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Abstract  

The present work reported on the synthesis and characterization of Poly-3-Thenoic acid/Cu-TiO2 
nanohybrid (PCuT) for the photocatalytic degradation of organic azo dye pollutant from wastewater. The 
as-synthesized nanohybrid by an in-situ modified sol-gel method including chemical oxidative 
polymerization was characterized by X-ray diffraction (XRD), Fourier transform infrared (FT-IR) 
spectroscopy, UV-visible diffuse reflectance spectroscopy (UV-vis.DRS), scanning electron microscopy 
with energy-dispersive X-ray spectroscopy (SEM-EDX), transmission electron microscopy (TEM) and 
Brunauer-Emmet-Teller (BET) surface area analysis. The characterization results revealed the formation 
of small aggregates of polymer contained high crystalline anatase TiO2 nanoparticles (XRD) with 
narrowed bandgap energy (UV-vis.DRS), decreased particle size (TEM) with smooth surface morphology 
(SEM) and large surface area (BET). All the constituent elements of the polymer and Cu-TiO2 were found 
in the PCuT nanohybrid material (EDX) and their chemical interaction studied by FT-IR confirmed the 
stability of the nanohybrid. The photocatalytic activity of the nanohybrid was tested by the degradation of 
Bismarck Brown R dye under visible light irradiation. To enhance the photocatalytic efficiency, effects of 
various catalyst/dye reaction parameters such as polymer content, solution pH, catalyst dosage, and initial 
dye concentration were studied and optimized. 

Keywords: Nanohybrid, Bismarck Brown R, Azo dye, Photocatalytic degradation, Modified sol-gel 
method 
 
 
Introduction 

TiO2 semiconductor-based nanocatalysts are being used for environmental remediation applications 
from past few decades due to its ecofriendly nature. Even though it has been widely using as a supreme 
photocatalyst for organic pollutants removal from wastewater, it has its own drawbacks of wide bandgap 
energy, 3.2 eV (UV light active only), and rapid electron/hole recombination rate. To overcome these 
demerits, researchers around the world are finding the best possible methods to modify the band structure 
of TiO2 to make it visible light active such as doping/codoping with metal and/or nonmetal ions [1-7], 
noble metal deposition [8], making composite semiconductors [9-11] and surface polymer sensitization 
[12]. 

In addition, to overcome these demerits researchers in recent times are also focusing on the 
enhancement of the photocatalytic performance of the TiO2 to the maximum extent by combining the 
above-said methods i.e combination of metal doping and composite semiconductor or polymer and 
obtained promising results [13,14]. Hence, after careful recent literature survey we found that Cu doped 
TiO2 (CuT) reported by Nazil Turkten et al. showed improved photocatalytic activity due to its almost 
similar ionic radius with Ti4+ for effective doping, high electronic conductivity and cost effective [15]. In 
our recent finding’s polymer modified-Cu doped TiO2 has shown enhanced photocatalytic performance 
under visible light irradiation compared to CuT alone [16,17]. 

Among the various conjugated polymers modified TiO2 photocatalysts, polythiophene derivatives 
exhibited better performance [18,19]. Among which Poly-3-Thenoic acid shows higher light absorbance 
capacity within the wavelength region from 200 to 800 nm and can effectively restricts the TiO2 particle 
growth during the synthesis process due to its electrostatic encapsulation. Compared to other polymorphs 
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of TiO2, anatase phase stands as a prominent and promising phase for effective photocatalytic degradation 
of organic pollutants. Hence, in this study, we aimed to synthesize a Poly-3-Thenoic acid supported 
copper doped anatase TiO2 nanohybrid (PCuT) by an in-situ modified sol-gel method including chemical 
oxidative polymerization and study its structural, morphological and optical properties to understand its 
ability towards photocatalytic applications. 

