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a b s t r a c t 
Chitosan/TiO2 nanocomposite was fabricated by a film-casting method for the adsorption of 
Congo red. The nanocomposite film was characterized by Fourier transform infrared spectroscopy, 
field-emission scanning electron microscopy, powder X-ray diffraction, thermogravimetric analysis, 
weight-loss test, and adsorption study. Morphological analysis revealed rough and agglomerated 
filler materials over the film surface. The interaction among components of the composite was proven 
by powder X-ray diffraction and Fourier-transform infrared spectroscopy. The weight-loss result 
showed excellent stability of the composite in acidic medium. The adsorption mechanism was sup-
ported by both Langmuir and Freundlich isotherm models. The adsorption capacity of the composite 
film was 32 mg/g. 
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1. Introduction

Industrial effluents are causing significant environmen-
tal pollution. Organic dyes are major constituents of indus-
trial effluents. Dye removal from water is difficult because 
of its inertness. In recent years, many methods have been 
developed for dye removal and water treatment. Some 
favorable methods are reverse osmosis, flocculation [1], 
bacterial action, adsorption [2,3], and photo catalytic deg-
radation [4]. Among them, adsorption is simple, highly effi-
cient, and easy. The use of adsorbents for water treatment is 
being extensively studied. TiO2 is a key material in the deg-
radation of organic pollutants [5]. TiO2 has a high surface 
area and affinity to dye molecules [6] but is susceptible to 
agglomeration during operation, so it cannot stand be used 

alone for water treatment. By contrast, it can perform well 
with a polymer with a film-forming capability [7]. 

Chitosan is commonly used for chemical immobiliza-
tion because of its extraordinary attributes, such as hydro-
phobicity, biocompatibility, biodegradability, environment 
friendliness, and adsorption properties. Chitosan can be 
used as an adsorbent to expel overwhelming metals and 
colors because of the proximity of amino and hydroxyl 
groups, which can fill in as dynamic end groups. The amino 
groups of chitosan can be cationized, after which they com-
pletely adsorb anions through electrostatic interaction in 
acidic media [3,8,9]. Nevertheless, chitosan is exceptionally 
sensitive to pH as it can either take a gel form or break up 
depending on the pH. To enhance chitosan’s adsorption 
properties, many researchers have used cross-connecting 
reagents such as glyoxalin, formaldehyde, glutaraldehyde, 
epichlorohydrin, ethylene glycol diglycidyl ether, and iso-
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cyanides. Cross-connecting reagents balance out chitosan 
in corrosive arrangements such that it becomes insoluble 
and also improves its mechanical properties [10]. How-
ever, most of these reagents are either expensive or toxic. 
The major limitation of chitosan as an adsorbent is that it 
only transfers dye molecules from the solution to its sur-
face, meaning that the dye content cannot be eliminated 
permanently. Conversely, TiO2 nanoparticles can destroy 
the molecular backbone of dye molecules. It can also be 
regenerated for subsequent dye removal. A chitosan/TiO2 
composite can reportedly be used to remove Rhodamine B, 
methyl orange, methylene blue, and Pb (II) [11–14].

In the present work, chitosan/TiO2 nanocomposite was 
synthesized by a film-casting method. Field-emission scan-
ning electron microscopy (FESEM), powder X-ray diffrac-
tion (XRD), Fourier transform infrared spectroscopy (FTIR), 
thermogravimetric analysis (TGA) and weight-loss analysis 
were then conducted for the morphological and structural 
analyses. Finally, the adsorption capacity of the resulting 
composite for Congo red was evaluated. 

2. Experimental

2.1. Materials

The TiO2 nanoparticles were obtained from Sigma–
Aldrich, Malaysia. Congo red and chitosan were purchased 
from R&M chemicals and SE Chemical Co., Ltd., Japan, 
respectively.

2.2. Methods

2.2.1. Chitosan hydrolysis

Chitosan solubility depends on deacetylation degree. 
The deacetylation degree of the supplied chitosan was 40% 
and it was not completely soluble in acidic medium, so 
deacetylation was required. First, 40 g of NaOH was stirred 
in 80 g of distilled water, and then 2.5 wt.% chitosan was 
added and stirred with the NaOH solution for 12 h at 90°C. 
Second, chitosan was filtered and dried for 7 h at 60°C after 
subsequent washing with distilled water. 

