
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At present, there are many treatment methods for 
wastewater containing dyes, which are usually divided into 
physical treatment, chemical treatment [8] and biological 
treatment and so on [9,10]. Among them, the adsorption 
technique has attracted wide attention because of its simple 
operation, mild reaction and low cost [11–13].

Chitosan (CS) is mainly prepared from chitin, a natu-
rally occurring compound found in many fungal cell walls, 
nematodes, insect exoskeletons, and crustacean shells. The 
chemical structure of CS is a cationic polymer composed 
of alkaline polysaccharides [14]. Due to its large amount 
of amino acids and hydroxyl groups adjacent to amino 
groups, CS has chelating adsorption on many metal ions. 
It can also bind dyes and halogens through complexation 
and ion exchange. Thus, it can be used for the treatment of 
dye wastewater from industries (dye and food industries) to 
purify the environment and protect human health [15,16]. 
Chatterjee et al. [17] used multi walled carbon nanotubes 
impregnated chitosan to prepare hydrogel beads for removal 
of CR and chitosan modified carbon nanotube was effective 
to adsorb CR from solution. Chatterjee et al. [18] also stud-
ied CR adsorption on chitosan beads impregnated with cet-
yltrimethylammonium bromide and there was double the 
adsorption capacity. Du et al. [19] prepared graphene oxide/
chitosan/silica fiber by wet spinning technology to adsorb 
CR, which proved that the adsorption effect was good.

Polyvinyl alcohol (PVA) is a water-soluble macromole-
cule material. Its main structure is 1,3-ethylene glycol. PVA 
can easily be used to form a film [20–22], and its mechanical 
properties are excellent. At the same time, PVA is the only 
vinyl polymer that can be used as a carbon source and energy 
by bacteria. Under certain conditions, it can be degraded 
naturally. The utility model belongs to a biodegradable 
environmentally-friendly macromolecule material.

Films materials are widely used in adsorption because 
of their large contact area and easy preparation [23,24]. 
The traditional CS film breaks down under weakly acidic 
conditions, which greatly limits its use in conditions with 
lower pH [25]. At the same time, the mechanical proper-
ties of single chitosan films are poor and easy to rupture in 
water [26]. Therefore, in this paper, trivalent iron, PVA, and 
CS were used to form a network structure to overcome the 
application range of single CS and increase its mechanical 
properties [27].

In this study, the aims are to prepare chitosan-polyvinyl 
alcohol-iron (CS-PVA-Fe) composite films (suitable in the 
weak acid environment) and study the adsorption prop-
erty toward CR, based on characterization. The adsorp-
tion mechanism was discussed through various adsorption 
models, thermodynamic formulas and characterization.

2. Materials and methods

2.1. Material science

Ferric chloride (FeCl3·7H2O, Fengchuan Chemical 
Reagent, Tianjin, China), chitosan ((C6H11NO4)n·(CS), Chinese 
Pharmaceutical Chemical Reagent in Shanghai, China), 
polyvinyl alcohol ([CH2CH(OH)]n·(PVA), Fuchen Chemical 
Reagent, Tianjin, China), CR Dye (China Shanghai Aladdin 
Industrial Company), sodium hydroxide (NaOH, Fengchuan 

Chemical Reagent, Tianjin, China), glacial acetic acid 
(CH3COOH, Fuyu Fine Chemical Industry, Tianjin, China), 
sodium sulfate (Na2SO4 The Third Chemical Plant, Jiaozuo, 
China), sodium nitrate (NaNO3 Fengchuan Chemical 
Reagent, Tianjin, China) were all purchased. All working 
solutions were prepared by diluting the stock solution with 
an appropriate volume of distilled water. reagents were 
analytical grade.

2.2. Preparation of CS-PVA-Fe composite films

CS solution with a 3% mass fraction and PVA with a 4% 
mass fraction were mixed at a mass ratio of 2:1. The solu-
tion was mixed and then defoamed through the ultrasonic 
method. The mixed solution was added with 0.3 mol L–1 
FeCl3 solution, and the mass ratio of CS solution to trivalent 
iron solution was 3:1. After uniform mixing, a certain volume 
of mixed solution is added into the membrane casting device 
and put into the oven until the films are separated from the 
membrane casting device and then taken out. The films were 
soaked in NaOH solution for about 10 min and cleaned with 
deionized water. After neutralization, the films were spread 
out and dried in shade.