To investigate the photocatalytic performance of PCuT, Bismarck Brown R (BBR), a diazo dye 
pollutant was selected as a model organic pollutant for degradation experiments. “Disazo dyes, having 2 
azo groups, like BBR, is highly toxic and carcinogenic. The other effects of dyes in water include 
reduction of oxygen levels; retards penetration of sunlight into water; which retards the growth of aquatic 
biota because of reduced photosynthetic action” [20]. In particular, Bismark brown R dye is used as 
biological stains, in coloring paper, pulp, wool, lather and hair etc. [21,22]. “Both, short time and 
prolonged contacts of the dye with the eye and skin causes severe irritation with redness at the site of 
contact. On ingestion, it produces gastrointestinal irritation with nausea, vomiting, diarrhea, soreness and 
redness of mouth and throat. On inhalation it produces irritation to the throat with a feeling of tightness in 
chest and may cause coughing and wheezing. It is also carcinogenic to human being and aquatic 
organism” [23,24]. 

To attain efficient photocatalytic performance, degradation experiments were performed under 
simulated visible light irradiation by studying the effect of various reaction parameters such as polymer 
content, solution pH, catalyst dosage, and initial dye concentration and optimized conditions were 
established. 

 
Materials and methods 

Chemical reagents 
All the chemicals used in this research are of reagent grade and their solutions were prepared with 

Milli Q water. N-butyl tetra ortho titanate (Ti(OBu)4), Copper chloride (CuCl2), 3-Thiophene carboxylic 
acid monomer (99%), Ammonium persulfate ((NH4)2S2O8) and 2-propanol procured from E-Merck 
(Germany) were used to synthesize Poly-3-Thenoic acid/Cu-TiO2 nanohybrid. Commercially available 
BBR dye was purchased from Himedia laboratories, India and used as received for degradation 
experiments. 
 

Synthesis of Poly-3-Thenoic acid/Cu-TiO2 nanohybrid 
In situ modified sol-gel process including chemical oxidative polymerization of 3-Thenoic acid was 

used to synthesize the Poly-3-Thenoic acid/Cu-TiO2 nanohybrids as reported in our previous research 
[17]. Briefly, 0.75 wt% of CuCl2 was dissolved in a minimum amount of 2-propanol in a 250 mL round 
bottom (RB) flask and stirred for 30 min. To this 20 mL of n-butyl tetra ortho titanate (Ti(OBu)4) was 
added with constant stirring. After 30 min 10 wt% of 3-Thenoic acid monomer dissolved in a minimum 
amount of 2-propanol added to the RB flask. To cause hydrolysis and polymerization reactions 50 mL of 
milli-Q-water and 30 mL of aqueous ammonium persulfate solution were added which ultimately results 
in the formation of white precipitate that was stirred for 20 h at 20 °C to obtain brown colored PCuT 
nanohybrid. Finally, it was washed several times with distilled water and methanol to remove any 
contaminants present. In the same manner, Cu-doped TiO2 was synthesized without adding 3-Thenoic 
acid and ammonium persulfate. 
 

Characterization techniques 
The crystalline nature of the samples was investigated with X-ray diffraction spectra obtained from 

PANanalyticaldifractometer using CuKα radiation (λ = 0.15405 nm). Fourier transform infrared spectra 
(FT-IR) were recorded on a Nicolet Avtar 360 in transmission mode. UV-vis diffuse reflectance spectra 
obtained from Shimadzu UV-2600 taking BaSO4 as a reference. The Thermogram of PCuT was recorded 
with Shimadzu TGA-50 thermogravimetric analyzer at a heating rate of 10 °C/min in N2 atmosphere. 
Surface morphology and microstructure of the nanohybrid were analyzed by Field-emission scanning 
electron microscopy (FESEM, JSM 6300, Japan) equipped with energy dispersive X-Ray (EDX) 
spectroscopy for elemental analysis and high-resolution transmission electron microscopy (HRTEM) 
JEM-2100 JEOL. To measure the catalyst BET surface area N2 adsorption-desorption isotherms were 
recorded at 77.3 k to using Quanta Chrome Nova 2200E instrument. UV-vis spectrophotometer 
(Shimadzu 1601) and Elico Digital pH meter (Model IIIE, EI) were used to monitor and adjust the timely 
percentage degradation of BBR and pH of the reaction mixture during the degradation process, 
respectively. 
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Visible light photocatalytic activity studies 
Photocatalytic degradation experiments were carried out under visible light irradiation in a 

