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ABSTRACT 

Polymer nanocomposites based on wide band gap metal oxide nanoparticles are promised functional 

nanomaterials in many potential applications due to their facile processability. One of their most potential 

applications their   capability of utilization in the field of photocatalytic oxidation technology. In this respect, 

fabrication of polyaniline (PANI) nanocomposites based on Co-doped ZnO nanorods is introduced. The Co-

doped ZnO nanorods were synthesized using hydrothermal route with molar ratio between cobalt and zinc 

precursor salts reach to 0.07. XRD and UV–visible absorption measurements confirmed the formation of 

wurtzite ZnO nanostructured with substitution of Zn sites by Co ions in ZnO host structure. The 

morphological investigation of PANI/Co-doped ZnO nanocomposites using HR-TEM confirmed the 

interaction between the synthesized nanorods and PANI matrix. In the present study, the oxidation of 

synthetic textile dying effluent containing methylene blue has been carried out via PANI/Co-doped ZnO 

nanocomposites. The attained nanocomposite samples in various Co concentrations labelled as P-CZ0, P-

CZ1, P-CZ3, P-CZ5 and P-CZ7 were checked for their catalytic activity for wastewater treatment under the 

UV-illumination. The influence of various operating parameters, i.e., circulation flow rate, initial catalyst 

concentration, initial dye loading and pH for the three systems, was investigated, and the optimal operating 

conditions were recorded. The experimental results revealed that increasing the dye load is reducing the 

catalytic activity of the dye mineralization. Also, the circulation flow rate is optimized at 147 mL/min at pH 

6.0 for all systems. The experimental data confirms the PANI/ Co-doped ZnO possess the highest catalytic 

activity which could oxidize 84% of wastewater with a minimum catalyst use of 20 mg/L. The success of this 

method explores the opportunity of combined photocatalyst in increasing the catalytic activity for higher dye-

contained wastewater oxidation. Thus, such advantage could expand the application of the system as an 

oxidation technique for wastewater treatment.  

Keywords: Nanocomposites, Co-doped ZnO, Conducting Polymers, Photocatalysis

1. Introduction  

Recently, hazardous pollutants of emerging concern 

could be identified in air and water affect human 

beings, animals, vegetation and the environment. 

Organic pollutants, especially dyes, for industrial 

wastewater cause many problems to human and soil. 

The result is the wastewater drained to rivers or any 

other watercourse that may damage or affect the 

agriculture. Also, such wastewater could be drained 

to the groundwater that causes a severe damage to the 

soil to be toxic. Hence, there is an urgent need for 

worldwide coordinated research aiming to pollutant 

detection, assessment, and abatement, especially 

concerning new extremely harmful emerging 

contaminants [1].  

Various conventional physical/chemical or may be 

biological treatment technologies are introduced to 

eliminate dyes from aqueous effluents.  However, 

those conventional technologies such as filtration, 

membrane separation and adsorption are unfavorable 

due to their high treatment cost or they may be 

transferring the pollutants from one phase to another 

without mineralizing them [2].  

Photocatalytic oxidation technology, is signified as 

one of Advanced Oxidation Technologies (AOTs), 

that has been emerged as superior efficient reactions 

[3].  Photocatalytic oxidation is based on the 

formation of high reactive groups, namely 
·
OH 

radicals, which are responsible of oxidizing and 

mineralizing such pollutants to harmless end 
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products, i.e. CO2, H2O, and inorganic matter [4, 5]. 

Numerous catalysts have been introduced as a source 

of catalytic oxidants, e.g. ZnO [6], TiO2 [7, 8] and 

iron oxides [9, 10]. Such materials are subjected as 

photocatalyst for wastewater oxidation and 

completely mineralizing organic pollutants. However, 

searching for novel coupled materials with sufficient 

treatment capabilities and innovative characteristics is 

attaining the scientists’ attention. The photocatalytic 

activity of any photocatalyst is dependent on surface 

and structural properties which include crystal phase 

structure, surface area, particle size distribution, 

porosity and band gap energy [11]. Out of all 

semiconductors, ZnO arises as a superior candidate 

among the photocatalyst for its use in green 

remediation due to its unique properties. ZnO possess 

a wide band gap in the near-UV spectral region, good 

photocatalytic property, strong oxidation capability, 

insoluble in water, and low-cost production [12, 13].  

