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a b s t r a c t
In this study, polyaniline (PANI) and polyaniline nanometal oxide (PANI/ZrO2) composites synthe-
sized by the chemical polymerization method were structurally characterized by X-ray diffraction, 
Fourier-transform infrared spectroscopy, scanning electron microscopy, and transmission electron 
microscopy methods. The thermal behavior of polymeric composites was analyzed using thermo-
gravimetric analysis. Bandgap energy of PANI and PANI/ZrO2 were calculated by using the Tauc plot. 
The photocatalytic effect of PANI nanocomposites with and without nano-ZrO2 in different amounts 
(0.1, 0.5, and 1.0 wt.%) on the degradation of congo red dye was investigated under UV-visible light 
irradiation (UV-A, 365 nm) and a dark environment. The effect of light on 100% of the degradation 
of the congo red was investigated by using PANI and PANI/ZrO2 photocatalysts. PANI and PANI/
ZrO2 catalysts under UV-A light irradiation were found to be more effective in 100% the degradation 
of the congo red dye molecules than that of in the dark environment. The photocatalytic activities of 
the catalysts were increased by the addition of nano-ZrO2 to the PANI structure. The reaction kinet-
ics were investigated by using the first-order reaction kinetic model. The photocatalytic reaction 
rate was higher by increasing the amount of nano-ZrO2 used in the polymeric composite.
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1. Introduction

Industrial wastewater is one of the most important 
sources of pollution in surface and groundwater. Wastewater 
is treated in the treatment plants and then released to the 
environment. However, it should be noted that reactive 
dyes cannot be removed by a regular treatment process 
and the water from the wastewater plant contains reactive 
dyes despite the removal process. Unfortunately releasing 
water containing reactive dyes into the environment let to 
remain dye compounds in the environment for many years 
without degradation. These reactive dyes are very toxic to 
human health are the leading causes of cancer diseases 
[1,2]. One of the environmentally harmful dyes is congo red 
(CR), which is the sodium salt of the acid called benzidine 

diazo-bis-1-naphthylamine-4-sulfonic acid. Although CR has 
carcinogenic and mutagenic properties, it is widely used in 
the textile, paper, printing, and plastic industries [3,4].

Various physical and chemical methods such as ion 
exchange, electrochemical and photochemical decom-
position, reverse osmosis, ultrafiltration adsorption, and 
chemical oxidation could be used for removal of dyes from 
wastewater [5–8]. Although chemical flocculation and sedi-
mentation are some of the common methods used to remove 
dye materials from wastewater, it is harmful due to the 
chemical contaminants formed. Due to the complex organic 
structure of the dyes and their ability to withstand biologi-
cal degradation, biological methods are insufficient in color 
removal [9]. For this reason, photocatalytic degradation, 
which is known to be environmentally friendly, has become 
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an important method. When exposed to UV light, the photo-
catalysts used in photocatalytic degradation become highly 
energized by absorbing light. It initiates the chemical reac-
tion by transferring the reactive material around this energy. 
The resulting high oxidation oxidizes the harmful substances 
in contact with the power by converting them into CO2, H2O, 
and other small molecules. Photocatalytic processes are also 
widely used in different applications such as self-cleaning of 
materials, deodorization, and water treatment [10,11].

Photocatalysis is the process in which light and cata-
lyst are combined together to initiate or accelerate a chem-
ical reaction. Briefly, photocatalysis can be defined as the 
catalyzed acceleration of a light-induced reaction [12]. 
The use of composites obtained by modification of con-
ductive polymers and semiconductor metal oxides in dye 
removal by photocatalytic degradation is one of the popular 
research topics [13–19]. Many types of semiconducting sys-
tems have been studied for photocatalysis including TiO2, 
ZnO, ZrO2, CdS, WO3, and so on [20–23]. Most of them have 
a bandgap in the UV (ultraviolet) region, that is, equal to 
or greater than 3.36 eV (λ = 388 nm) Thus, these catalysts 
promote photocatalytic reactions under the illumination 
of UV radiation [24]. One of these semiconductors, ZrO2, 
is considered as a photocatalyst in different chemical reac-
tions due to the high negative value of the broad bandgap 
and the conduction band potential. The bandgap energy of 
ZrO2 is 5.1 eV [25]. ZrO2 nanoparticles are effective antibac-
terial and anticorrosion agents with many properties such 
as high strength, abrasion resistance, fracture toughness, 
hardness, and chemical resistance [26,27].