2.2.2. Synthesis of chitosan/TiO2 nanocomposite

Chitosan/TiO2 nanocomposite was prepared by film-cast-
ing method. First, 2 wt.% chitosan was dissolved in 90% ace-
tic acid. Second, 1 g of TiO2 was magnetically stirred with 10 
ml of chitosan solution. The solution was stored in a Petri 
dish to dry for 7 h at 70°C. Finally, the composite was rinsed 
with aqueous NaOH and oven dried at 70°C. The schematic 
of the chitosan/TiO2 preparation is shown in Fig. 1. 

2.2.3. Characterization

Elemental analysis of the composite was conducted by 
FTIR and XRD techniques. A Nicolet iS10 FTIR spectrome-
ter (Thermo Scientific; 600 to 3000 wave numbers, resolu-
tion of 4 cm–1) was used for FTIR analysis. A PAN analytical 
empyrean X-ray diffractometer (λ = 1.54060 Å, Cu Kα radi-
ation) was used for XRD analysis. Morphological analysis 

was conducted with a FESEM system (Zeiss Auriga). Ther-
mal properties were examined with a thermogravimetric 
analysis (TGA) apparatus (SETARAM TGA 92) at a heating 
rate of 20°C/min and 30–800°C.

2.2.4. Weight-loss test

Weight-loss test was performed to determine the stabil-
ity of the composite. The weight of the chitosan/TiO2 nano-
composite was initially determined before dipping in acidic 
(pH 3) medium for 10 days at room temperature. After col-
lecting the composite, it was stored at room temperature for 
drying. Then, the dried sample was weighed and the weight-
loss percentage was calculated using the equation below:
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Weight loss
W
−

= ×  (1)

where W0 and W1 are the masses before and after dipping in 
acidic medium, respectively.

2.2.5. Adsorption test 

The adsorption test of Congo red was carried out by 
varying the initial concentration of Congo red solution. 
About 50 mg of the composite was added to 10 ml of Congo 
red solution, and the mixture was stored at room tempera-
ture until equilibrium was obtained. The composite was 
then collected and subjected to ultraviolet–visible spec-
trophotometry (Varian CARY 50 probe) to determine the 
dye-solution concentration. The amount of adsorbed Congo 
red was calculated using the equation below:
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where qt (mg/g) is the amount of dye adsorbed, Co and Ct 
(mg/L) are the initial and final dye concentrations, respec-
tively, m (g) is the mass of adsorbent and V (L) is the volume 
of the dye solution. 

3. Results and discussion

3.1. FESEM analysis

FESEM analysis was performed to analyze the compos-
ite morphology and the dispersion of TiO2. Fig. 2 shows the 

Fig. 1. Schematic of chitosan/TiO2 preparation.
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FESEM image of chitosan/TiO2 nanocomposite. The sur-
face was very rough and uneven. Surface roughness is an 
important factor for ensuring high adsorption efficiency by 
increasing hydrophilicity [15,16]. The filler particles, TiO2, 
are supposed to agglomerate because of Van der Waals 
forces. Thus, inter facial adhesion between chitosan matrix 
and TiO2 particles is believed to be poor [17]. Similar find-
ings have been previously reported [18,19].

3.2. XRD analysis

The XRD spectra of chitosan, TiO2, and chitosan/TiO2 
nanocomposite are shown in Fig. 3. The strongest peaks of 
TiO2 were observed at 2θ = 25.27°, 27.42°, 37.78°, and 48°. 
According to JCPDS (Reference code: 00-002-0514), these 
peaks belonged to the brookite phase of TiO2. The XRD 
peaks of pure TiO2 were clearly observed in the XRD plot 
of the composite, indicating that TiO2 crystallinity was not 
lost in the chitosan matrix. However, the peak intensity was 
altered because of the H-bonding between chitosan and 
TiO2 [20–22]. For chitosan, strong peaks at 2θ around 9°–10° 
and 20° were attributed to –OH and –NH2. These peaks, 
including minor reflection at higher 2θ values, signify that 
it was α-chitosan [23,24]. The crystalline peaks of chitosan 
almost vanished in the composite. A possible reason was 
the bond formation of chitosan with TiO2.