Searching to improve the catalytic activity of such 

catalysts are the interest of the scientist. The addition 

of impurities to a very pure substance is known as 

doping, which is divided into the following two 

categories: (1) cationic (metal) doping and (2) anionic 

(nonmetal) doping. In cationic doping, the 

semiconductor is doped with cations, for example 

Al, Cu, V, Cr, Fe, Ni, Co, Mn, and so on, while in 

anionic doping, anions are used, for example N, S, F, 

C, and so on. Among the transition metal ions, Co 

and Zn doping elements show considerable interest in 

the scientific community due to their unique 

characteristics.  

In the last few decades, the conducting polymers have 

much interest in various potential fields such as 

charge storage materials, catalysts, and optoelectronic 

devices. Conducting polymers are consisted of π-

conjugated system and offer unusual electronic 

properties such as electrical conductivity, low energy 

optical transitions, low ionization potential, and high 

electron affinity. Polyaniline (PANI) is one of the 

most important and popular conducting polymers due 

to its unique electrical and photoelectric 

characteristics which could be easily altered either by 

the oxidation of PANI chain or by the protonation of 

imine nitrogen backbone [14]. PANI shows high 

environmental stability and displays process 

feasibility.  

The preparation of nanocomposites of PANI with 

inorganic nanoparticles is thought to be a potential 

route to improve the performance of PANI aiming to 

obtain the materials with synergetic or 

complementary behavior between PANI and 

inorganic nanoparticles [15]. PANI nanocomposites 

based on ZnO and AL-doped ZnO have been 

emerged quite good results through their usage in 

AOT under visible light as reported in degradation of 

methylene orange and rose bengal, respectively [16]. 

Moreover, PANI/ZnO nanocomposites have been 

exhibited a good photocatalytic effect on MB (75% 

degradation after 4 hours for UV light and 95% 

degradation after 4h under sun light) and MG dyes 

degradation under UV and natural sunlight irradiation 

[17]. Doping of ZnO with Co [18] and coupling with 

PANI extends the absorbing region to the visible 

spectrum [19]. This makes the Co-doped ZnO/PANI 

material novel catalyst.  In the present study PANI/ 

Co-doped ZnO samples with different molarities 

between Co and Zn precursor salts were prepared and 

the system was studied under the UV-illumination to 

oxidize wastewater contaminated with methylene 

blue (MB) dye.  

 

2. Material and methods 

2.1 Fabrication of the investigated polyaniline 

nanocomposites  

The investigated PANI nanocomposites in the present 

work are fabricated using direct oxidation 

polymerization process. The reagents of the 

polymerization process were of the analytical grade 

without additional purification. Aniline (Aldrich, 

Germany), ammonium persulfate (APS from 

bioWORLD, India) and hydrochloric acid (HCL 

37%, spectrum, India) were used in PANI 

polymerization process. The polymerization process 

was done in an acidic solution using APS as a 

chemical oxidant in presence of Co-doped ZnO 

nanorods. For more elucidations on the used 

fabrication method, Fig. (1) was depicted the details 

of fabrication.   

Figure (1a) shows the schematic diagrams for the 

used hydrothermal synthetization processes of the 

Co-doped ZnO nanorods. Whereas Fig. (1b) is shown 

the schematic diagram for the PANI nanocomposites 

polymerization process in presence of the desired 

amount of Co-doped ZnO nanorods, weight ratio of 

Co-doped ZnO to aniline was 7:93%, using chemical 

oxidation method. The weight percentage ratio between 

the used Co and Zn precursor salts as well as the 

corresponding name of each nanocomposite are listed in 

Table (1). However, the obtained nanocomposite 

samples were labelled as P-CZ0, P-CZ1, P-CZ3, P-

CZ5 and P-CZ7 according to the utilized molarity 

concentration of Co (NO3)2 .6H2O; 0, 1, 3, 5 and 7%, 

respectively. 

