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Abstract: Nanocomposites of TiO2 /chitosan (nTC) were synthesized by hydrothermal process at 200 ◦C. Photo-

catalytic activity of the nanocomposites was studied with degradation of malachite green (MG) in aqueous medium.

Structural and physico-chemical properties of the obtained nanocomposites were characterized by XRD, SEM, BET,

FTIR, and particle size analyzer. Complete photodegradation of MG was successfully achieved with the aid of the

nanocomposites. The optimum photocatalytic degradation conditions, irradiation time, irradiation power, and amount

of catalyst were studied. Photocatalytic activity of the synthesized nanocomposites in terms of degradation of MG

was compared with that of undoped TiO2 (synthesized by our team) and chitosan under normal conditions. It was

concluded that the synthesized nanocomposites had better photocatalytic activity. The best result (100% degradation)

was obtained with amount of nTC of 0.25 g and irradiation time of 120 min.
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1. Introduction

Chitosan is a linear, semicrystalline polysaccharide composed of β -(1-4)-linked-D-glucosamine and N-acetil-D-

glucosamine units.1 The structure of this polymer is explained in Figure 1.
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Figure 1. Structure of chitosan.

Due to the specific features of these amino groups, chitosan also efficiently forms complexes of various

species such as metal ions, and therefore they are often used for the treatment of wastewaters, by purifying
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them through removing heavy metals.1 The complex ability of chitosan is further utilized to refine beverages

(wine, juices, etc.).2 Moreover, chitosan exhibits other remarkable intrinsic properties: this polysaccharide ex-

hibits antibacterial activity,3,4 along with antifungal5 and mucoadhesive.6 It can be biodegraded into nontoxic

residues7,8—the rate of its degradation is highly related to the molecular mass of the polymer and its deacetyla-

tion degree—and its biocompatibility with physiological medium has been proven to some extent.9,10 All these

singular features make chitosan an outstanding material for biomedical applications.11

TiO2 is one of the most commonly used photocatalysts for degradation of pollutants.12−16 As it is envi-

ronmentally friendly, cheap, nonphotocorrosive, stable, highly available, and capable of mineralizing pollutants

completely, it has been largely used as the catalyzer for water decontamination.17,18 Nano-TiO2 and its com-

posites can be synthesized by different methods such as sol-gel and hydrothermal method.19,20 Hydrothermal

synthesis is a nanoparticle preparation route that utilizes heat and pressure to initiate reactions of reagents

dissolved in water or organic solvent. Nanoparticles can be produced without the requirement for postreaction

calcinations. The method is attractive as it can produce nanoparticles and nanocomposites with minimal or no

agglomeration.19,21

In recent years, chitosan biopolymer (CS) has shown multifunctional performance with TiO2 in het-

erogeneous photocatalysis technology, including its use as a stabilizer,22 a recovery agent23 for increasing the

adsorption capacity of CS-TiO2 adsorbent in the removal of metal ions,24,25 and for enhancing the adsorption–

photocatalytic process of dye and organic pollutant species.25−29

Malachite green (triphenylmethane dye) (MG) is a basic cationic dye readily soluble in water. MG is

widely used for coloring leather and silk and it is well known as an effective, inexpensive topical fungicide

and disinfectant used in the aquaculture industry. However, the toxic effects of MG have been studied

extensively.30,31 Therefore, different methods (adsorbtion,32 photocatalysis,33 sonosorption34 etc.) were used

to remove MG from wastewater.

The aim of the present study was to demonstrate, unlike the previously reported studies (in situ sol-gel

process,35 coating26 etc.), that TiO2/chitosan nanocomposites were synthesized by a hydrothermal method

using metal alkoxide. In this method, experiments were performed at relatively low temperature and short

experiment time. New materials were used for the photocatalytic degradation of MG dye. Overall the

experiment showed that the new nanocomposites are good for photocatalytic degradation of MG, which is

a hazardous dye.

2. Results and discussion

2.1. Characterization of the nanocomposites

The crystalline structure of the synthesized nanocomposites was analyzed by XRD. When the XRD pattern

of the nanocomposites (Figure 2) was compared with PDF#21-1272 data files, it was found that all of the

sharp peaks belong to anatase phases. XRD patterns of the nanocomposites, pure TiO2 , and chitosan are

demonstrated in Figure 2. According to the calculations performed by using the Scherrer equation,36 average

crystallite size of the nTC and undoped TiO37
2 was 11.8 nm and 8 nm, respectively.