Semiconductors are effective under UV light irradiation 
when used as photocatalyst alone. To increase the efficiency 
of semiconductors under visible light irradiation, poly-
meric composite is formed with conductive polymers. The 
most widely used conductive polymer for this purpose is 
polyaniline [28,29].

In this study, PANI and PANI/ZrO2 nanocomposites 
were synthesized by chemical polymerization and these 
nanocomposites were characterized by X-ray diffraction 
(XRD), Fourier-transform infrared spectroscopy (FTIR), 
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) methods. The thermal analysis of 
polymeric nanocomposites was performed by thermograv-
imetric analysis (TGA). Also, the bandgap energy of pho-
tocatalysts was determined by drawing the Tauc plot. The 
photocatalytic effect on the degradation of the CR of PANI, 
PANI/ZrO2 photocatalysts was examined under the UV-A 
light irradiation and a dark environment.

2. Experimental

2.1. Materials and methods

ZrO2 nanoparticles (<100 nanoparticle size, CAS: 1314-
23-4, Mw = 123.22 g/mol), 37% hydrochloric acid (HCl), 
99.5% aniline (ANI, C6H7N), ammonium peroxydisulfate 
(APS, (NH4)2S208), sodium chloride (NaCl), ethanol (C2H6O). 
Congo red dye (CR, C32H22N6Na2O6S2), coloring agent, CI 
22120, BDH Chemical Ltd., UK. All other chemicals are 
supplied by Merck. The chemical substances were used 
without purification.

2.2. Synthesis of PANI and PANI/ZrO2 nanocomposites

Synthesis of PANI; 1 mL of aniline was added to the 
70 mL 2.0 M HCl solution. The solution was stirred with 
a magnetic stirrer at a constant speed. To this was added 
by dropwise a solution of 2.5 g of APS in 20 ml of deion-
ized water. Polymerization continued at room temperature 
for about 5 h. The crude product was filtered and washed 
with 2 M HCl solution, ethyl alcohol, and deionized 
water. The resulting solid product was dried at 60°C under 
vacuum.

Synthesis of the PANI/ZrO2 polymeric nanocomposite 
is similar to the synthesis of the PANI, and the same pro-
cedure was performed with the addition of ZrO2 (0.1, 0.5, 
and 1.0 wt.%) metal oxide nanoparticles. ZrO2 metal oxide 
nanoparticles were added into the 70 mL of 2.0 M HCl solu-
tion, then 1 mL of aniline was added while the prepared 
solution was stirring. The resulting solution was stirred with 
a magnetic stirrer at constant speed 1 h and then kept for 
1 h in an ultrasonic bath (to provide dispersion of nanopar-
ticles). After adding APS solution (2.5 g of APS in 20 ml 
of deionized water), the procedures were repeated while 
preparing the pure PANI.

2.3. Photodegradation experiments

The photocatalytic degradation of the CR dye was 
carried out using the PANI and PANI/ZrO2 photocata-
lysts under UV visible light (365 nm, UV-A) irradiation. 
A high-pressure sodium lamp (OSRAM, VIALOX SON-
T, 400 W, Germany) that radiates predominately between 
400 and 700 nm wavelengths was used in the tests. The 
maximum wavelength (λmax) for CR was found to be 499–
500 nm [30]. Photocatalytic experiments were carried out 
at room temperature. In photocatalytic experiments, a UV 
photo booth with UV lamp pair containing 254 nm short 
wave and 365 nm long wavelength was used as a light 
source. During the photocatalytic degradation experiments 
of the CR dye, a 365 nm wavelength lamp in the UV cabinet  
was used.

Photocatalytic degradation of CR under UV-A light 
irradiation was performed using a UV cabinet at 365 nm 
wavelength. The dye solution at a concentration of 100 mg/L 
was prepared in deionized water and 0.1 g amounts of 
PANI and PANI/ZrO2 nanocomposites as photocatalyst 
were added into 100 mL dye solution and the mixture was 
stirred at dark medium for desired times to equilibrate. 
Concentration and wavelength measurements were made 
by taking samples from the solution at certain time inter-
vals with a spectrophotometer. Degradation was repeated 
with and without light for each solution.