photocatalytic reactor reported elsewhere [25]. Briefly, a sufficient amount of the catalyst was taken in a 
150 mL glass beaker containing 100 mL of aqueous BBR solution with desired concentration, and water 
was circulated around the beaker to filter the IR radiation. A 400 W high-pressure mercury vapour lamp 
(35,000 lm) with a UV cutoff filter (Oriel 51472) was used as a visible light irradiation source and placed 
20 cm away from the reaction beaker. To attain the adsorption-desorption equilibrium the reaction 
mixture was stirred in dark for 30 min and then started the illumination. The pH of the suspension was 
adjusted with 0.1 N NaOH/ 0.1 N HCl solutions and 5 mL of samples were taken for every 15 min during 
the degradation process and centrifuged at 1,000 rpm and analyzed using UV-vis spectrophotometer by 
measuring the absorbance at 459 nm to measure the degradation of BBR. The percentage degradation of 
BBR was determined using the following equation.  

 

 
 
Where, Ct is the concentration of BBR solution at different time intervals and Co is the initial 

concentration of BBR solution. 
 
Results and discussion 

Structural, morphological and optical properties analyses  
 From the X-ray diffraction patterns of CuT and PCuT nanohybrid that are shown in Figure 1, it 

is found that both the samples showed crystalline anatase phase with 2θ peaks at 25.3°, 38.3°, 48.2°, 
53.8°, 55.2°, 62.8°, 69.0°, 70.4°, 75.0°, 82.8° correspond to anatase TiO2 lattice planes (101), (004), 
(200), (105), (211), (204), (116), (220), (215) and (224), respectively (JCPDS 21-1272). No peaks related 
to rutile or brookite phase and copper oxide were found, which confirms the formation of high crystalline 
anatase TiO2. These results imply that there is no effect of Poly-3-Thenoic acid excreted on the crystalline 
structure of the TiO2. The average crystallite sizes of the samples determined using Scherrer equation are 
found to be 7.5 and 5.2 nm for Cut and PCuT respectively. This decreased crystallite size of TiO2 was 
caused due to retardation of grain growth and control of nucleation of TiO2 nanoparticles by Cu and 
polymer material, respectively [17,26]. 
 
 

 
Figure 1 XRD patterns of (a) Cu doped TiO2 and (b) Poly-3-Thenoic acid/Cu-TiO2 nanohybrid. 
  

 
FTIR spectra of CuT and PCuT nanohybrid was shown in Figure 2. In both the spectra stretching and 

bending vibrations of surface -OH and adsorbed H2O of TiO2 are found at 2,600 - 3,660 and 1,624, 2,362 
cm−1 respectively [27]. From Figure 2(a) the characteristic absorbance peaks of Ti-O-Ti stretching 
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vibrations are found at 435, 606 and 778 cm−1 which intensity has decreased in PCuT nanohybrid (Figure 
2(b)) due to strong interaction with the polymer content. Besides these characteristic peaks of TiO2, PCuT 
nanohybrid also exhibited the characteristic peaks of Poly-3-Thenoic acid at 1,052, 1,135, 1,385, 1,441, 
1,510 and 2,882 cm−1 correspond to C-S stretching, C-H bending, C=O stretching, C=C stretching and COO- 
stretching modes which confirms the formation of nanohybrid material. 

 
 

 
Figure 2 FTIR spectra of (a) Cu-TiO2 and (b) Poly-3-Thenoic acid/Cu-TiO2 nanohybrid. 
 
 

The light absorption property of the catalysts was studied by recording the UV-vis diffuse 
reflectance spectra shown in Figure 3. From Figure 3(a), it was observed that the light-harvesting 
capacity of the PCuT nanohybrid has increased much compared to CuT, which confirms the shift in 
photoabsorption efficiency of the nanohybrid towards the visible portion of the electromagnetic radiation 
due to the sensitization of TiO2 with the high photoresponsive polymer content. The bandgap energy 
calculated from tauc plot method [28] shown in Figure 3(b) revealed that the bandgap of the PCuT 
nanohybrid has drastically decreased to 2.1 eV compared to 2.8 eV in CuT which could be attributed to 
the strong interaction of polymer content with the Cu-TiO2. 
 
