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ABSTRACT 

Technical advancement is urgently required for the degradation of micro-pollutants in municipal 

wastewater. The present study aimed to describe the preparation of a filter-bed Mn-TiO2/ZnO 

nanocomposite and degradation of micro-pollutants in real-time municipal wastewater obtained from 

Kesare wastewater treatment plant in Mysore district, India. Activated carbon and sand were used for 

the preparation of the filter bed, and activated carbon was prepared using agricultural wastes (coconut 

shells). Meanwhile, the visible light-responsive Mn-TiO2/ZnO composite was prepared using the 

mild sol-gel technique. The composites were characterized by scanning electron microscopy, Fourier-

transform infrared spectroscopy, X-ray diffraction, and photocatalytic techniques. High crystallinity, 

considerable shift in the band gap energy, and adequate photocatalytic activity under the visible light 

range were observed. In addition, the filter bed coupled with the Mn-TiO2/ZnO nanocomposite 

functioned efficiently in the degradation of the common pollutants under LED irradiation as the 

driving source of energy.  
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Introduction 

Semiconductor photocatalysis is a 

promising technology for wastewater treatment, 

which is associated with the production of no 

residues and secondary pollutants. In general, 

photocatalysis is defined as the process of 

generating minerals through the degradation of 

simple organic compounds in water and air in 

the presence of a catalyst. Titanium dioxide 

(TiO2) has been widely used in wastewater 

purification technologies owing to properties 

such as strong oxidization power, cost-

efficiency, and long-term stability against 

photochemical corrosion.1-4 Meanwhile, zinc 

oxide (ZnO) is considered beneficial for similar 

purposes with its unique optical and electrical 

properties5 and similarity to the 

physicochemical    properties   of   TiO2.
6, 7   The 

band gap of TiO2 and ZnO is 3.2 and 3.37 eV, 

respectively, which limits their application since 

they could only be active under ultraviolet (UV) 

light  irradiation.8, 9  Therefore,  several methods 
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have been proposed to shift the optical 

sensitivity of TiO2 and ZnO from UV to the 

visible-light range for the efficient use of solar 

energy; some of these methods include element 

doping, metal deposition, surface sensitization, 

and the coupling of composite 

semiconductors.10-14 In addition, it is possible to 

enhance the activity of TiO2 photocatalysts 

through ZnO coupling.15 Among various 

coupled semiconductor composites, several 

studies have been focused on the integration of 

TiO2 with other metal oxides, such as ZnO,16 

SnO2,
17 Fe2O3,

18 ZrO2,
19 Cu2O,20 WO3,

21 SiO2,
22 

and MoO3.
23 Moreover, it has been reported that 

TiO2/ZnO nanocomposites have potent physical 

and chemical interactions with adsorbed 

species, as well as a variety of applications in 

gas sensing materials, thermoelectric materials, 

dye-sensitized solar cells, piezoelectric devices, 

and semiconductor photocatalysts.16, 24, 25  

Several approaches have been developed 

for the production of TiO2/ZnO composites 

using various precursors of titania and zinc; 

such examples are sol-gel, solvo/hydrothermal, 

and co-precipitation techniques. The structure 

and physiochemical properties of TiO2/ZnO 

composites could be affected by changes in the 
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temperature, calcination process, pH, stirring 

speed, water-to-precursor ratio, and reagent 

concentration. Depending on their size, shape, 

and crystallographic structure, TiO2/ZnO 

systems exhibit variable physiochemical 

properties.26 Moreover, ZnO has a slightly more 

negative band gap energy compared to TiO2, 

which contributes to the injection of electrons 

from the conduction band of ZnO to TiO2, 

favoring electron-hole separation.27 Therefore, 

the incorporation of these materials into a 

combined structure is of utmost importance 

considering that the resultant products may 

possess improved physiochemical properties. In 

a study in this regard, Abdel Aal et al. prepared 

TiO2/ZnO nanopowders with various TiO2/ZnO 

ratios using the hydrothermal method for the 

photocatalytic degradation of 2-chlorophenol. 

The obtained results indicated the increased 

degradation efficacy of the TiO2/ZnO composite 

with the ratio of 90:10.28 In another study, ZnO 

nanoparticles were coated on titania nanotubes 

(TNT) and assessed in terms of the 

photocatalytic degradation of rhodamine B 

under UV irradiation. The findings clearly 

demonstrated that the ZnO-TNT nanocomposite 

exhibited superior degradation efficacy over 

pure TNTs, P25, and ZnO.29 On the other hand, 

Liao et al. investigated the photocatalytic 

degradation of methyl orange using TiO2/ZnO 

composite nanoparticles, reporting that the 

TiO2/ZnO composite nanoparticles exhibited 

more prominent photoactivity compared to pure 

TiO2.
16 

The present study aimed to describe the 

preparation of a filter bed coupled with a Mn-

TiO2/ZnO nanocomposite and evaluate its 

application in the degradation of micro-

pollutants in real-time municipal wastewater 

within the visible range. Filtration was 

employed as the preliminary treatment for the 

removal of the suspended particles in sewage so  

as to enhance light penetration.  