3.3. FTIR analysis

Fig. 4 shows the FTIR analysis of chitosan, chitosan/
AcOH, and chitosan/TiO2 nanocomposite. The peak at 
660 cm–1 was the crystalline sensitive band of chitosan 
[25], and it disappeared after dissolving chitosan in ace-
tic acid. The probable reason was the hydrogen bonding 
of chitosan with acetic acid. Thus, in accordance with the 
XRD study, chitosan lost its crystallinity to some extent. 
The peak at 709 cm−1 was attributed to Ti–O–Ti [26]. The 
characteristic peak of the saccharide group of chitosan was 
at 1151 cm−1 [27]. The peak at 1573 cm−1 was for the N–H 
bending of chitosan [20]. This peak intensity increased and 

shifted to a lower frequency, indicating chitosan deacetyl-
ation in acidic medium [23]. Accordingly, new –NH2 
groups were produced, but the peak intensity at 1570 cm−1 
decreased in the composite because of chitosan bonding to 
TiO2 through –NH2.

3.4. TGA

The thermal behavior of chitosan/TiO2 was analyzed 
by TGA, and results are shown in Fig. 5. For chitosan, 15% 
weight loss was observed at 40–145°C probably due to mois-
ture evaporation. Remarkably, 145°C was higher than in 
free water (usually 110°C). The hydrogen bonding between 
a water molecule and chitosan was probably responsible for 
this high temperature. Decomposition then started at 200°C 
because of the degradation of acetylated and deacetylated 
units. In the case of chitosan/TiO2, the decomposition tem-
perature was prolonged with low weight loss.

Fig. 2. FESEM image of chitosan/TiO2 composite.

Fig. 3. XRD spectra of chitosan/TiO2 composite.
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3.5. Weight-loss test

The weight-loss test was carried out in acidic medium. 
No weight loss was observed after 10 d. The chitosan dis-
solved in acidic medium because of the protonation of 
amino groups [28]. Thus, free amino groups were not 
retained in the chitosan/TiO2 nanocomposite to be proton-

ated. As the composite was washed with NaOH, it may 
have helped induce hydrogen-bond formation between 
the amino groups of chitosan and TiO2 by introducing a 
hydroxyl group into the matrix. The composite film was 
rigid and the shape was unaltered. The composite stability 
in acidic medium was an important finding because it indi-
cated the potential industrial applications of chitosan/TiO2 
composite.

3.5.1.  Key improvements compared with other literature 
findings

The main issue of chitosan is its instability in acidic 
medium. Although it has many important features, it 
cannot be applied industrially due to its chemical insta-
bility. The present experiment showed that chitosan/ 
TiO2 composite can have improved chemical stability  
of chitosan while maintaining the dye-adsorption capa-
bility.

3.6. Adsorption test

3.6.1. Adsorption isotherm

Adsorption data were analyzed by Langmuir iso-
therms and Freundlich adsorption models to determine the 
adsorption capacity of chitosan/TiO2 nanocomposite. The 
adsorption mechanism can be predicted from the isotherm 
parameters. 

The mathematical equation of the Langmuir isotherm 
[29] is as follows:

1
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e
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q k C
q
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+
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The linear form of Eq. (3) is as follows:
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Fig. 4. FTIR spectra of chitosan/TiO2 composite.

    

Fig. 5. (a) TGA and (b) DTG curves of chitosan/TiO2 composite.
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where qe (mg/g) is the Congo red adsorbed by chitosan/
TiO2 nanocomposite, Ce (mg/L) is the equilibrium concen-
tration of Congo red, qm is the adsorption capacity of the 
nanocomposite for Congo red, and Ka (L/mg) is a constant 
related to the affinity of the binding sites. 