Some of the physicochemical properties of the synthesized nTC are given in Table. The BET surface area,

average pore diameter, and micropore volume of the nanocomposites were calculated from the N2 adsorption

isotherm obtained at liquid N2 temperature, where the sample was degassed at 130 ◦C for 4 h before N2

adsorption. It was found that the BET surface area, average pore diameter, and micropore volume were 174
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m2 /g, 8.70 nm, and 0.033 mL/g, respectively. According to the result of the DFT plus method, mesoporosity

dominated and was distributed in the range of 5–20 Á. The mesoporosity (ratio of mesopores to total pore

volume, Vme/Vtot) was 98.1%. The microporosity (ratio of micropores to total pore volume, Vmi/Vtot) was

1.9%.
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Figure 2. The XRD patterns of nTC, pure TiO2 ,
37 and chitosan.

Table. Some physicochemical characteristics of the synthesized nTC and comparison with the literature (NR: not

reported).

BET Average

Reference
Crystalline Crystalline surface pore Micropore Particle Degradation
type size (nm) area diameter volume size (%)

(m2/g) (nm) (mL/g) (nm)
Anatase/ Brookite NR 3.8 15.24 0.043 NR 41–91 [25]
Anatase/ Rutile 4–18 NR NR NR NR 87 (max) [26]
NR NR 1.342 90 [27]
Anatase 11.8 174 8.70 0.033 168 100 This study

The functional group of the hydrothermally synthesized nanocomposite was analyzed by FT-IR (Figure

3). Both TiO2 and nTC were observed through the main bands due to stretching vibrations of OH groups

between the range of 3600 cm−1 and 3000 cm−1 . The vibrations of amine group NH2 (ν = 1535 cm−1) and

the vibrations of the hydrogen bond and protonation of the amino groups (ν = 1410 cm−1) were observed in

the composite (nTC).38 Vibration frequencies related to the C–H bonding –CH2 (ν = 2930 cm−1) and –CH3
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(ν = 2980 cm−1) were observed. Bending vibrations of methylene and methyl groups were also visible at 1380

cm−1 and 1460 cm−1 , respectively.39 Moreover, characteristic peaks related to TiO2–TiO2 (Ti–O/Ti–O–C)

(ν = 1000–1200 cm−1) were not observed in the nTC.
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Figure 3. Typical FT-IR spectrum of pure TiO2 and synthesized nTC particles.

Typical SEM images of nTC particles and pure TiO37
2 are shown in Figure 4. This figure indicates that

the shapes of the particles are quite similar to each other and they are likely to become spherical.

Particle size of nanocomposites was determined by particle size analyzer. The particle size distribution

of the nTC is shown in Figure 5.

Figure 4. Typical SEM microphotograph of hydrothermally synthesized a) pure-TiO37
2 and b) nTC particles.

2.2. Photocatalytic degradation of MG

The strong preadsorption of the MG on the nTC surface is an important phenomenon for an efficient charge

transfer, and it not only affects the photodegradation rate, but also changes the photocatalytic mechanism. For

this reason, before examining the photocatalytic activity of nTC as a catalyst for degradation of MG, adsorption

tests were carried out by keeping it at its natural pH, and containing MG (C0 = 30 mg/L, 25 mL) and 0.25 g
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of nTC in the dark at room temperature for 30, 60, 90, and 120 min. It was determined that the adsorption

process on nTC was completed after 120 min and the adsorption at 614 nm (λmax) did not change with the

prolonged soaking time from 90 to 120 min. Therefore, before the optimization studies nTC/MG mixtures were

kept in the dark for 90 min.

Figure 5. Particle size distribution of nTC.

The photocatalytic degradation of MG was examined by using the hydrothermally synthesized nTC

crystalline as catalyst under irradiation. Photocatalytic degradation of MG catalyzed by nTC under different

irradiation times is shown in Figure 6a. Normalized concentration variations with irradiation power, amount of

nTC, and initial MG concentration in the mixture are also shown in Figures 6b–6e, respectively.
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Figure 6. Photocatalytic degradation of MG a) Effect of irradiation time, b) Effect of irradiation power, c) Effect of

amount of catalyst, d) Effect of dye concentration, e) Effect of pH.

The effects of irradiation time on the degradation of MG at constant irradiation power (770 W/m2 , PI 7),

amount of the nTC (0.25 g), initial concentration of dye (30 mg/L, 25 mL), and in natural pH were examined.