2.3. Characterization of CS-PVA-Fe composite films

The surface structure and composition of CS-PVA-Fe 
composite films were tested to analyze its adsorption mech-
anism. The point of zero charge (pHpzc) of CS-PVA-Fe com-
posite films was determined by adding 10 mg CS-PVA-Fe 
composite films to adjust the pH of sodium chloride solu-
tion with 0.1 mol L–1 mass concentration. Scanning electron 
microscopy (SEM, Hitachi S4800, Japan) was used to observe 
the surface morphology of the material at 1 kV voltage. 
Fourier transform infrared spectroscopy (FTIR, Nicolet IS50, 
USA) was applied to determine the change of characteristic 
functional groups of materials before and after adsorption. 
X-ray photoelectron spectroscopy (XPS, Escalab 250xi, 
England) was adopted to analyze CS-PVA-Fe composite 
films.

2.4. Adsorption experiments

The adsorption test of CS-PVA-Fe composite films toward 
CR was performed in batch mode. A certain amount of com-
posite films and 10 mL solution of CR with a certain concen-
tration were put into multiple conical flasks (50 mL), then 
shaken in a water bath with a certain temperature, 120 rpm 
lasting a certain time, respectively. The effects of adsorbent 
dosage (1–20 mg, C0 = 500 mg L–1, 303 K) and pH on adsorp-
tion (pH = 3–12) were investigated. The acidity and alkalin-
ity of the solution were adjusted by 0.1 mol L–1 NaOH and 
0.1 mol L–1 HCl solutions. The effects of salt concentration 
(0–0.35 mg L–1 NaNO3, Na2SO4, C0 = 500 mg L–1, 303 K) and the 
influence of temperature on the adsorption of CR solution 
(293, 303, 313 K, 180 min) were performed.

After adsorption, the concentration of CR was deter-
mined and calculated using the spectrophotometer accord-
ing to the standard curve of CR (at the maximum wavelength 
of 495 nm, 752, Shanghai Shun Yu Heng Ping Scientific 
Instruments Co. Ltd., China). The adsorption amount of 
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adsorbate (the amount of dyes adsorbed on adsorbent unit 
weight (qe, mg g–1) and the removal efficiency (P, %) were 
calculated by using the following Eqs. (1) and (2).

q
V C C

m
=

−( )0  (1)

p
C C
C

=
−( )

×0

0

100%  (2)

where C0 is the original dye concentration (mg L–1), C shows 
the dye concentration (mg L–1) at any time or equilibrium, 
V means the volume of the dye solution (L), m is the mass 
of CS-PVA-Fe composite films (g).

2.5. Desorption experiment

The spent CS-PVA-Fe composite films were obtained 
for CR adsorption at an initial concentration of 500 mg L–1 
at 303 K. Then, CS-PVA-Fe films were washed with distilled 
water to remove the unadsorbed dye and dried at 333 K. 
The exhausted adsorbent was regenerated by alcohol 75% 
(pH = 12) solution. Repeat the above experiments several 
times. The regeneration yield was obtained as the ratio of 
values of qe before and after regeneration.

3. Results and discussion

3.1. Characterization of composite films

3.1.1. SEM of CS-PVA composite films and CS-PVA-Fe 
composite films

The SEM image of CS-PVA composite films and CS-PVA-Fe 
composite films are recorded in Fig. 1. It is observed from 
Fig. 1a that there was smooth and complete, with no obvious 
impurities found on the surface of CS-PVA composite films. 
But there were a lot of wrinkles on the surface of CS-PVA-Fe 
composite films according to Fig. 1b, which broke the orig-
inal tight and orderly structure of CS-PVA composite films. 
A similar phenomenon was found in the study of metal 
doping into chitosan composite films [28]. So the chemical 
reaction between Fe and CS had occurred, which might make 
the CS-PVA-Fe composite films stable in an acidic environ-
ment. Figs. 1c and d show the distribution of C, O and Fe 
on the composite films material and it was further seen that 
Fe had been successfully combined with the material.