 

2.2 Photooxidation experiments 

In order to evaluate the photocatalytic activity of all-

synthesized samples on MB dye, a simple 

photochemical reactor is used. The system is 

consisting of ultraviolet source, dosing pump (Model: 

BL5, 5L/H and 7 bar) and 250 mL beaker containing 

the dye and photocatalyst, which are well mixed 



Belal A. Tahoun, Elsayed M. Farag, Shehab A. Mansour and Maha A. Tony" Development and 

Characterization of Conjugated Polyaniline/Co doped ZnO Nanocomposites ..................." 

                                      ERJ, Menoufia University, Vol. 45, No. 1, January 2022                            103 

using magnetic stirrer. The schematic diagram of 

experiment is shown in Fig. (2). The present of 

magnetic stirrer to ensure mixing and dispersion of 

dye and photocatalyst during experiment period. 

Moreover, pH-meter (Adwa AD1030 pH/mV & 

Temperature meter), is used to adjust the pH of the 

solution, if required, prior to the solution is subjected 

to the UV-illumination.  

 

 
Fig. (1) Schematic diagram preparation of PANI/Co-

doped ZnO nanocomposites, (a) Schematic diagram 

for hydrothermal process of synthetization of Co-

doped ZnO nanorods, (b) Schematic diagram for 

PANI Nanocomposites polymerization process in the 

presence of Co-doped ZnO nanorods. 

 

 
Fig. (2): Schematic representation of the photo-

chemical experiment setup 

3. Results and discussion  

3.1 Characterization of Co-doped ZnO nanorods 

and polyaniline nanocomposites  

The microstructure characterization of the 

investigated Co-doped ZnO nanorods using X-ray 

diffraction (XRD) confirmed the formation of pure 

wurtzite hexagonal phase ZnO phase without any 

phases that may be related to other phases of ZnO 

and/or cobalt. Such results confirm the stability of the 

host structure of ZnO crystal although of the addition 

of Co ion due to the substitution of the Zn sites by Co 

that is usually suggested for low concentration of 

transition metal ions [20].  

 

Table (1): Cobalt acetate molarity %, calculated 

particle size (D) using highest three diffraction XRD 

pattern, calculated optical energy gab (Eg) 

Sample 

Name 
CZ0 CZ1 CZ3 CZ5 CZ7 

Cobalt 

acetate 

molarity% 

0 1 3 5 7 

D (nm) 40.43 38.31 40.34 35.29 44.85 

Eg (eV) 3.034 3.016 3.112 3.138 3.152 

    1.603 1.604 1.603 1.602 1.605 

 

The crystallite size of the investigated Co-doped ZnO 

samples was calculated from the full width at half 

maximum (FWHM) of the XRD peaks using Scherer 

formula [21-23],    (0.9 λ)/(βhkl cos θ), where  hkl 

is FWHM of the XRD peak and θ the diffraction 

angle at (hkl) plane, and λ is the wavelength of the X-

ray source. The crystallite size (D) was calculated by 

using such formula for the highest three diffracted 

peaks which corresponding to the planes: (100), 

(002), and (101) and the obtained values are listed in 

Table (1). The values of the lattice constants (c & a) 

and c/a ratio were estimated for the investigated Co-

doped ZnO samples using this relation;  
 

    
  

 

 
(
        

  )  
  

    of hexagonal structure. The 

obtained c/a ratio of the investigated Co-doped ZnO 

samples were very close as illustrated in Table (1). 

The obtained c/a ratio for the studied samples was 

varied from 1.602 to 1.605 with average 1.6034. 

These results are in well agreement with those given 

in the standard data (c/a=1.6023) according to card 

(JCPDS-36-1451) [24]. The obtained values of lattice 

constants for all studied Co-doped ZnO samples are 

very close that indicates the substitution of Zn ions 

(a)
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by Co ions are replacing without pronounced change 

in the volume of the unite cell [20, 25]. 
In order to measure the UV-Vis absorbance of Co-

doped ZnO, the synthesized nanorods were dispersed 

in ethanol with 1 mg/ml concentration for each 

sample. The absorbance peak for all measured 

samples varies from 374 to 362 nm with blue shift 

with increasing the Co concentration as shown in Fig. 