32



SAYILKAN and EMRE/Turk J Chem

The effect of irradiation time on MG degradation is shown in Figure 6a. The increase in irradiation time made

the nTC/MG mixture colorless, which indicated the degradation of MG. Decolorization was completed at 120

min for nTC. Generally, the logarithmic plot of concentration data gives a straight line, the slope of which helps

to predict the rate constant of the reaction. That is lnC0 /C = kt, where C is the dye concentration (mg/L)

at instant t (min), C0 is the dye concentration (mg/L) at t = 0 (min), and k is a rate constant (1/min). The

first order rate constant k was obtained from the slope of the linear plot of ln(C0 /C) versus time. Figure 7

shows that ln(C0/C) is linear with the irradiation time, obtained by replotting in the ln(C0/C)-t coordinates;

this means that photodecomposition of MG obeys the rules of pseudo-first order reaction kinetics. The reaction

rate decreases with irradiation time since it follows apparent first-order kinetics and additionally competition

for degradation may occur between the reactant and the intermediate products. The difficulty of converting

the N-atoms of dye into oxidized nitrogen compounds causes slow kinetics of dye degradation after a certain

time limit. The deactivation of active sites by strong by-products deposition (carbon, etc.) causes a reaction of

short chain aliphatic with OH · radicals and the short life-time of photocatalyst.37,40
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Figure 7. Pseudo-first-order photodegradation kinetics of MG.

The effects of irradiation power on the degradation of MG at constant irradiation time (120 min), amount

of the nTC (0.25 g), initial concentration of dye (30 mg/L, 25 mL), and in natural pH were examined. The results

are presented in Figure 6b. It can be seen that MG completely degrades with increasing irradiation power up to

770 W/m2 . The mixture became transparent and colorless, suggesting that degradation at these levels results

in complete mineralization.41,42 This is probably due to the fact that low light intensity reactions involving

electron–hole (e−/h+) formation are predominant and electron–hole recombination is negligible. However, as

the light intensity increased, so did the light electron–hole recombination, which caused the reaction rate to

decrease.

To optimize the amount of catalyst, a series of experiments were carried out in which the loading varied

from 0.1 to 0.5 g with a dye concentration of 30 mg/L, irradiation power 770 W/m2 , irradiation time 120 min,

and in natural pH. The degradation efficiency of MG for various catalyst loadings is shown in Figure 6c. The

results indicate that the photocatalytic efficiency increases up to a maximum as a function of catalyst loading.

The optimum amount of catalyst was determined as 0.25 g. The increased amount of catalyst produces a

proportional increase in the number of active radicals by absorbing increased numbers of photons, which are

sufficient and readily accessible for the degradation of nearby MG.43,44
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The photocatalytic degradation at different initial concentrations of MG in the range of 10–50 mg/L was

examined with determined conditions as the irradiation time (120 min), irradiation power (770 W/m2), amount

of the nTC (0.25 g), and in natural pH. As shown in Figure 6d, the photocatalytic degradation efficiency of

MG by nTC under the UV-light decreased with increases in the concentration of MG. This negative effect can

be explained as follows: as the dye concentration increases, the equilibrium adsorption of dye on the catalyst

surface active sites increases too; hence competitive adsorption of O2 on the same sites decreases, meaning

a lower formation rate of O2•− , H2O2 , and •OH radical, which is the principal oxidant necessary for high

degradation efficiency. On the other hand, when the Beer–Lambert law is taken into account, as the initial

dye concentration increases, the path length of photons entering the solution decreases, which results in lower

photon adsorption on catalyst particles and, consequently, a lower photodegradation rate.45−47

Several tests were performed to observe the effect of pH on photodegradation in the determined conditions

(Figure 6e). Natural pH of the nTC/MG mixture (containing 0.25 g of nTC and 30 mg/L MG) was nearly

4. pH of the medium varied between 2 and 6 by addition of HCl and NaOH. It was found that the highest

degradation activity was observed at pH 3 and pH 4. Above and below this pH value activities decreased. This

behavior shows that the interaction between catalyst and dye must occur because of the interaction of acid sites

MOH+
2 or amphoteric sites MOH of catalysts with amine or aromatic groups of MG dye.48

Photocatalytic activity of the synthesized nanocomposites for degradation of MG was compared with

undoped-TiO37
2 and chitosan at optimum conditions. Photocatalytic degradation results for nTC, undoped

TiO2 , and chitosan were 100%, 90%, and 88%, respectively. This result shows that nanocomposites (nTC) had

the best photocatalytic activity. The photocatalytic mechanism of MG is represented in Figure 8.

Figure 8. Possible photocatalytic degradation mechanism of MG.