The favorability of the Langmuir isotherm can be evalu-
ated by dimensionless adsorption intensity (RL), which can 
be calculated as follows [30]:

1
1L

a m

R
K C

=
+

 (5)

where Cm is the maximum initial concentration of Congo 
red solution.

RL represents the shape of the isotherm. The isotherm 
can be either unfavorable (RL > 1), linear (RL = 1), favorable 

Table 1 
Isotherm parameters

Adsorbate Langmuir isotherm Freundlich 
isotherm

qm 

(mg/g)
Ka RL R2 KF N R2

Chitosan/
TiO2

32 0.02 0.14 0.99 2.8 2.25 0.98

Table 2 
Comparison of adsorption capacities

Adsorbent qmax (mg/g) Reference

Chitosan hydrogel 318.47 [36]

Chitosan hydrogel beads 
impregnated with cetyl 
trimethyl ammonium 
bromide

162.3 [37]

Graphene oxide/chitosan 
fiber

294 [38]

Chitosan 320 [39]

TiO2 112 [40]

Chitosan/TiO2 32 Current study

Fig. 6. (a) Langmuir isotherm, (b) Freundlich isotherm, (c) initial concentration vs. removal percentage, and (d) initial concentration 
vs. adsorption capacity.
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(0 < RL < 1), or irreversible (RL = 0) depending on RL. The 
calculated RL was 0.14, which indicated that Congo red 
adsorption was favorable. 

The Freundlich isotherm [31] can be used to identify the 
non-ideal adsorption of heterogeneous-surface-energy sys-
tems. It can be expressed by the following equation:

1/n
e F eq K C=  (6)

Usually, KF indicates the adsorption capacity. The mag-
nitude of 1/n signifies the favorability of the adsorption 
process. 

Eq. (6) can be normalized using the logarithm to the fol-
lowing equation:

1
log log loge F eq K C

n
= +  (7)

The 1/n values can define the order of isotherm. i.e., 
irreversible (1/n = 0), favorable (0 < 1/n < 1), and unfa-
vorable (1/n > 1) [15,32,33]. In this work, the value was 
0.44, indicating favorable nature and heterogeneity of the 
adsorbents sites [16]. The experimental data of Congo red 
adsorption onto chitosan/TiO2 nanocomposite well fitted 
both isotherm models. This finding suggested the mono 
layer adsorption of Congo red and the involvement of sev-
eral functional groups [11,34]. The isotherm parameters are 
listed in Table 1. The adsorption capacity of the composite 
was 32 mg/g.

Table 2 shows that the adsorption capacity of chi-
tosan/TiO2 was lower than those previously observed 
for chitosan and TiO2. The strong interaction between 
chitosan and TiO2 may decrease the active sites for 
adsorption. Chitosan is also pH sensitive because of 
the protonation of amino groups in acidic medium [35]. 
The weight-loss test proved that the composite was sus-
tained in an acidic medium, which indicated that free 
amino groups were not retained in the composite to be 
protonated. The adsorption capacity of chitosan largely 
depended on its amino groups, indicating that chitosan 
stability was achieved by sacrificing the adsorption 
capacity of chitosan and TiO2.

3.6.2. Effect of initial concentration

Figs. 6c and 6d show the effects of the initial concentra-
tion of dye over adsorption capacity. The initial dye concen-
tration was varied from 30 mg/L to 300 mg/L. The removal 
percentage of dye decreased with increased dye-solution 
concentration. This result may be attributed to the fact that 
the adsorption sites of the composite decreased at high 
concentrations of Congo red [29]. However, the value of 
adsorbed dye (qe) increased with increased dye concen-
tration. At high concentrations, the maximum collision 
occurred between the dye molecules and the active sites of 
the composite. 

4. Conclusion

Chitosan/TiO2 nanocomposite was synthesized and 
characterized by FESEM, FTIR, XRD, TGA, weight-loss test, 

and adsorption study. Results showed that the composite 
was stable in acidic medium. Strong bonding between chi-
tosan and TiO2 was observed by FTIR and XRD analyses. 
The adsorption isotherm followed the Langmuir and Fre-
undlich models. The adsorption capacity of the composite 
was 32 mg/g. The removal percentage was higher when the 
initial concentration was low. 
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