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ABSTRACT

Water pollution is a result of the massive amounts of waste products, like organic dyes, that
have been released into the environment as a result of global industrial expansion. An
appealing method for eliminating organic dye pollutants from wastewater is to use
semiconductors as a photocatalyst. MnO2 has shown potential uses in the photocatalytic field
in recent years. However, its performance is constrained due to its high agglomeration, limited
stability and high photo-induced electron-hole pair recombination rate. In this thesis, MnO-
coupled with Cu20 by varying their concentration whereas MnO> takes 10%, 30%, 50%, 70%,
and 90% ratio of the composite and labeled as 1MC, 3MC, 5MC, 7MC, and 9MC respectively
which are intended to reduce the recombination rate. To characterize the as-prepared samples
different techniques such as XRD, SEM, FTIR, Uv/Vis-DRS, BET, TGA, PL, and EIS were used.
The photocatalytic activities of MnO2, Cu.0, ZeoliteX, ZM, MC,1-ZMC, 2-ZMC, 3-ZMC, 4-
ZMC, and 5-ZMC catalysts were tested towards the degradation of Methylene Blue (MB), and
49%, 52%, 54%, 61%, 74.7%, 87%, 91%, 99.01%, 97%, and 89.1% were degraded respectively
in 80 min reaction time using 0.4g/L amount of catalyst within neutral pH (pH7) at room
temperature. Also, the ternary composite without any light was checked and degraded 75% of
MB dye. Among the catalysts, 3-ZMC had the highest performance which could be due to the
synergetic effect of heterojunction (MC) and the support with sufficient amount of ZeoliteX that
results in low recombination, lower electron transfer resistance, low agglomeration, and high
surface area. The stability experiment revealed that 3-ZMC demonstrates a relatively good
photocatalytic activity after 4 recycles. Therefore, ZeoliteX-supported MnO./Cu20 is a

promising catalyst for the degradation of MB under visible light.

Keywords: ZeoliteX, heterojunction, synergetic effect, Methylene Blue
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CHAPTER ONE

1. Introduction

1.1 Background of the study

Pure water is the most important thing for life since it is the fundamental component for
circulating all the necessary nutrients in the body of humans as well as other living things (Cech,
2018). Thus, keeping the health of the water is the same as increasing the life span of living
things (Nathanson & Ambulkar, 2018). Even if industrialization, agriculture, and geological
changes have improved the quality of life, they are contributing to water, soil, and air pollution
since they release a variety of pollutants, including organic dyes, heavy metals, iron, nitrate,
arsenic, fluoride, and halide (Nathanson & Ambulkar, 2018). Organic dyes are colorants that
are used in fabric, paper, plastic, medicine, and other objects (Girses et al., 2016). About 15%
of the total world dye production is wasted and released into water or soil. This dye have a
significant impact on the health of aquatic ecosystems and the organisms that live in them
(Natarajan, Bajaj, & Tayade, 2018). So discharge of dyes must be properly and economically
regulated in order to keep health of living things (Fu, Cheng, & Lu, 2015; Jackson et al., 2001;
Nathanson & Ambulkar, 2018; Quiton, Lu, & Huang, 2021).

The most common methods to treat wastewater are chemical precipitation (Shim et al., 2014),
ion exchange (Mohammadi, Moheb, Sadrzadeh, & Razmi, 2005), chemical coagulation (Ashraf
et al., 2021), flocculation (Zambrano, Cobefia, Ponce, Cedefio, & Briones, 2021),
bioremediation (Mingshan et al., 2021), adsorption (Yagub et al., 2014) and advanced oxidation
(Q. Lietal., 2018). Among those methods, advanced oxidation processes (AOPs), is a relatively
promising method to degrade organic dye to a harmless substance, additionally, the low-cost
and energy method called photocatalysis technology is a promising method to remove dyes (Al-
Khalid & EI-Naas, 2012; Q. Li et al., 2018).

Photocatalysis is a method that uses light to exit electrons from the valence band to the
conduction band, and then the chemical reaction by electrons and holes with oxygen and water
respectively resulted in the formation of reactive radicals that degrade the organic dyes (Q.
Wang & Yang, 2016).



The metal oxide is one of the most effective materials for photocatalytic activity due to its
favorable electronic structure, capacity for light absorption, and capacity for charge transport
(Danish et al., 2021). TiO, (Cavalcante et al., 2016), ZnO (Tian et al., 2012), NiO (Motahari,
Mozdianfard, Soofivand, & Salavati-Niasari, 2014), Co30s (Warang, Patel, Fernandes,
Bazzanella, & Miotello, 2013), Fe,Os (Keerthana et al., 2021), WOs (Ismail, Faisal, & Al-
Haddad, 2018), Cu20 (Ajmal et al., 2016), MnO: (Alzahrani, Al-Thabaiti, Al-Arjan, Malik, &
Khan, 2017), etc. are widely used for photocatalyst material.