Materials and Methods 

Synthesis of photocatalytic nanocomposites 

The photocatalytic Mn-TiO2/ZnO nano- 

composite was prepared using the mild sol-gel 

technique, with TiO2 and ZnO as the precursors. 

During the preparation of the Mn-TiO2/ZnO 

nanocomposite, TiO2 was added to NaOH (1 M) 

with constant stirring on a magnetic stirrer. 

Following that, approximately 0.1 mg of MnSO4 

was dissolved in double-distilled water and 

added to the homogenous mixture drop-wise as 

a source of Mn dopant, forming solution A. 

Afterwards, ZnO was dissolved in NaOH to 

form solution B, which was slowly added to 

solution A under magnetic stirring (300-450 

rpm)  for 12 h at room temperature, followed  by  

aging  in  darkness for 24  h. At the next stage, 

the aqueous mixture was washed repeatedly 

with deionized water and dried in a dust-free hot 

air oven at the temperature of 50 °C. The 

obtained powder was treated in a dust-free 

muffle furnace using a silica vessel provided 

with a lid at the temperature of 450 °C for 2 h. 

Finally, it was quickly quenched to the room 

temperature using a cooling system in order to 

obtain the desired crystallinity and active 

surface morphology. Fig. 1 illustrates the 

schematic preparation of the Mn-TiO2/ZnO 

nanocomposite using the mild sol-gel technique. 

   

Fig. 1. Schematic of Mn-TiO2/ZnO composite preparation 

through sol-gel process 

At 50 оC 

At 450 оC for 2 h 
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Preparation of the filter bed 

At this stage, a standard glass column with 

the length of 70 cm and diameters of 5.3 cm was 

used for the preparation of the filter bed. The 

column was fixed in a vertical position using 

wall clamps. The filter bed was composed of 

sand and activated carbon, which were added in 

the same order at the ratio of 2:1. The sand was 

collected from the nearby water bodies, washed 

carefully using deionized water, and dried at 

room temperature. In addition, the activated 

carbon was prepared from coconut shells under 

controlled conditions. In order to ensure proper 

filtration, the flow rate was fixed at 0.0947 m3/s. 

Fig. 2 depicts the schematic representation of 

the filter bed. 

Fig. 2. Schematic of filter bed 

Characterization of the nanocomposites 

The prepared Mn-TiO2/ZnO nano- 

composite was characterized using various 

analytical techniques in order to recognize its 

properties. The optical and band gap energy 

shifting characteristics of the Mn-TiO2/ZnO 

composite were investigated using a UV-visible 

spectrophotometer (Shimazdu UV-2100), and 

diluted alcohol was used for the suspension of 

the particles. Additionally, a powder X-ray 

diffractometer (Hitachi; model: S- 4000, Japan) 

was utilized to identify the phase composition 

and crystalline structures within the Bragg’s 

angle range of 10-700 at the rate of 30 per minute 

using a nickel-filtered CuKa radiation source. 

The obtained results were ratified through the 

comparison of the JCPDS files (PCPDF Win-

2.01).  

The structural elucidation and important 

functional groups in the Mn-TiO2/ZnO 

nanocomposite were investigated using Fourier-

transform infrared spectroscopy (FTRI; 

JASCO-460 PLUS, Japan). The morphology 

and microstructures of the Mn-TiO2/ZnO 

nanocomposite were scanned via scanning 

electron microscopy (SEM; Hitachi; model: S-

4000, Japan), and the photocatalytic activity of 

the Mn-TiO2/ZnO nanocomposite was 

determined with visible light illumination (100 

W tungsten bulb, Philips) using methylene blue 

as the model dye solution.2 

Filtration experiment 
The filtration of the collected real-time 

municipal wastewater was performed using a 

filter bed composed of sand and activated 

carbon. The municipal wastewater was collected 

from Kesare wastewater treatment plant 

(12021’02.8” N 76039’51.3” E), located at 

Kesare village in Mysore district (India). During 

the experiment, a specific volume of the 

collected wastewater was passed through a glass 

column with a fixed flow rate (0.0947 m3/s). 