(3a). This shift could be attributed to sp-d exchange 

interactions between the localized 3d electrons of 

Co
+2

 ions and sp band electrons of the host ZnO 

nanocrystals [26, 27]. The obtained  results are in 

good agreement with the results reported by Sakai, 

Kakeno [28]. The insertion of the cobalt Co ions into 

the ZnO structure leads to the appearance of an 

additional absorption peak [29] at around 408  nm for 

all the doped samples.  

Using Tauc Plot for calculating the bandgap of Co-

doped ZnO nanorod samples where  the synthesized 

nanorods exhibit strong absorption between 374 to 

362 nm according to following equation [30]: 

     (     )
 

     (1) 

Here,    is the energy of the incident photon,   , the 

band gap of the material,   is a constant and n is the 

exponent denotes the nature of the transition. The 

transition data enables us to obtain the best linear fit 

in the band edge region for       which is 

referring to direct allowed transition. Plot of       vs 

   is shown in Fig. (3b). By extrapolating the linear 

portion of the plot to the  energy axis, the band gap 

was calculated and listed in table (1) [31]. The 

obtained Eg values of the investigated samples are 

varied from 3.016 to 3.152 eV that are smaller than 

that commonly obtained in the case of bulk ZnO 

(3.37 eV). This can be attributed to the high density 

of the chemical defects and/or vacancies at the 

intergranular regions that is caused a decrease in the 

band gap [32]. Moreover, the slightly non-

pronounced variation of Eg values with Co 

concentration confirms the substitution of the Zn sites 

by Co. 

Figure (4) shows XRD patterns of P-CZ0 and P-CZ7 

nanocomposite samples as examples. The 

characteristic diffraction peaks are obtained at 2θ = 

(18.99° & 25.2°) and (19.7° & 25.4°) for P-CZ0 and 

P-CZ7 nanocomposite samples, respectively. Such 

diffraction peaks are confirming the formation of 

polyaniline with such diffraction angles due to the 

parallel and perpendicular periodicity of the PANI 

chains [33]. The second characteristic diffraction 

peak at (25.2° or 25.4°) is more pronounced than the 

first one at (18.99° or 19.7°) as shown in Fig. (4). 

Such result is commonly obtained for highly doped 

emeraldine PANI [34, 35].  

The surface morphologies of the synthesized Co-

doped ZnO nanorods as well as PANI 

nanocomposites were characterized using the 

transmission high resolution electron microscope 

(HR-TEM) of the type JEOL-JEM-1230. HR-TEM 

micrographs of the synthesized Co-doped ZnO 

samples are shown in Fig. (5). Such micrographs 

refer to the formation of Co-doped ZnO in rod-like 

shape with reasonable degree of uniformity in the 

diameter. Moreover, the diameter of the rods is less 

than 100 nm that is confirmed the nano-size in one 

dimensional structure of the investigated particles.  

 

 

Fig. (3): (a) UV-Visible spectroscopy for CZ0 and 

CZ7, (b) Energy gab calculation of Co-doped ZnO 

nanorod samples 
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Fig. (4): XRD patterns of P-CZ0 and P-CZ7 

nanocomposites 

  

 

Fig. (5): HR-TEM micrographs of Co-doped ZnO 

samples; CZ0 (a), CZ3(b), CZ7(c) 

However, HR-TEM micrographs of P-CZ3, P-

CZ5 nanocomposites are shown in Fig. (6). The 

PANI matrix displays ribbon-like nanofiber shapes 

with reasonably dispersion of the Co-doped ZnO 

nanorods. Such micrographs confirm the combination 

between PANI and Co-doped ZnO nanorods which 

refers to the importance of ultrasonic radiation in situ 

of polymerization process of aniline. 

 

Fig. (6): HR-TEM micrographs of PANI 

nanocomposites loaded with Co-doped ZnO; (a) P-

CZ3 & (b) P-CZ5 

 
3.2 Catalytic oxidation activity 

3.2.1. Effect of circulation flow rate 

In order to investigate the effect of flow rate on the 

synthesized material activity on aqueous effluent 

remediation, MB dye embedded in aqueous stream is 

treated with 10 ppm MB solution under UV 

illumination using 20 mg/L of PANI. Different 

circulation flow rates ranged from 50 to 147 mL/min 

were applied to investigate the optimal flow rate on 

the oxidation activity. The results displayed in Fig. 