The lamp was switched on to initiate the photocatalytic 
degradation reaction. During irradiation, the suspension 
was stirred continuously to keep the suspension homoge-
neous. Concentrations of the dye solution were measured 
using a UV spectrophotometer, after centrifugation of the 
degraded dye solution.

The photocatalytic degradation experiments of the dye 
were continued until 100% of degradation occurred at spe-
cific time intervals. The same experiments were repeated 
in the dark medium. The degradation % was calculated 
using the following equation [31]:
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where C0, is the initial concentration of the dye and C is 
the concentration of the dye after UV-A light irradiation.

A calibration curve was plotted by reading the absor-
bance values of samples with known concentrations. The 
calibration curve was used to determine the concentrations 
of the samples. The concentrations of the solutions to be 
used in the calibration chart was determined to conform to 
the Lambert–Beer law [32,33].

2.4. Characterization methods

TGA of PANI and PANI/ZrO2 polymeric nanocom-
posites synthesized by the chemical polymerization 
method was performed with the Mettler Toledo analyzer 
(heating rate 10°C/min). XRD measurements of the sam-
ples were made with a Bruker Advanced D8 XRD instru-
ment. SEM analysis of the samples was determined using 
Cressington 208 C (Electron Microscopy Center, North 
Dakota University) and TEM analysis using the JEOL-2100 
LaB6 device (Electron Microscopy Center, North Dakota 
University) for the determination of the morphological and 
structural properties of the nanocomposites. FTIR spectra 
of powdered PANI and PANI/ZrO2 nanocomposites were 
recorded using a Perkin-Elmer-2000 infrared spectropho-
tometer (KBr reference sample) series at 4,000–600 cm–1 
wave number. Photocatalytic activity measurements were 
also made using a Perkin-Elmer UV Lambda 25 spectropho-
tometer (Kocaeli University, Chem. Lab.).

3. Results and discussions

3.1. FTIR analysis

The FTIR spectral curves of PANI and PANI/ZrO2 
(0.1, 0.5, and 1.0 wt.% nano-ZrO2) nanocomposites are 
shown in Fig. 1. Characteristic absorption peaks of poly-
meric nanocomposites are presented in Table 1. The charac-
teristic peaks of PANI, N–H stretching mode at 3,455 cm–1, 
C=C stretching of benzenoid rings at 1,494 cm–1, planar 
vibration of C–H bond at 1,109 cm–1, stretching of C–N ben-
zene rings at 1,291 cm–1, the stretching of the C=N quinoid 
rings at 1,583 cm–1 and the stretching of the C–C aromatic 
rings at 797 cm–1 [34] were detected. The values obtained 
are consistent with the literature [35] when the absorption 
spectra of nanoparticle-containing polymeric composites 

are compared with PANI, there is a shift due to the unique 
interactions between PANI and ZrO2 nanoparticles [28] 
(Table 1). as listed in Table 1, the N–H stretching in PANI 
is 3,455 cm–1 and 3,446 cm–1 in PANI/ZrO2 (0.1 wt.%), 
3,422 cm–1 in PANI/ZrO2 (0.5 wt.%) and 3,380 cm–1 in PANI/
ZrO2 (1.0 wt.%). Another example of this shift is the shifts 
in the C–N stretching mode of benzenoid rings, the C–N 
stretching mode of benzenoid rings for PANI is 1,291 and 
1,255 cm–1 for PANI/ZrO2 (0.1 wt.%), 1,253 cm–1 for PANI/
ZrO2 (0.5 wt.%) and 1,250 cm–1 for PANI/ZrO2 (1.0 wt.%). 
were determined. Peaks from 3,050 to 3,500 cm–1 indicating 
the cross-linking mode of the polymer chains. The addition 
of ZrO2 to PANI is attributed to Zr–O stretching and shows 
the presence of metal oxides at 500–600 cm–1. This peak is 
clearly seen in the FTIR spectrum of the polymeric compos-
ite containing 1.0 wt.% ZrO2 [28,36].

3.2. TGA results

TGA results of PANI and PANI/ZrO2 (0.1, 0.5, and 
1.0 wt.%) nanocomposites are shown in Fig. 2. There are 
three stages of weight loss of nanocomposites containing 
different amounts of ZrO2. PANI, an organic polymer, is not 
very stable when heated and its initial weight loss is in the 
range of 100°C–200°C, which is associated with the evapora-
tion of water molecules in the structure of the polymers [37]. 
Due to the melting or evaporation of PANI, a second weight 
loss occurred at 240°C and 250°C. Finally, due to the thermal 
decomposition of the polymeric chains, a third weight loss 
occurs at a high temperature of about 550°C–600°C [38].