Retrospective methods were applied to 

determine the degradation of the micro-

pollutants, as well as nitrate, nitrite, phosphate, 

chemical oxygen demand (COD), suspended 

solids, and dissolved solids.30 The treatment 

efficacy (%) of the filter bed in the degradation 

of the municipal wastewater was calculated 

using Eq. 1, as follows: 

Treatment efficacy = [(C0 – Ci) / C0 ] x 100  (1) 

where C0 and Ci represent the initial and final 

concentrations, respectively. 

Photocatalytic degradation experiment 
The photocatalytic degradation efficacy of 

the Mn-TiO2/ZnO nanocomposite was assessed 

using methylene blue as the model dye with 

visible light illumination (100 W tungsten bulb, 

Philips), and the dye solution (0.01 M) was 

prepared using deionized water. During the 

photocatalytic degradation experiments, 50 mL 
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of the dye solution was placed in a reaction 

vessel with the capacity of 100 mL, and 0.5 mg 

of the Mn-TiO2/ZnO composite was added and 

exposed to the irradiation source. The 

experiments were carried out within 5 h of 

irradiation. Afterwards, the initial, interval, and 

final concentrations of the dye solution were 

determined using spectroscopic methods with 

the respective λmax of the selected dye.2 A 

double beam UV-Vis spectrophotometer 

(Shimazdu UV-2100, Japan) was used for the 

measurements. 

The photocatalytic treatment of the real-

time municipal wastewater using the Mn-

TiO2/ZnO nanocomposite was assessed using 

the same experimental procedures with various 

light sources. The photocatalytic experiment 

was carried out within 5 h of irradiation. The 

photocatalytic degradation efficacy (%) of the 

Mn-TiO2/ZnO nanocomposite in the 

degradation of the micro-pollutants was 

calculated using Eq. 1. 

Results and Discussion 

UV-Vis spectrum 

The absorption spectrum was used to 

determine the band gap energy of the 

nanomaterials and interpret their applications in 

photocatalysis. A nanomaterial/composite is 

considered to be photocatalytic only if the band 

gap energy of the nanomaterial/composite is 

comparable to the energy of the photons of 

ultraviolet or visible light (i.e., Eg<3.5 eV). 

Within the past decades, TiO2 and ZnO have 

separately been recognized as photocatalysts, 

with the band gap energy of 3.2 and 3.7 eV, 

respectively.2, 31 However, the wide band gap 

restricts the efficient utilization of sunlight. To 

overcome this disadvantage, various metals and 

non-metals have been introduced to reduce the 

band gap, with nanocomposites reported to 

exhibit improved properties. In the present 

study, the TiO2/ZnO nanocomposite was 

recognized as a potential candidate for efficient 

photocatalysis, which was possible through the 

mutual transfer of the photogenerated charge 

carriers  of  the  nanomaterials.  To determine 

the band gap energy of the prepared 

nanocomposite, optical absorbance was 

observed using a double beam automated 

spectrophotometer (SHIMADZU, UV-1800). 

Fig. 3-a shows the UV-Vis absorption spectrum 

of the Mn-TiO2/ZnO nanocomposite. An 

absorption band was observed at 503.48 

nanometers, implying the absorption of photons 

by the composite within the visible range. 

Similar results have been reported by Zhang et 

al.32 Moreover, the shifting of the absorption 

edge toward the visible region implied the band-

tuning of the Mn-TiO2/ZnO composite, which 

could be explained by the action of Zn2+ and 

Mn2+ acting as substitutional dopants on the 

surface and in the lattice of TiO2. The direct 

band gap (Eg) of the samples was also 

determined by fitting the absorption data to the 

direct transition (Eq. 2.): 

αhυ = Ed(hυ- Eg)
1/2  (2) 

where α is the optical absorption coefficient, hυ 

shows the photon energy, Eg represents the 

direct band gap, and Ed is a constant.33  

In the current research, the band gap of the 

prepared samples was measured by plotting 

(αhυ)2 as a function of the photon energy and 

extrapolating the linear portion of the curve to 

the adsorption of equal to zero.34 Fig. 3-b depicts 

the band gap energy of the Mn-TiO2/ZnO 

nanocomposite, which was estimated at 2.4 eV.  