3.1.2. FTIR analysis

In order to obtain the specific structure of the surface 
functional groups of CS-PVA-Fe composite films FTIR anal-
ysis is carried out and the results are shown in Fig. 2. It is 
seen from Fig. 2a that the strong peaks at 3,435 and 2,923 cm–1 
from films were due to the stretching vibration of –OH or 
–NH2 and the stretching vibration of C–H, respectively [29]. 
The peak at 1,638 cm–1 could be attributed to the C–N stretch-
ing vibration [30]. The peaks at 1,424 and 1,381 cm–1 were due 
to the bending vibration of C–H [31].

There was some change in absorption peaks after CR 
adsorption. The peaks at 3,435 and 2,923 cm–1 (N–H and C–H 

stretching vibration) became stronger and this proved that 
CR was successfully adsorbed with composite films. The 
characteristic peak of Fe–O was observed at 593 cm–1, which 
proved that trivalent iron successfully binds to chitosan [32].

3.1.3. The pH of point zero charge

The pH of point zero charge (pHpzc) indicates the elec-
tronic properties of surface functional groups in solution 
and it is helpful to judge the strong adsorption conditions. 
The results are shown in Fig. 3. It was seen that the pHpzc 
value of CS-PVA-Fe was about 7.01. So there is a positive 
charge on the surface of CS-PVA-Fe composite films at the 
pH less than 7.01, this is favor of adsorption of CR (as anionic 
dyes), The pH of point zero charge of granular Fe-Zr-
chitosan is about 7.0, which is similar to this study [33].

3.1.4. XPS analysis

The bonding mode between functional groups can 
explain the general structure and adsorption mechanism of 
materials [34,35]. Therefore, in order to explore the surface 
characteristics of CS-PVA-Fe composite films, XPS spectra 
of O 1s, Fe 2p and S 2p before and after CR adsorption are 
analyzed in Fig. 4. It is seen from Fig. 4 that the CS-PVA-Fe 
composite films mainly contain carbon, oxygen and nitro-
gen elements. The peak of S 2p (from CR structure) peak 
appeared after adsorption [36]. This result showed that 
CR was successfully adsorbed by the composite films. The 
groups on the surface of the film were further studied by 
XPS. Fig. 4b are spectra of sulfur after adsorption. The peak 
of S 2p in Fig. 4b represents the two combination modes 
of Fe–S–O under 169.1 eV and 168.7 (–SO3

2–, –SO2–) func-
tional groups [37–39]. This indicated that there was an ion 
exchange between the negative group (–SO3

–) on the surface 
of the adsorbent and the dye molecule.

3.2. Adsorption experiment

3.2.1. Effect of films dosage

The amount of adsorbent often determines the adsorp-
tion effect [40]. The proper amount of adsorbent was 
explored. CS-PVA-Fe composite films with different mass 
were added to 10 mL CR solution (500 mg L–1) at 303 K for 
3 h to study the effect of adsorbent dosage on adsorption, 
and the results are shown in Fig. 5. The results showed that 
the removal percent of CR increased from 19.6% to 98.2% 
with the increase of adsorbent dosage. With the increase 
of adsorbent dosage, the values of qe decreased from 488.9 
to 120.6 mg g–1, because the adsorption capacity of CR per 
unit weight of adsorbent decreased with the increase of 
adsorbent mass, resulting in the decrease of qe value. In the 
subsequent studies, 10 g L–1 adsorbent dose was selected.