The total weight loss for PANI was about 98%–99%, the 
weight loss for PANI/ZrO2 (0.1 wt.%) was 30%, for PANI/
ZrO2 (0.5 wt.%) was 22%, and for the PANI/ZrO2 (1.0 wt.%) 
was about 19%. By incorporating ZrO2 into the polymeric 
network structure, the reduction in weight loss indicates 
that the thermal stability of the polymeric nanocomposite is 
increased [39].

3.3. SEM and TEM results

SEM photographs of the synthesized polymeric nano-
composites are given in Fig. 3. PANI appears to be in a 
spherical structure. With the addition of ZrO2 in polymeric 
composites, the metal oxide particles in the form of rod-like 
structure enter between the PANI molecules, and in some 
regions, the ZrO2 molecules in the nanostructures come 
together to form agglomerates (Figs. 3a–d). On the poly-
meric surface, ZrO2 nanoparticles formed a helical structure. 

Table 1
FTIR spectra of PANI and PANI/ZrO2 polymeric nanocomposites

Type of nanocomposite N–H 
stretching 
mode (cm–1)

C=C stretching 
mode of 
benzenoid 
rings (cm–1)

C–H and C=C 
stretching mode 
of aromatic 
rings (cm–1)

C–N stretching 
mode of 
benzenoid 
rings (cm–1)

C=N stretching 
mode of quinoid 
rings (cm–1)

Plane bending 
vibration of 
C–H bonds 
(cm–1)

PANI 3,455 1,494 1,109 1,291 1,583 797
PANI/ZrO2 (0.1 wt.%) 3,446 1,450 1,110 1,255 1,712 654
PANI/ZrO2 (0.5 wt.%) 3,422 1,438 1,108 1,253 1,723 651
PANI/ZrO2 (1.0 wt.%) 3,380 1,435 1,115 1,250 1,734 647
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The PANI/ZrO2 nanocomposite synthesized by the chemical 
polymerization method exhibits rod-like structures [40].

TEM images of PANI and PANI/ZrO2 are shown in Fig. 4. 
In the TEM images of the PANI, the cloudy network structure 
is evident (Fig. 4a). It is seen that PANI is incorporated into 
the polymeric matrix by the addition of ZrO2 nanoparticles, 
nano ZrO2 molecules are present in the polymeric matrix and 
agglomerated in some regions (Figs. 4a–d). TEM images of 
different amounts of catalysts contain small dark spots that 
can result from Zr-rich domains [41]. SEM and TEM results 
support each other.

3.4. XRD patterns

XRD patterns of synthesized nanoparticles by the chem-
ical polymerization method are given in Fig. 5. As shown in 
Fig. 5, 4 characteristic peaks at 2θ angle for PANI; 14.786°, 

20.022°, 24.861°, 35.434°. Also, Pouget et al. [43] found that 
2θ for the PANI polymer was 20.3° and 25.1°. Generally, 
polymers can be expected to be amorphous in structure, 
however, the synthesized PANI polymers are obtained as 
crystalline due to the planar nature of the benzenoid and 
quinoid functional groups [42]. When PANI is encapsulated 
with the ZrO2 nanoparticle, the interaction of PANI and ZrO2 
restricts the growth of the PANI chains around the ZrO2 
nanoparticles. The crystallinity behavior of PANI is inhib-
ited and the degree of crystallinity is reduced [43]. There is 
a marked shift in the peaks of nanocomposites prepared by 
adding ZrO2 in the XRD models of PANI/ZrO2 nanoparti-
cles. With the increase of the added ZrO2 metal oxide frac-
tion, the shift is further increased. The characteristic peaks 
of the PANI/ZrO2 nanocomposite at 2θ angle are as follows; 
17.505°, 24.034°, 35.339°, 44.792°, and 50.124°, respectively 
(Fig. 5). The XRD results obtained are consistent with the 
literature data [44].