In this study, nanocomposites (nTC) were easily synthesized by hydrothermal process at 200 ◦C in 4

h. This is a new method for synthesis of nTC. The synthesis of the new composite’s structure was explained

by analysis (FT-IR, XRD etc.). Afterwards, nTC was used for MG photocatalytic degradation. A possible

degradation mechanism is demonstrated in Figure 8. Photocatalytic activity of the synthesized nanocomposites

for degradation of MG was compared with that of undoped-TiO2 and chitosan under optimum conditions. It

was found that the synthesized nanocomposites had better photocatalytic activity. Results of this work were

compared with the literature and summarized in the Table.
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3. Experimental

3.1. Chemicals and apparatus

Tetraisopropylorthotitanate ((Ti(OPr i)4) (97%) and chitosan (MW = 100,000–300,000) provided by Alfa Aesar

and Acros Organics, respectively, were used in the synthesis of nanocomposites to be used as photocatalyst.

Acetic acid from Merck (HAc, 99%–100%) was used as solvent for chitosan. Isopropyl alcohol (Riedel de

Haen, 99%) was used as solvent. Malachite green oxalate (MGO) purchased from a local textile factory was

of analytical reagent grade and it was used without further purification. Deionized water was used for the

hydrolysis of Ti(OPr i)4 .

The crystalline structure of the nanocomposites was analyzed by X-ray powder diffraction (XRD) pattern

obtained from Rigaku Geigerflex D Max/B diffractometer with Cu Kα radiation (λ= 0.15418 nm with a step

of 0.04◦). The crystallite size of the anatase particle was calculated using the Scherrer equation. Surface

morphology of the nanocomposites was performed using SEM (LEO EVO 40). An ASAP 2000 model BET

analyzer was used to determine the surface area and average pore diameter. The BET surface area, average

pore diameter, and micropore volume of the nanocomposites were calculated from the N2 adsorption isotherm

at liquid N2 temperature. The sample was degassed at 130 ◦C for 4 h before N2 adsorption. Pore size

distribution of the nanocomposites was computed by DFT plus method. FT-IR spectra were collected using

a PerkinElmer Spectrum One FT-IR spectrometer. FT-IR measurements of the samples were carried out in

transmission mode in the region from 700 cm−1 to 4000 cm−1 with ATR unit. Particle size of nanocomposites

was determined by using a Malvern Nanoseries Zetasizer. Dye concentration in the solutions and mixtures was

determined by using a Varian Cary 50 model UV/VIS spectrophotometer. Irradiation was carried out using a

SOLARBOX 1500 model simulated irradiation unit with a Xe-lamp and a controller to change the irradiation

time and power input from 390 to 1100 W/m2 .

3.2. Preparation of nanocomposites

Different amounts of chitosan (0.1, 0.2, 0.3, and 0.4 g) were added to alkoxide solution (5 g). The best pho-

tocatalytic degradation result obtained with the weight ratio of chitosan/Ti(OPr i)4 was 0.2/5 g/g. Ti(OPr i)4

was dissolved in i-propanol and chitosan (0.2 g) that was dissolved in 3% HAc. The preparation was stirred

at ambient temperature for 10 min until it became homogeneous. Chitosan/HAc mixture was added dropwise

to the alkoxide solution quickly. The hydrolysis reaction started at this step. After being stirred for about 30

min, the solution was transferred into a stainless steel Teflon-lined autoclave and heated at 200 ◦C for 4 h and

the condensation reaction of the mixture was completed. Then the powders, which had been separated through

centrifuging, were dried in a vacuum sterilizer at 40 ◦C for 4 h. In this way, the nanocomposite powder was

obtained. After the hydrolysis and condensation reactions, the possible structure of nanocomposites is as shown

in Figure 9.

3.3. Photodegradation experiments

For the photocatalytic degradation experiment, the necessary volume of MG solution was added to the nTC. The

prepared nTC/MG dye mixture was incubated in the dark for 90 min to equilibrate, the nTC/MG dye mixture

was poured into a disposable flask, and the flask was quickly placed in the SOLARBOX, ready for irradiation

to induce the photochemical reaction. The decomposition of MG was monitored by measuring the absorbency

at 614 nm (λmax) and degradation was quantified by detecting MG concentration (C) before, during, and after
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irradiation. Photocatalytic activity of the nTC was compared with pure nano-TiO2 and commercial chitosan

(MW = 100,000–300,000) for degradation of MG under optimum catalysis conditions determined for the nTC.

Figure 9. Schematic diagram of the possible structure of nTC.
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