3.2.2. Effects of solution pH

The pH of the solution has significant effects on the 
adsorbent and its chemical structure as well as the stability 
of the dye surface [41]. The state of CS-PVA-Fe composite 
films and CS-PVA composite films with the same mass in 
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CR solution at pH = 2 were compared after 3 h. As shown 
in Fig. 6, the color of CR solution will change from red to 
black in strongly acidic conditions. Because most of CR 
solution is adsorbed by CS-PVA-Fe composite films, the 

color of CR solution changed. At the same time, CS-PVA-Fe 
composite films (Fig. 6b) is slightly dissolved, but CS-PVA 
(Fig. 6d) has been nearly fully dissolved. Fig. 6a CS-PVA 
and Fig. 6c CS-PVA-Fe corresponds to uncut films in the 
original state). The values of qe at different solution pH are 
shown in Fig. 7. It was observed that values of qe increased 
rapidly under the acidic condition, but under alkaline con-
ditions, qe decreased slowly and then rapidly. The value of qe 
at pH 5.0 was 450 mg g–1. The amino group on the composite 
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Fig. 1. SEM images of (a) CS-PVA, (b) CS-PVA-Fe, (c) CS-PVA-Fe mapping, and (d) Fe distribution.



K. Wen et al. / Desalination and Water Treatment 187 (2020) 378–389382

films was protonated at solution pH 5.0 and there was the 
electrostatic attraction between the composite film and CR. 
Similar results were recorded by CR adsorption on cationic 
surfactant modified wheat straw [42] and ethylenediamine 
modified wheat straw [43], 2,4-dichlorophenoxyacetic acid 
adsorption by Fe-crosslinked chitosan complex [44]. When 
the solution pH exceeded 7, the amino group was depro-
tonated. At the same time, a large number of OH– and CR 
competed for the active sites on the surface of the composite 
films, which could make the adsorption amount decrease 
rapidly. Therefore, pH 5.0 is the best adsorption condition 
in this experiment.

3.2.3. The effect of salt concentration on adsorption

Industrial wastewater and domestic wastewater con-
tain a large number of inorganic salt ions, which may have 

a beneficial or adverse impact on the adsorption capacity. 
Therefore, it is necessary to determine the effect of ionic 
strength on dye adsorption [41]. The results at various salt 
concentrations are presented in Fig. 8. It is clear from Fig. 8 
that the qe value decreased with the increase of salt concen-
tration, and there was more about the effect of Na2SO4. It was 
because the presence of inorganic salt ions in solution might 
shield the electrostatic interaction between the adsorbent 
and the opposite charge on the surface of the adsorbate, 
thereby reducing the adsorption capacity. But the trend of 
decrease was not significant as the value of qe was from 446 
to 422 mg g–1 at a salt concentration from 0 to 0.35 mol L–1. 
So electrostatic attraction was not the main mechanism of 
interaction and there were other actions during the adsorp-
tion process. From the results obtained from the effect of 
salt and that of pH on the adsorption process, it could be 
inferred that complex action may be the major mechanism 
between CR and CS-PVA-Fe composite films.

3.2.4. Adsorption equilibrium study

The effect of CR concentration is performed and the 
results are displayed in Fig. 9. It was observed that the values 
of qe became large with the increase of concentration and it 
was significant in favor of CR adsorption at higher tempera-
tures. Therefore, it was concluded that the adsorption process 
be endothermic. Maybe the pores of the film became larger 
and this was an advantage of CR penetrating and resulted in 
higher adsorption capacity. The phenomenon of death like in 
the adsorption of CR by chitosan composite at 298–318 K was 
studied [45].

In this study, Langmuir model and Freundlich model 
were used to analyze the experimental data at 283, 293, 298, 
303, and 313 K. Langmuir model assumes that the adsorbed 
molecule is a simple single-layer structure, all positions are 
energy-equivalent and there is no ideal state of interaction 
between the adsorbed molecules [46]. Freundlich model 
is a backward empirical formula suitable for describing 
heterogeneous surface adsorption of adsorbents. [47,48]. 
These two isotherm models can be expressed as:
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The Eq. (3) of the Langmuir model:

q
q K C
K Ce

m L e

L e

=
+1

 (3)

Freundlich model:

q K Ce F e
n= 1/  (4)

where qm is the maximum adsorption capacity (mg g–1), KL 
denotes the affinity of binding sites and the correlation con-
stant of adsorption energy (L mg–1), KF shows the Freundlich 
isotherm constant, 1/n represents the correlation constant of 
adsorption capacity and adsorption strength.