 

 
 
Figure 3 (a) UV-vis diffuse reflectance spectra and (b) Tauc plot for bandgap measurement of CuT and 
PCuT nanohybrid. 
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FESEM, EDX, HRTEM, and SAED analyses were performed to determine the surface morphology, 
elemental composition, and microstructure of Poly-3-Thenoic acid/Cu-TiO2 nanohybrid and the images 
are shown in Figure 4. From Figure 4(b), PCuT showed well distributed multiparticle aggregates of 
hybrid nanoparticles with small size and smooth surface compared to large irregular shaped aggregated 
Cu-TiO2 nanoparticles with a rough surface (Figure 4(a)). This can be attributed to the effective 
encapsulation of polymer content on Cu-TiO2 nanoparticles during the synthesis process. From the EDX 
spectrum (inset of Figure 4(b)) all the constituent elements of both the Cu-TiO2 and Poly-3-Thenoic acid 
were found to be present in the PCuT nanohybrid without any impurities. From Figure 4(c), small 
aggregates of spherical shaped TiO2 particles are observed due to the polymer interaction. The HRTEM 
image (Figure 4(d)) revealed the close contact between polymer and high crystalline anatase TiO2 having 
an interplanar spacing of 0.352 nm which corresponds to the d-spacing of anatase lattice plane (101). The 
SAED pattern indexed by concentric rings (insect of Figure 4(d)) also further confirmed the presence of 
anatase (101) TiO2. The average crystallite size of the PCuT nanohybrid was determined using Image J 
software and found to be 4.8 nm which is in good agreement with the crystallite size measured from XRD 
results. 

 
 

 
 
Figure 4 FESEM images of (a) Cu-TiO2 and (b) Poly-3-Thenoic acid/Cu-TiO2 nanohybrid with EDX 
spectrum (insect of (4b)); (c) TEM and (d) HRTEM images of Poly-3-Thenoic acid/Cu-TiO2 nanohybrid 
with SAED pattern (insect of (4d)). 
 
 

Nitrogen adsorption-desorption isotherms were recorded for CuT and PCuT to study their surface 
area and porosity nature and shown in Figure 5. The results revealed that both the samples are having 
mesoporous nature, which was confirmed by the observed type IV pattern with the H3 hysteresis loop 
[29]. In comparison with the CuT curve (Figure 5(a)), the increased number of mesopores and their pore 
size/volume in the PCuT nanohybrid (Figure 5(b)) was confirmed by the extended hysteresis loop at the 
high-pressure region and increased amount of N2 adsorption. Moreover, the determined BET specific 
surface area, 183.1685 m2/g of PCuT nanohybrid strongly supported the above results which can be well 
correlated with the small particle of the TiO2 nanoparticles determined by the TEM results. 
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Figure 5 Nitrogen adsorption-desorption isotherms of CuT and PCuT nanohybrid. 

 
 

Photocatalytic degradation activity studies 
The photocatalytic degradation efficiency of the synthesized catalysts was studied by degrading the 

diazo dye pollutant BBR under visible light irradiation after 30 min of dark reaction. To attain the best 
photocatalytic efficiency, the effects of various photocatalyst/dye reaction parameters were investigated, 
optimized, and presented in Figures 6(a) - 6(d). In the beginning, a blank control experiment was 
performed in the absence of photocatalyst to study the photostability of the BBR, which shown < 1 % 
degradation in 120 min. 

The effect of Poly-3-Thenoic acid on the photocatalytic performance of PCuT nanohybrid shown in 
Figure 6(a), which revealed the enormous increase in the catalytic performance compared to CuT and 
degraded the BBR in 120 min. This can be strongly attributed to the effective sensitization of TiO2 
nanoparticles by the polymer content. 

As the degradation of the ionic dye pollutants presented in wastewater depends on the pH of the 
reaction solution, the effect of the pH on the photocatalytic degradation efficiency of the PCuT 
nanohybrid was studied by varying the pH from 2 to 6 as the BBR is an anionic dye which attracts more 
towards the positively charged catalyst surface attained in this pH range. From the results shown in 
Figure 6(b) the degradation percentage was high at pH 4 due to increased electrostatic interaction 
between positively charged TiO2 surface and negatively charged BBR dye molecule and less at pH 2 and 
6, which indicated that at pH below 4, the H+ ions capture the photogenerated electrons and at pH above 4 
the extent of positive surface charge of the catalyst decreases which ultimately diminishes the 
photocatalytic activity. 