Fig. 3. Band gap energy shifting characteristics of Mn-

TiO2/ZnO nanocomposite prepared through sol-gel 

process 

X-ray Diffraction (XRD)

In order to determine crystallinity, the 

prepared nanocomposite was subjected to X-ray 
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diffraction (XRD) pattern analysis. As can be 

seen in Fig. 4, the peak intensities confirmed 

that the synthesized nanocomposite was 

crystalline in nature. The dominant peaks were 

sharp and clearly visible, particularly at 2θ of 

25.3, 38.0, 48.1, and 55.1 degrees, 

corresponding to the (101), (004), (200), and 

(211) planes, respectively for anatase TiO2

(PDF# 21-1272). Meanwhile, the peaks 

observed at 2Ѳ of 31.7 (100), 34.34 (002), and 

36.3 (101) for the ZnO were in line with the 

standard card PDF# 36-1451. Therefore, it could 

be concluded that the prepared Mn-TiO2/ZnO 

nanocomposite consisted of both anatase TiO2 

and ZnO particles. 

 Fig. 4. Powder X-ray pattern of Mn-TiO2/ZnO composite 

FTIR 
FTIR evaluations were carried out to 

determine the nature of the prepared 

nanocomposite. The obtained vibrational band 

is depicted in Fig. 5. In general, metal oxides 

exhibited the absorption band in the fingerprint 

region (i.e., <1,000 cm-1) due to the arisen 

interatomic vibrations. In addition, the IR 

absorption band appearing within the range of 

400-550 cm-1 was attributed to the metal-oxygen

(M-O) stretching mode.35, 36 The peaks observed

at 387 cm-1 were the characteristic absorption

peaks of the Zn-O bond, confirming the

presence of ZnO. Meanwhile, the absorption

peak observed at 551 cm-1 was ascribed to the

stretching vibrations of the Ti-O-Ti groups. In

addition, the IR band observed at 693 cm-1 was

attributed to the symmetric vibration mode of

the Zn-O-Ti groups.37 These characteristic

bands proved the presence of both the TiO2 and

ZnO modes in the prepared composite. On the

other hand, the IR band observed within the

range of 3,391-3,438 cm-1 was attributed to the

symmetric and asymmetric stretching vibrations 

of the hydroxyl group (Ti-OH, Zn-OH), while 

the peaks identified within the range of 1,627-

1,646 cm-1 were associated with the O-H 

bending vibration of the absorbed water 

molecules.2, 38 The presence of the O-H bands in 

the spectrum was due to the physically and 

chemically adsorbed H2O on the composite 

surface. 

 Fig. 5. FTIR spectra of Mn-TiO2/ZnO nanocomposite 

* TiO2 [PDF#21-1272] 

~ ZnO [PDF#36-1451] 
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SEM

The textural features of the prepared 

nanocomposite were investigated using SEM. 

As can be seen in Fig. 6, the nanocomposite 

demonstrated specific morphological changes, 

as well as a trend of surface particle 

agglomeration. This is consistent with the 

results obtained by Katarzyna et al.
37 Further 

particles  with  a  granular morphology  are 

also  illustrated  in  Fig. 6. 

 Fig. 6. SEM images of Mn-TiO2/ZnO nanocomposite 

Brunauer-Emmett-Teller (BET) surface area

The  catalytic  activity  of  the  materials 

was  determined  based  on  several factors, such 

as  the  band  gap  energy  and  surface area. 

Surface  area  significantly  influences  the 

catalytic  activity  of  every  material. In the 

present  study,  the  Brunauer-Emmett-Teller 

(BET)  surface  area  of  105.6 m2 g-1  was 

observed  in the prepared composite, which was in 

line with the size and morphology of various 

nanoparticles in the TiO2/ZnO composite. In 

addition, the pore volume of 0.149 cm3 g-1 and 

pore size of 5.36 nanometers were obtained for the 

Mn-TiO2/ZnO composite.39 

Efficiency of the filter bed

Fig. 7 depicts the treatment efficacy        

of  the  filter  bed  utilized  for  the  filtration  of 

the  real-time municipal wastewater collected 

from  Kesare wastewater treatment plant located 

at Mysore, Karnataka (India). The initial 

characterization  of  the  municipal  wastewater 

is  presented  in  Table 1. According to the 

findings, the suspended particles in wastewater 

inhibited  the  penetration  of  light,  resulting in 

the hindrance of the photocatalytic process.  

Therefore,   the  removal   of   the   suspended 

solids was unavoidable prior to photocatalysis. 

The  adsorption  of  the suspended particles by 

sand  and  activated carbon in the filter bed 

resulted  in  the  removal of 92.2% of the 

suspended  solids  from  the  municipal 

wastewater.  Furthermore, filtration was employed 

as  a  primary  treatment  technique  for the 

removal  of  the  suspended  particles,  which  led 

to the degradation of micro-pollutants such as 

COD (88.43%), nitrate (77.03%), nitrite 

(40.42%),  total  dissolved  solids  (4.25%), and 

phosphate (3.97%) under the same experimental 

conditions. This could be explained by  the 

elevated  degradation  efficacy  of   COD,  nitrate, 

and  nitrite  due to the adsorption of the respective 

ions by activated carbon.40-42  

In a study in this regard, Hassan and Azeema 

reported the possible mechanisms involved in the 

adsorption of ions by activated carbon. 