Manganese dioxide (MnQy) is one of the common and effective n-type metal oxide used for the
degradation of organic pollutants since it is readily available, inexpensive, nontoxic,
environmentally compatible, and have a narrow band gap that makes it able to absorb visible
light solar spectrum (Kim, Lee, Chang, & Chang, 2013; R. Yang et al., 2021). However, the
photocatalytic performance of MnO: is limited because of its high agglomeration and
recombination rate (Jin, Wang, et al., 2020; Xue, Zhang, Shao, & Yang, 2020).

Building suitable heterogeneous photocatalytic systems is a promising solution for modifying
and resolving the problems of single metal oxides like MnO- (B. Li et al., 2020). Among various
ways of constructing heterojunction direct Z-scheme between the CBs and VBs of n and p-type
semiconductors get more attention due to their ability for efficient charge separation and
transfer mechanism that results in enhanced photocatalytic activity (Q. Zhang, Peng, Deng,
Wang, & Chen, 2020).

Cu20 is a p-type semiconductor that exhibits excellent visible light absorption and has a low
band gap of up to 2.6 eV. Moreover, it is a low-cost, non-toxic, and abundant metal oxide (Y.
Zhang, Deng, Zhang, Gao, & Xu, 2010). The conduction band edge (CB) of Cu.O has been
reported as comparatively more negative than MnO (Aguirre, Zhou, Eugene, Guzman, &
Grela, 2017). On the other side, MnO: has a more positive valance band edge (VB) than Cu.O
(M. Zhang et al., 2021). More importantly, MnO2 and Cu.O are n and p-type metal oxides
respectively. So those characteristics make them to full fill basic requirements to form direct Z-

scheme p-n hetero-junctions (T. Yu, Sun, Zhe, Wang, & Rao, 2017).



The other challenge of metal oxide MnO- or the heterojunction is the high agglomeration rate
which affects the photocatalyst performance. This problem can be overcome by supporting
MnO: or heterojunction nanoparticles on the surface of porous material without affecting their
distinctive properties (De Gisi, Lofrano, Grassi, & Notarnicola, 2016).

Nowadays, ZeoliteX-supported photocatalytic degradation of dye is getting more attention due
to the basic properties of ZeoliteX including thermal stability, high surface area, low Si/Al ratio,
and abundant acid sites which makes it able as both adsorbing agent of dye and dispersing agent
for photocatalyst (Han et al., 2010; Vickers, 2017). Thus, the combination of Zeolite with the
metal oxides has synergic effects by using Zeolite to adsorb the dyes and the metal oxides

degrade them (Awuchi, Hannington, Awuchi, Igwe, & Amagwula, 2020).

There are many reports on MnOz-based composites with different metal oxide and porous
support materials such as Fe,O,/MnO,/ZIF-8 ternary composite (Xuelian Li, Raza, & Liu,

2021), Carbon Nanosheet/MnO2/BiOCI (X. Hong, Li, Wang, Long, & Liang, 2022), Zeolite
supported ZnO/Fe203/Mn0O- (Tedla, Diaz, Kebede, & Taddesse, 2015) and MnO- supported on
bentonite clay (Nakhaei, Barzgari, Mohammadi, & Ghazizadeh, 2019).

Even though a lot of work and research done to enhance the photocatalytic activity of MnO»
for the degradation of dye either by making heterojunction or by synergetic effect with support
material, still it cannot meet an efficient and cost-effective way. Most commonly the catalyst
synthesized have a low yield, use expensive raw material, high electron resistance, and costly
or time taking approach taken that make it incapable to meet environmental and economic

concern.

In this work, ZeoliteX-supported MnO./Cu.O heterojunctions were synthesized by the wet
impregnation method. The material results in a synergetic effect of photocatalytic activity from
metal oxide heterojunction and adsorption from ZeoliteX support material which performs
degradation of dye under visible light. Additionally, ZeoliteX is synthesized from easily
accessible kaolin clay by a simple alkali fusion method. A variety of characterization methods
were utilized to assess the synthesized samples and used for the degradation of MB. It is
expected that the catalyst could have enhanced degradation performance since catalysts have a
low recombination rate, low electron transfer resistance, good absorption of visible light, lower

agglomeration, and high surface area.



1.2 Statement of the problem

Wastewater is a major environmental issue that affects communities all around the world (Muga
& Mihelcic, 2008). Dyes are one of the water pollutants that, when discharged into bodies of
water result in serious consequences for the environment and public health. Among different
methods, Photocatalysis is a promising method to remove dyes that involve the use of light and
metal oxide as a catalyst (Bora & Dutta, 2014).