To minimize the wastage of the catalyst and to achieve better catalytic performance, the effect of 
catalyst dosage was studied by varying its dosage from 0.1 to 0.2 g and the results are shown in Figure 6(c). 
Here, it was found that the degradation percentage of BBR has increased from 0.1 to 0.15 g of catalyst 
loading, which is due to the increased surface area of the catalyst for adsorption of a greater number of dye 
molecules. But a further increase in the catalyst loading had caused the turbidity of the reaction mixture that 
scatters the incident irradiation which decreased the photocatalytic activity. And also, there is a possibility of 
collisions between activated and ground state catalyst molecules that causes the deactivation of the overall 
catalyst activity. 

The effect of the initial BBR dye concentration on the photocatalytic activity of PCuT nanohybrid 
was investigated by varying its concentration from 5 to 20 mg/L and the results shown in Figure 6(d). 
Upon increasing the dye concentration from 5 mg/L to 10 mg/L the percentage degradation was increased 
and almost complete dye degraded in 75 min of irradiation. Above this concentration level, the 
degradation percentage started to decrease due to the blanket effect i.e “once a layer of dye molecules is 



Trends Sci. 2022; 19(1): 1715   7 of 9 
  

adsorbed on the catalyst surface, another layer adsorbed on it may not be possible. Hence, there is a delay 
in the adsorption of the 2nd layer, until the 1st layer gets completely degraded” [5]. 

A comparison of photocatalytic degradation efficiency of PCuT with various previously reported 
polymer/TiO2 nanohybrids on different organic pollutants is given in Table 1 to establish its ehanced 
photocatalytic activity over the other reported catalysts in literature. 
 
 
Table 1 Comparison of photocatalytic degradation efficiency of various polymer/TiO2 nanohybrids on 
different organic pollutants. 

Nanohybrid photocatalyst Organic pollutant % of 
degradation 

Degradation 
time 

Reference 

Poly-(fluorine-co-thiophene)/TiO2 
Poly(3-hexylthiophene)/TiO2 
Polypyrrole/TiO2  
Polyaniline/TiO2 
Polythiophene/Cu-TiO2 
Poly-3-Thenoic acid/Cu-TiO2 

Phenol 
Methyl orange 
Methyl Orange 
Methylene Blue 

Orange G 
Bismark Brown R 

74 % 
88 % 
90 % 
81 % 
98 % 

99.9 % 

600 min 
600 min 
160 min 
120 min 
90 min 
75 min 

30 
31 
32 
33 
16 

Present study 
 
 

 

 
Figure 6 (a) Effect of polymer content on the % degradation of BBR by PCuT nanohybrid compared with 
Cu-TiO2 studied at catalyst dosage of 0.1 g and [BBR] = 10 mg/L; (b) Effect of pH on % degradation of 
BBR by PCuT nanohybrid studied at catalyst dosage of 0.1 g and [BBR] = 10 mg/L; (c) Effect of catalyst 
loading on % degradation of BBR by PCuT nanohybrid at solution pH 4 and [BBR] = 10 mg/L; (d) Effect 
of initial BBR concentration on its % of degradation by PCuT nanohybrid at solution pH 4, catalyst 
loading 0.15 g and [BBR] = 10 mg/L. 
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Conclusions 

Poly-3-Thenoic acid/Cu-TiO2 nanohybrid material was successfully synthesized by in situ modified 
sol-gel process including chemical oxidative polymerization. Due to the effective encapsulation and 
sensitization of the polymer, the grain growth and nucleation of Cu-TiO2 nanoparticles were greatly 
restricted and resulted in decreased particle size (5.2 nm), increased surface area (183.1685 m2/g) and 
narrowed bandgap energy (2.1 eV). These results were well correlated with the shifting of photon 
absorption capacity of TiO2 nanoparticles from UV to visible range and enhanced photocatalytic 
degradation of BBR dye under visible light irradiation. Finally, the optimization of various catalyst/dye 
reaction parameters i.e polymer content 10 wt%, pH 4, catalyst dosage 0.15 g, and initial BBR 
concentration 10 mg/L lead to almost complete degradation of BBR in 75 min of visible light irradiation. 
Hence, the present study reports promising nanohybrid material for the degradation of various dye 
pollutants from industrial wastewater to minimize water pollution for a better environment. 
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