Accordingly, the adsorption sites in activated 

carbon could be divided into two major types, 

including graphene layers, which were 

hydrophobic in nature, and hydrophilic oxygen 

functional groups. As a result, the adsorption of 

anions occurred either by the p-orbitals of the 

graphene layers or through an ion exchange 

mechanism by the functional groups.41-43 
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Fig. 7. Treatment efficacy of filter bed 

Photocatalytic activity

The photocatalytic activity of the prepared 

nanocomposite was assessed using an aqueous 

solution of the model dye (methylene blue) with 

tungsten light irradiation for 4 h. 

Simultaneously, blank experiments were also 

maintained without the addition of 

photocatalysts (Fig. 8). The results of the blank 

experiments indicated that methylene blue could 

not be degraded without the addition of 

photocatalysts. Moreover, these results 

indicated the degradation efficacy of 86.3% 

with tungsten light irradiation, which was 

attributed to the band tuning toward the visible 

range, as well as the increased surface area, and 

increased pore size of the prepared 

nanocomposite.  

Fig. 8. Photocatalytic activity of Mn-TiO2/ZnO composite 

with visible light source 

Photocatalytic treatment of real-time 

wastewater

In the current research, the contribution of 

the Mn-TiO2/ZnO nanocomposite to the 

photocatalytic degradation of the micro-

pollutants in real-time municipal wastewater 

was investigated with various irradiation 

sources (Fig. 9).  

Fig. 9. Photocatalytic  degradation  efficacy of Mn-

TiO2/ZnO composite in degradation of micro-pollutants 

with various irradiation sources 

In addition, the experiments were 

conducted in the absence of irradiation using a 

photocatalyst, and the obtained results clearly 

implied that the micro-pollutants were partially 

degraded in the absence of the irradiation 

source. This could be due to the enhanced 

surface area and porous structure of the 

composite. Moreover, the potential degradation 

of the pollutants was observed with the LED 

light source, which could be attributed to the 

synergistic effects of TiO2 and ZnO in the 

nanocomposite with the desired properties. 

Therefore, it could be concluded that the co-

existence of TiO2
24 and ZnO improved the 

overall degradation rate of the micro-pollutants 

in the municipal wastewater by promoting the 

0 1 2 3 4

0

20

40

60

80

100

D
eg

ra
da

tio
n 

ef
fic

ie
nc

y 
(%

) u
nd

er
 T

un
gs

te
n 

lig
ht

Time (h)

 Blank
 Mn-TiO2/ZnO

Light source: Tungsten light (100 W)

Aqueous solution of methylene blue (0.01 M)



194 

 
MUK-JAEHR 

 Gopi et al. 

separation of photo-generated holes and 

electrons. Potential photocatalytic degradation 

efficacy was estimated at 82.25, 78.57, 61.4, and 

14.9% for COD, nitrite, nitrate, and phosphate, 

respectively within 5 h of exposure to the LED 

light source. Such enhancement in the 

photocatalytic activity of the Mn-TiO2/ZnO 

nanocomposite was mainly due to the presence 

of the ZnO/TiO2 surface heterostructure. 

Conclusion 

In the current research, the Mn-TiO2/ZnO 

nanocomposite was synthesized using the sol-

gel technique and exhibited the band gap energy 

of 2.4 eV, which caused the nanocomposite to 

function within the visible spectrum. The XRD 

results confirmed the presence of TiO2 and ZnO 

in the prepared nanocomposite, while FTIR 

confirmed the presence of both. In addition, the 

nanocomposite exhibited photocatalysis and 

adsorption, showing that the material is an 

effective photocatalyst. The observed 

adsorption process could be attributed to the 

increased surface area and pore size of the 

material. A filter bed consisting of sand and 

activated carbon was also employed in the 

primary treatment of the municipal wastewater 

for the removal of the suspended solids, COD, 

nitrate, and nitrite. The activated carbon in the 

filter bed could adsorb the nitrate and nitrite 

ions, while the sand could effectively trap the 

suspended solids. Therefore, it could be 

concluded that the employing of filtration and 

photocatalysis caused the micro-pollutants in 

real-time municipal wastewater to be degraded 

successfully to the safe limits prescribed by the 

Bureau of Indian Standards (BIS) for discharge 

into inland surface waters. 
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