The nonlinear fitting parameters of the two models are 
recorded in Table 1 and the fitted curves are also shown in 
Fig. 9. Langmuir is more suitable for describing the adsorp-
tion process by numerical comparison (except at 293 K). 

There were bigger for both parameters from the Langmuir 
model at higher temperatures. The parameter of KF increased 
with the increase of temperature, and the value of 1/n is 
below 0.2. This indicated very favorable conditions for the 
adsorption process.

3.2.5. Kinetic studies

The kinetic process is valuable to study and the results 
are presented in Fig. 10. It was observed from Fig. 10 that the 
values of qt increased within 120 min and then maintained 
equilibrium. This phenomenon is due to the relatively large 
number of active sites on the adsorbent in the initial stage 
of adsorption, and the adsorption rate is faster; with the 
decrease of the active sites, the adsorption rate slows down. 
It was also found that adsorption quantity was enhanced at 
higher temperatures.

In order to further explore the adsorption mechanism 
of the composite films, the kinetic process was predicted 
by pseudo-first-order kinetic model, pseudo-second- order 
model, and Elovich equation. The pseudo-second-order model 
could be used to evaluate the mechanism of chemical adsorp-
tion [49–51]. Elovich equation was used to describe the het-
erogeneous adsorption of the ion exchange system [52]. The 
expressions of the three dynamic models are as follows.

Pseudo-first-order kinetic model:

q q et e
k t= −( )−1 1  (5)

Pseudo-second-order kinetic model:

q
k q t
k q tt
e

e

=
+
2

2

21
 (6)

Elovich equation:

q t
t =

( )
+

ln lnαβ

β β
 (7)
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Fig. 9. Adsorption isotherms and fitting curves (CS-PVA-Fe).

Table 1
CR isotherm model parameters

Langmuir model

T/K KL/(L mg–1) × 10–3 qm(exp)/(mg g–1) qm(theo)/(mg g–1) R2 SSE × 103

283 8.65 ± 6.7 83.3 104 ± 20 0.205 0.0905
293 41.1 ± 10 275 299 ± 9 0.741 0.0646
298 43.3 ± 4.2 315 359 ± 6 0.951 0.0505
303 259 ± 64 421 452 ± 15 0.722 1.27
313 286 ± 55 436 472 ± 14 0.824 1.03

Freundlich model

T/K KF/(L mg–1) 1/n R2 SSE × 103

283 18.1 ± 15 0.127 ± 0.025 0.200 0.0911
293 193 ± 17 0.249 ± 0.14 0.780 0.0548
298 142 ± 13 0.157 ± 0.018 0.901 0.101
303 285 ± 27 0.0967 ± 0.028 0.571 1.97
313 288 ± 25 0.108 ± 0.028 0.633 2.14
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where qt and qe represents the adsorption quantity (mg g–1) 
at time t and at equilibrium (mg g–1); k1 (min–1) and k2 
(g mg–1 min–1) are the rate constants of pseudo-first-order 
and pseudo-second-order kinetic models, respectively; 
α means the initial adsorption rate constant (mg g–1 min–1) 
and the parameter β shows related to the extent of surface 
coverage and activation energy for chemisorption (g mg–1).

The parameters of the dynamic model, qe(theo), the coeffi-
cient of determination (R2) and the sum of squares of errors 
(SSE) are shown in Table 2 and the fitted curves at various 
conditions are also shown in Fig. 10. Pseudo-first-order 
equation and pseudo-second-order equation were suitable 
for this kind of adsorption as there were higher values of R2 
(0.9) and smaller values of SSE. Moreover, the fitted curves 
were closer to experimental curves at various conditions, 
respectively. Therefore, the pseudo-first-order kinetic model 
and pseudo-second-order model (rate-limiting steps, includ-
ing hydrogen bonding or electron exchange between the 
composite films and CR) could well explain the adsorption 
mechanism. So there were physical and chemical effects 
in the adsorption process. At the same time, the Elovich 
equation could well describe the adsorption process and 

the adsorption process was also a process of ion exchange 
and heterogeneous diffusion [52].