3.5. UV-visible spectra and bandgap energy

The UV-visible absorption spectra of photocatalysts 
were analyzed to investigate the effect of PANI and ZrO2 
nanoparticles on spectroscopic absorption of ZrO2 nanopar-
ticles. The UV-visible spectrum of ZrO2 nanoparticles, 
PANI and PANI/ZrO2 nanocomposites are given in Fig. 6. 
For use in the measurement of UV-visible absorption spec-
troscopy, the powdered PANI was dissolved in methanol, 
PANI/ZrO2 and ZrO2 were dissolved in nitric acid. Spectra 
of all samples were recorded at room temperature using 
a spectrophotometer in the wavelength range from 200 to 
700 nm.

The PANI shows a sharp absorption band at ~240 nm 
which is due to π–π* electron transition (from HOMO to 
LUMO). The π–π* electronic transition is associated with 
the extent of conjugation between the phenylene rings in 

Fig. 1. FTIR spectra of PANI and PANI/ZrO2 polymeric nanocomposites.

Fig. 2. TGA curves of PANI and PANI/ZrO2 nanocomposites.
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the polymeric chain and π-system. This association lowers 
the bandgap due to the augmentation of conjugation [45]. 
It is the π–π* transition of the benzenoid ring and the forma-
tion of the polaron band which is solely responsible for the 
large increase of the electrical conductivity of the nanocom-
posites [46,47]. The broad absorption band around ~390 nm 
arises due to polaron–π* transition indicating the protonic 
nature of polyaniline. In the absorption spectrum of ZrO2, 
two sharp peaks are observed at a wavelength of approxi-
mately 232.5 nm and a wavelength of 370 nm. The observed 
peak at the wavelength of 232.5 nm is associated with the 
bandgap of ZrO2 (5.3 eV), while the peak at 370 nm is due 
to the transition between the bands. The peaks observed in 
PANI and ZrO2 are also seen in the PANI/ZrO2 absorption 
spectrum [48,49].

Bandgap energy is important in the photocatalytic activ-
ity of semiconductor metal oxides. This can be experimentally 
calculated from Tauc plot using the UV-visible data [50,51],

α ν νh A h Eg
n

= −( )  (2)

where α is the absorption coefficient (cm−1), h is Planck’s 
constant (Js), ν is the frequency of radiation (Hz), A is an 
appropriate constant, Eg is the optical band gap (eV) and n 

is a constant. The indicates n attained different values such 
as 1/2, 3/2, 2, 3 depending on the type of transitions like 
direct allowed or forbidden or indirect allowed or forbidden 
transitions [52]. Since an allowed indirect transition is consid-
ered for ZrO2 and PANI/ZrO2, n = 2 for our estimations.

The Tauc plot of photon energy (hν) vs. (αhν)2 is 
shown in Fig. 7.

As shown in Fig. 7, the curved intersection in the photon 
energy axis, that is, backward extrapolation, gives the band-
gap energy of the samples. The bandgap energy of ZrO2 (a) 
is 4.9 eV and PANI/ZrO2 (b) 3.25 eV and the bandgap energy 
of PANI/ZrO2 is decreased to 3.25 eV by adding PANI as 
shown in Fig. 7 [52].

3.6. Photocatalytic activity results

The effect of 0.1 g PANI photocatalysts with and with-
out different amounts of nano-ZrO2 on the photocatalytic 
degradation of 100 ppm CR under UV-A irradiation and 
in the dark environment was investigated. For this pur-
pose, a change of degradation % (at Eq. 1) of the dye with 
time under UV-A light irradiation and darkness is given in 
Fig. 8. According to the degradation %-t (min) graph, the 
degradation rate of 100 ppm CR is quite high under UV 
light irradiation. Also, the increase in ZrO2 nanoparticles 
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Fig. 3. SEM images for (a) PANI, (b) PANI/ZrO2 (0.1 wt.%), (c) PANI/ZrO2 (0.5 wt.%), and (d) PANI/ZrO2 (1.0 wt.%).
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Fig. 4. TEM images for (a) PANI, (b) PANI/ZrO2 (0.1 wt.%), (c) PANI/ZrO2 (0.5 wt.%), and (d) PANI/ZrO2 (1.0 wt.%).

Fig. 5. XRD patterns of PANI and PANI/ZrO2 polymeric nano-
composites.