(7) assure that increasing the circulation flow rate is 

increasing the dye removal oxidation efficiency 

through the concentration removal of dye. The low 

circulation flow rate causes the catalyst precipitation. 

Thus, the reaction oxidation rate is reduced. 

However, the optimal circulation flow rate assures 

the catalyst suspension in the aqueous effluent and 

thus maximizing the oxidation rate. This is in 

accordance with the previous research cited by 

Tayeb, Tony [6] in treating MB by ZnO 

nanoparticles. Also, previous observations 

concerning the sour wastewater photo-treatment 

under photo-Fenton’s reagent under artificial UV 

light reported similar reaction behavior [36]. Hence 

the optimum flow rate is related to the exposure time 

to the UV radiation. To add up, the optimal flow rate 

is also required to attain the conversion of the 

pollutants to the harmless end products due to the 

optimal exposure time to the ultraviolet radiation. 

This investigation is previously reported by Tayeb, 

Tony [37] in treating basic dye from aqueous solution 

by hematite nanoparticles.  

 

3.2.2. Effect of initial dye load 

The load of the initial MB dye concentration in the 

aqueous stream on its PANI photo-catalytic oxidation 

(20 mg/L Pure PANI and 147 mL/min of circulation 

flow rate) was illustrated in Fig. (8). The results in 

Fig. (8) demonstrated that the reaction rate under UV 

illumination was increased with decreasing the initial 

dye load and the percentage dye removals are 98.9, 

29.6, 8.6 % for the initial dye concentrations of 5, 10 

and 15 ppm, respectively. This phenomenon of 

increasing the MB dye removal rate with the initial 

dye concentration can be related to the increase in the 

dye color of the polluted water, which may cause a 

shadowing effect that prevents the UV illumination 

from penetration the aqueous solution. Hence, the 

˙OH radicals decreased and thus, the overall reaction 

rate was deduced. 
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Fig. (7) Effect of Flow rate on the photo oxidation of 

MB under UV illumination  

(PANI catalyst concentration=20 mg/L, pollutant 

concentration= 10 ppm) 

 
Fig. (8) Effect of initial dye concentration on the 

photo oxidation of MB under UV illumination  

(Flow rate= 147 mL/min, pure PANI catalyst 

concentration= 20 mg/L) 

 

 Najjar, Chirchi [38] and Tony and Mansour [39] 

previously recorded the elevation of the 

photocatalytic oxidation rate with decreasing the 

initial dye loads in wastewater effluents. Moreover, 

with the initial MB dye concentration increase, the 

adsorbed dye molecules on the surface of 

nanoparticles is also increased, and afterwards the 

active sites of the catalyst are occupied by the dye 

molecule. Hence, the oxidation efficiency decreases 

as the activity of active surface of the nanoparticles 

decreased. This is due to the reduction in the 

hydroxyl radicals after the initial time which are 

considered the main responsible of the reaction [40]. 

 

3.2.3. Effect of pH 

The solution pH value is considered an effective 

parameter especially on those reactions that are 

taking place on the surface of particulate solids such 

as those on the PANI surface. The value of pH has its 

effect on the MB dye molecules oxidation under the 

UV illumination on the nanoparticles surface. 

Experiments were run at constant operating 

parameters (flow rate= 147 mL/min, MB 

concentration= 10 ppm and PANI 20 mg/L) however; 

the pH value is changed as 3, 4, 5, 6 and 7 in order to 

check the effect of pH at various values in different 

ranges.  

It is observed from the results shown in Fig. (9) that 

the rate of oxidation is highest when the applied pH is 

6. Since the photocatalytic oxidation of MB occurs on 

the nanoparticles surface is affected by the solution 

pH. The catalyst behavior can be illustrated by the 

charge density on nanoparticles surface, which 

prevails in aqueous medium whereas the OH radicals 

production increases [41]. This attitude of the results 

agrees with the previous work of Zhao, Keogh [42] 

and Gajbhiye [43]. Nevertheless, elevating the pH 

value was unfavorable because undesired radicals 

were generated rather ·OH radicals which scavenging 

the reaction yield. This finding of the sensitivity of 

the reaction pH to working at a specific limit was 

previously investigated in the literature [44]. 