3.2.6. Thermodynamic analysis

In order to further discuss the influence of temperature 
on the reaction and to determine whether the adsorption 
is endothermic or exothermic, the thermodynamic param-
eters including enthalpy (ΔH°), Gibbs free energy change 
(ΔG°) and entropy change (ΔS°) were determined using the 
following Eqs. (8)–(10) [53]:

K
C
Cc
e

= ad  (8)

∆G RT Kc° = − ln  (9)

∆ ∆ ∆G H T S° = ° − °  (10)

ln lnk
E
RT

Aa
1 = − +  (11)
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where Kc is the coefficient of adsorption distribution, Cad 
shows the concentration of CR on adsorbent at equilibrium 
(mg L–1), R (8.314 J mol–1 K–1) is the ideal gas constant, and 
T means the absolute temperature (K). Ea is the activation 
energy of Arrhenius adsorption, and A (g mg–1 min–1) rep-
resents the temperature-dependent parameter factor.

The thermodynamic parameters calculated from the 
above equations are shown in Table 3. The value of ΔG° 
was negative, indicating that the adsorption was sponta-
neous. The positive value of ΔH° indicated that the reaction 
was endothermic. As the value of ΔH° was over 40 kJ mol–1, 
the adsorbent had a strong binding force toward the adsor-
bate, including the chemical process [54]. At the same time, 
the positive value of ΔS° indicated that the entropy became 
larger and the degree of disorderliness increased during 
the adsorption process. Ea value was 142 kJ mol–1, which 

indicated that there was chemical action in the adsorption 
process [55,56]. In summary, chemical reactions were domi-
nant in the adsorption process. Thermodynamic parameters 
indicated that the adsorption was a spontaneous, endother-
mic and entropy-increasing reaction.

3.2.7. Desorption regeneration experiment

Whether the adsorbent can be reused many times is 
also an important basis for judging whether the adsor-
bent can be applied to actual adsorption [57–59]. So the 
regeneration and reuse of CR -loaded or spent CS-PVA-Fe 
composite films is necessary to be carried out. Medical 
alcohol with 75% volume fraction was adjusted to pH = 12 
and used as eluent, and CR adsorbed on composite films 
was regenerated by three times. The desorption efficiency 

Table 2
Parameters of kinetic models for CR adsorption

Pseudo-first-order kinetic model

T/K C0/(mg L–1) qe(exp)/(mg g–1) qe(theo)/(mg g–1) k1 R2 SSE

293
420 245 299 ± 24 0.0109 ± 0.0017 0.971 859
450 258 283 ± 7.2 0.0156 ± 0.0010 0.991 224
500 270 288 ± 17 0.0178 ± 0.0029 0.922 1.84 × 103

303
420 380 428 ± 23 0.0140 ± 0.0017 0.972 1.62 × 103

450 408 441 ± 19 0.0165 ± 0.0019 0.967 1.90 × 103

500 440 476 ± 18 0.0182 ± 0.0019 0.970 2.09 × 103

313
420 390 430 ± 22 0.0162 ± 0.0021 0.964 2.21 × 103

450 445 488 ± 23 0.0159 ± 0.0018 0.969 2.31 × 103

500 470 511 ± 24 0.0173 ± 0.0022 0.961 3.33 × 103

Pseudo-second-order kinetic model

T/K C0/(mg L–1) qe(exp)/(mg g–1) qe(theo)/(mg g–1) k2 (×10–5) R2 SSE × 103

293
420 245 441 ± 58 1.82 ± 0.3 0.964 1.09
450 258 383 ± 19 3.52 ± 0.59 0.986 3.62
500 270 373 ± 34 4.58 ± 0.15 0.927 1.74

303
420 380 592 ± 52 1.95 ± 0.54 0.967 1.93
450 408 584 ± 40 2.57 ± 0.61 0.967 1.94
500 440 623 ± 45 2.70 ± 0.70 0.958 2.99

313
420 390 580 ± 54 2.42 ± 0.77 0.95 3.11
450 445 657 ± 52 2.12 ± 0.57 0.963 2.83
500 470 678 ± 61 2.30 ± 0.73 0.944 4.75