Fig. 6. UV-visible spectrum curves of ZrO2 nanoparticles, PANI, 
and PANI/ZrO2 nanocomposites.
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in the polymeric composite, the rate of degradation of the 
dye was increased and the degradation time decreased 
(Fig. 8). Under the UV-A light irradiation and darkness 
medium, photocatalytic activities of 0.1 g PANI and PANI/
ZrO2 were investigated until 100% degradation of the CR 
dye solution. The 100% degradation time of 100 ppm CR 
under UV-A light irradiation and dark environment for 
PANI was 165 and 190 min, respectively. The time to reach 
100% degradation in the UV-A light environment for PANI/
ZrO2 (0.1 wt.%) photocatalyst was 130 and 165 min. in the 
dark environment. As the amount of nanometal (ZrO2) in 
the photocatalyst increases, the degradation time in both 
media decreases. According to this, the photocatalytic 
activity of photocatalysts increased in UV-A light irradi-
ation compared to the dark environment. Accordingly, it 
was determined that the adsorption of dye molecules to 
the catalyst surface was effective in the degradation of dye 
molecules in the dark environment.

So far in research, ZrO2 has been reported to be effec-
tive only in UV-A light irradiation, and there are not 
many studies on adsorption capacity in the dark environ-
ment. However, if it creates a composite with PANI, it is 

seen that PANI is also effective in the UV-visible region 
by providing electron transfer to ZrO2. Carević et al. [14], 
the photocatalytic activities of PANI/ZrO2 nanocompos-
ites were evaluated using photocatalytic degradation 
reactions and compared with the activity of bare ZrO2 
nanoparticles. Accordingly, the nanocomposites showed 
improved degradation activities [14,18]. In our study, the 
degradation of the dye increased as the amount of ZrO2 
in the composite increased, especially under UV-A light  
irradiation.

3.7. Mechanism of photocatalytic reaction

Photocatalytic degradation is an important pathway for 
the degradation of pollutants (in the presence of organic con-
taminants and toxic substances) in the presence of UV light 
and semiconductor particles. Reactions to the photocatalyst 
surface can be listed as follows [53–55]:

• Stimulation of photocatalyst by photon absorption,
• Reactant transfer from the liquid phase to the catalyst 

surface and accordingly adsorption,

a) 

b) 

Fig. 7. Tauc plots and bandgap energies of (a) ZrO2 and 
(b) PANI/ZrO2 (1.0 wt.%).

 
a) 

   b)

Fig. 8. Degradation (%)-t graphs for PANI and PANI/ZrO2 
photocatalysts (a) under UV-A light irradiation and (b) dark 
environment.
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• Oxidation and reduction (redox) reactions in the adsorp-
tion phase,

• Desorption of products or products resulting from 
catalysis by photocatalyst surface.

When the semiconductor is irradiated with higher- 
energy photons than the band-gap energy, electron-hole 
pairs initiate the chemical reactions in the semiconductors 
(Eq. (3)). The valence band gaps act as an oxidizer, while 
the conduction band electrons act as a reducer.

ZrO2 → e–
iB + h+

VB (3)

The electrons and electron holes in the semiconducting 
material move to the surface under UV irradiation.

The OH– ions and H2O molecules are the most adsorbed 
substances on the ZrO2 surface. In both acidic and basic 
conditions, the OH– and H2O groups on the surface undergo 
oxidation to form OH• with the valence band spaces of 
ZrO2 [54,55]. The formation of OH• in semiconductors 
occurs in two forms; by reaction with the H2O or surface 
hydroxide groups adsorbed on the valence band holes 
[Eqs. (4)–(6)].

ZrO2 → e–
iB + h+

VB (4)

h+
VB+ H2O → OH• + H+ (5)

h+
VB + OH– → OH• (6)

From O2
•–, through H2O2 formation, the oxygen that 

is adsorbed on the surface reacts to give superoxide ions 
through the conduction band electrons. Under acidic con-
ditions, the per hydroxyl radical (HO2

•) may form from 
the O2

•– to H+ reaction. Perhydroxyl radical also causes 
hydrogen peroxide [Eqs. (7)–(11)].

O2 + e–
iB → O2

•– (7)

O2
•– + H+ → HO2

• (8)

HO2
• + HO2

• → H2O2 + O2 (9)

O2
•– + HO2

• → HO2
 – + O2 (10)

HO2
– + H+ → H2O2 (11)

The disintegration of H2O2 leads to the OH• flow. H2O2 
behaves as an electron acceptor that reduces the recombina-
tion of electron-space pairs and induces OH• [Eqs. (12)–(14)].