 
Fig. (9) Effect of pH on the photo oxidation of MB 

under UV illumination  

(Flow rate= 147 mL/min, pollutant concentration= 10 

ppm, Catalyst PANI = 20 mg/L) 

 

3.2.4. Effect of catalyst concentration 

A test was run for the decolorization of MB dye 

solution at various nanoparticles dosages using solo 

PANI and the hybrid combination of PANI/Co-doped 

ZnO nanocomposite to assure their catalytic activity. 

Different PANI concentrations (5-25 mg/L) were 

undertaken at a constant operating condition to 

investigate the role of catalyst concentration on the 

oxidation process during 90 minutes of reaction time. 

Results in Fig. (10A) showed that increasing pure 
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PANI dose results in an enhancement in the reaction 

yield and the optimum catalyst concentration was 20 

mg/L. However, increasing the cobalt concentration 

more than this optimal value reducing the process 

performance. This finding could be illustrated by the 

fact that the presence of excess catalyst particles 

results in the production of more nanoparticles 

species rather than the more useful ·OH radicals, that 

are the main responsible of MB removal. 

Furthermore, the excess catalyst species results in a 

turbid solution and thus the UV light penetration was 

deduced. Consequently, the overdosing of 

nanoparticles in the solution is inhibiting the overall 

reaction rate [45]. 

Moreover, five different prepared concentrations of 

PANI/pure ZnO sample (P-CZ0) were applied to 

check their capabilities for MB removal. The results 

in Fig. (10B) revealed that the removal efficiency of 

the particles used in MB dye oxidation is increased 

with increasing the catalyst concentration and 100 

mg/L showed a higher removal efficiency. High 

catalyst dose helps in the presence of more active 

sites that is 

offering enhancement in the interfacial zones 

between the organic pollutant and catalyst. Moreover, 

the mount of hydroxyl radicals produced are also 

higher which are the main responsible of attaching 

the organics and oxidizing them [3].  

 

 

Fig. (10) Effect of different photocatalysts on 

photocatalytic oxidation for MB under UV light (flow 

rate = 147 mL/min, Catalyst dose = 100 mg/L, 

pollutant concentration= 10 ppm) (A) Effect of pure 

PANI concentration; (B) Effect of PANI/ZnO 

nanocomposite sample concentration, and (C) Effect 

of the investigated PANI/Co-doped ZnO 

nanocomposites concentration. 

Fig. (10C) illustrates the effect of various PANI/Co-

doped ZnO nanocomposites at 100 mg/L 

concentration. The results in Fig. (10C) displayed a 
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significant enhancement in the removal of MB rate 

was given with the increase of the catalyst dose and 

the optimal combination is recorded to P-CZ1. This 

increment in the reaction rate was clearly associated 

with the ·OH radicals produced since more radicals 

are produced using different semiconductors.  Here it 

worth to mention that, the combination of PANI, Co 

and ZnO results in a higher reaction yield [46]. 

 

4. Conclusions 

PANI nanocomposites loaded by the synthesized Co-

doped ZnO nanorods were successfully fabricated via 

oxidative polymerization route. Photocatalytic 

oxidation of MB in aqueous streams was investigated 

using PANI augmented with Co-doped ZnO nanorods 

under UV illumination.  Different experimental 

condition parameters, including, different catalyst 

type and dosage, flow rate of the aqueous solution, 

change of initial MB dye concentration, and different 

pH values of solutions were evaluated. A suitable 

operating condition was selected according to the 

experimental results which revealed that the 

minimum dye concentration elevating the removal 

efficiency. pH 6.0 is corresponding to the maximal 

dye elimination however, 147 mL/min is optimal 

flow rate that equivalent to the maximal organics 

conversion. PZC1 sample exhibited a reasonable 

result in treating MB solution with dye removal reach 

to ~ 87% after 425 min. In conclusion, the obtained 

results enabled to get a facile fabrication of PANI/ 

Co-doped ZnO nanocomposites that are encouraging 

for usage in the field of wastewater treatment. 
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