Elovich equation

T/K C0/(mg L–1) α β R2 SSE × 103

293
420 –238 ± 35 94.7 ± 8.0 0.952 1.43
450 –189 ± 22 88.5 ± 4.9 0.979 0.549
500 –149 ± 41 83.0 ± 9.4 0.917 1.99

303
420 –294 ± 49 133 ± 11 0.952 2.84
450 –259 ± 48 132 ± 11 0.954 2.65
500 –279 ± 58 145 ± 13 0.945 3.85

313
420 –285 ± 58 135 ± 13 0.937 3.88
450 –310 ± 57 150 ± 13 0.945 3.83
500 –349 ± 71 158 ± 16 0.931 5.88
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was 57.6%, 62.2%, and 45.1% respectively. The regeneration 
efficiency of the three cycles were all above 50%. It can be 
concluded that an alkaline environment destroys the inter-
action between adsorbent and CR, and organic solvents 
accelerate the release of CR by using a similar compatibil-
ity principle. Analytical dynamics tests were carried out at 
313 K. The results of nonlinear fitting of analytical dynam-
ics were shown in Fig. 11. The determined coefficients of 
the Elovich equation and double constant equation R2 were 
0.920 and 0.956, and SSE values were 46.2 and 22.5, respec-
tively. The results showed that there was ion exchange in 
the desorption process [52].

The adsorption capacity of various adsorbents toward CR 
was listed in Table 4. Compared with different adsorbents, 

the adsorption capacity of CS-PVA-Fe composite films 
toward CR is larger [17–19,60]. Furthermore, there was some 
property of desorption and reuse. So it is some advantage of 
CR adsorption from solution.

3.2.8. Adsorption mechanism of CS-PVA-Fe composite films

The functional groups of chitosan contain a large num-
ber of amino and hydroxyl groups. Adding iron at the 
same time could make polyvinyl alcohol chitosan form a 
network structure [27], which could interact with dye mol-
ecules. When adsorbed, the –NH2 the surface of adsorbent 
was protonated to –NH3

+, and the sulfonate group of dye was 
dissociated and transformed into anions. The electrostatic 
interaction between the two counter-ions forms a pair of ions. 
At the same time, sulfonate groups could be combined with 
iron through complexation, and N, S, O in CR molecule could 
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Fig. 11. Kinetics of CR desorption.

Table 3
Thermodynamic parameters of CR adsorption on Composite 
Film

Ea 
(kJ mol–1)

ΔH° 
(kJ mol–1)

ΔS° 
(kJ mol–1 K–1)

ΔG° (kJ mol–1)

293 K 303 K 313 K

142 101 0.354 –1.51 –7.57 –8.85

Table 4
Comparison of adsorption capacity with various adsorbents CR

Adsorbents Adsorption capacity (mg g–1) Ref.

Chitosan beads impregnated with carbon nanotubes 400 [17]
Chitosan hydrogel beads impregnated with bromide 352 [18]
Graphene oxide/chitosan fibers 245 [19]
polyethyleneimine modified wheat straw 89.7 [31]
Ethylenediamine modified wheat straw 68.6 [43]
Chitosan coated magnetic Fe3O4 particle 56.7 [48]
Magnesium oxide (MgO)-graphene oxide 237 [60]
CS-PVA-Fe 425 Present study
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Fig. 12. Adsorption mechanism of CR on composite films.
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also form hydrogen bonds with a film surface. Fig. 12 shows 
a diagram of the interaction of CS-PVA-Fe composite films 
and CR.

4. Conclusion

A new type of carbon-polyvinyl alcohol-iron compos-
ite film as adsorbent was successfully prepared. Through 
adsorption experiments, characterization and data fitting, 
the following conclusions were drawn: the new adsorbent 
had a good adsorption effect on CR; the film had a good 
adaptability to acidic conditions, and salt had a slight neg-
ative impact on adsorption. The kinetics of the adsorption 
process conforms to the pseudo-first-order kinetic model, 
pseudo-second-order model. The chemical effect was the 
main factor in the adsorption process. The adsorption pro-
cess was spontaneous, endothermic and entropy-increasing. 
The new composite films had excellent adsorption capac-
ity toward CR and there was promising to applied in the 
removal of CR from solution.
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