H2O2 + e–
iB → OH• + OH– (12)

H2O2 + O2
•– → OH• + OH– + O2 (13)

H2O2 → 2 OH• (14)

The resulting hydroxyl radicals break down organic 
impurities into smaller molecules [56]. In addition, holes 
formed on the surface of the exciting semiconductor 
act as strongly oxidizing and electrons acting as strong 
reducing [16,56].

Photocatalytic degradation of the dyes is a complex 
reaction involving the conversion of the dye to CO2 and 
H2O via a series of intermediates. The mechanism of photo-
catalytic degradation of CR by using the PANI/ZrO2 photo-
catalyst is presented in Fig. 9 [18,57,58].

3.8. Kinetic studies

In general, the photocatalytic degradation of organic 
molecules on semiconductor metal oxides is determined by 
the first-order reaction kinetic model [32,43]. The equation 

Fig. 9. Schematic representation of photocatalytic degradation reaction mechanism of CR dye.



S. Zor, B. Budak / Desalination and Water Treatment 201 (2020) 420–430428

for the rate constant of photocatalytic decomposition reac-
tions is as follows:

ln C
C

kt
0









 = −

 (15)

where k is the reaction rate constant or kinetic constant; 
C0 is the initial concentration of the dye substance; C is 
the concentration of the dye after UV irradiation and t is 
the excitation time.

The ln(C/C0)-t plots corresponding to the kinetic model 
of photocatalytic degradation reactions under UV-A light 
irradiation and darkness are presented in Fig. 10. The first 
60 min were taken into consideration for each ln(C/C0)-t 
graphs and kinetic studies were performed accordingly.

The reaction rate constants obtained after the back-
ward extrapolation of the ln(C/C0)-t curves are presented 
in Table 2. The reaction from the straight lines obtained 
was adapted to the reaction rate equation from the first 
order (Fig. 10). Accordingly, as the amount of nano-ZrO2 
(metal oxide) contained in the polymeric nanocomposite 
increases, the k values increase. This can be explained by 
the fact that ZrO2 increases the reaction rate by the catalytic 
action of the polymeric composite [39].

4. Conclusions

In this study, the chemical polymerization of polyaniline 
with and without ZrO2 semiconductor nano-metal oxide 
particles in different quantities (0.1, 0.5, and 1.0 wt.%) were 
synthesized and characterized. According to the charac-
terization results (FTIR, XRD, SEM, TEM, and TGA) and 
UV-visible spectra analysis, it has been determined that 
ZrO2 enters the polymeric network structure and increases 
the thermal stability of the polymer. The photocatalytic deg-
radation of CR was investigated under UV light irradiation 
and dark environment. The results showed that the photo-
catalytic effect increased the degradation of the dye in all 
conditions. This increase has increased due to the increase 
in the amount of ZrO2 in the ZrO2-containing PANI cata-
lyst. The bandgap energy of the ZrO2 nanoparticle is 4.9 eV 
and PANI/ZrO2 nanocomposite is 3.25 eV. The bandgap 
energy of PANI/ZrO2 is reduced to 3.25 eV by adding PANI. 
Also, the kinetic mechanism of the photocatalytic reaction 
was investigated by the first-order reaction kinetic model. 
Reaction rate constants were increased by increasing in 
PANI nano-ZrO2 amount. As a result of our experimental 

research, we concluded that this nano-composite can be a 
preferred material in wastewater treatment due to its sim-
ple and economical synthesis methodology and its effect on 
adsorption and photocatalytic.

Table 2
Reaction rate constants (k) of CR for PANI and PANI/ZrO2 under UV-visible light irradiation and dark environment

Polymeric  
nanocomposites

k (dk–1) R2

UV-visible light Dark environment UV-visible light Dark environment

PANI 0.007 0.006 0.9886 0.9437
PANI/ZrO2 (0.1 wt.%) 0.16 0.009 0.9778 0.9247
PANI/ZrO2 (0.5 wt.%) 0.017 0.0106 0.9851 0.9215
PANI/ZrO2 (1.0 wt.%) 0.025 0.0108 0.8664 0.9762

 
a) 
 

 
b) 

Fig. 10. ln(C/C0)-t graph for PANI and PANI/ZrO2 in 100 ppm 
dye solution (a) UV-A light irradiation and (b) dark environ-
ment.
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