Manganese dioxide (MnO) is an abundant, affordable, nontoxic, and environmentally
compatible metal oxide with narrow band gap energy (1-2 eV) which makes it qualified as a
potential photocatalyst (Kim et al., 2013). However, the applicability of MnO2 semiconductor
is still limited due to its fast recombination rate of photo-generated electron-hole pairs, low
quantum efficiency, high agglomeration, and low stability (R. Yang et al., 2021; Q. Zhang et
al., 2020). To improve the photocatalytic performance of MnO, several methods such as
doping with metallic and non-metallic elements, coupling with other metals, and supporting on
porous adsorbent have been used (Q. Zhang et al., 2020). However, MnO nanoparticles'
photocatalytic activities are not effective, and additional research is needed to address these
issues. This work focuses on the synergetic effect of ZeoliteX-supported p-n heterojunction of
MnO, with Cu.O for photocatalytic activity. Among P-type metal oxide Cu.O are
comparatively accessible and in expensive that can be easily synthesized. Additionally, Cu,O
and MnO. make a good band alignment, which lowers the recombination rate and increase
quantum efficiency (Aguirre et al., 2017; Y. Zhang et al., 2010). ZeoliteX with large surface
area and lewis acid site is made from kaolin clay instead of expensive chemicals and a simple
low-cost alkali fusion method is employed. Therefore, this work offers an inexpensive way of
coupling and supporting an approach for enhancing MnO: performance toward commercial dye

degradation.



1.3 Objectives

1.3.1 General objective

Synthesis and Characterization of ZeoliteX supported MnO,/Cu,O composite for degradation

of methylene blue from aqueous solution.

1.3.1 Specific objectives

v" Synthesizing MnO2 and Cu20 metal oxides

v Synthesizing ZeoliteX from locally available raw kaolin clay by alkali fusion method

v' Examine the effect of Cu2O on the recombination rate of MnO2 by coupling MnO> with
Cu20

v Investigating the effect of ZeoliteX support on agglomeration rate and photodegradation
performance of MnO; with Cu20 heterojunction

v' Characterization of prepared material properties including crystallinity, morphology,
functional group, surface area, band gap, and thermal analysis

v Analyze the photocatalytic activity of the synthesized catalyst under different effects on MB

degradation



1.4 Scope of the study

This study focuses on the removal of methylene blue dye from an aqueous solution by using a
ZeoliteX-supported MnO/Cu,O composite. It started by synthesizing single MnO> and Cu.O
followed by making their heterojunction by varying their concentration to reduce recombination
rate by the optimized ratio with a good performance on the degradation of MB. ZeoliteX
prepared from kaolin clay helps to minimize the cost of precursors for mass production of
zeolite and is environmentally friendly. Finally, the ternary composite is made by supporting
the MnO2/Cu.0 heterojunction on ZeoliteX which reduces the agglomeration rate of the metal
oxides, increases the active site for adsorption of methylene blue, and enhances photocatalytic
activity. Several methods, including XRD, TGA, Uv-Vis, FTIR, SEM, DRS, BET, PL, and EIS
are used to characterize those samples.

Additionally, the catalyst's pH impact, catalytic dose, initial dye concentration, kinetics, and
reusability are all examined. It further focuses on the application of the synergetic effect of
ternary composite by adsorption and photodegradation of methylene blue dyes from aqueous

solution.

1.5 Significance of the study

This study primarily benefits the textile, paper, cosmetic, and leather processing industries,
since those industries are generating huge amounts of organic dyes. This thesis aims to reduce
the environmental pollution of these dyes by designing a synergetic effect from the
heterojunction of MnO> with Cu2O photocatalyst and the support ZeoliteX that used for large
scale to purify contaminated water since the material can be synthesized in mass production by

cost-effective and easy method to perform.



CHAPTER TWO

2. Literature Review

2.1 Wastewater

Uncontaminated water is one of the most valuable resources since no life can survive for some
days without water. Additionally, water is very important for various activities starting from
home, agriculture, industry purpose, and so on due to this there is a motto, “Water is life”
(Sturm, Goldstein, & Parr, 2017). However, urbanization, industrialization, and a lack of
understanding among people regarding the necessity of water have resulted in the deterioration
of the quality of water (Kemacheevakul & Chuangchote, 2020). Consequently, the wide spreads
of diarrhea, cholera, dysentery, and hepatitis are regularly announced because contaminated
water contains pathogens, organic and inorganic chemicals, which include heavy metals, dyes,
volatile organic compounds (VOC), oil, plastics and pesticides (Hasan, Shahriar, & Jim, 2019;
Shaker-Agjekandy & Habibi-Yangjeh, 2016).

About 15% of the total world dye production is wasted during the dyeing process and
discharged in textile effluents, which cause non-aesthetic pollution, eutrophication, and
disturbances in aquatic life (Dutta, Gupta, Srivastava, & Gupta, 2021). Dyes can be classified
as anionic, cationic, and non-ionic dyes. Methylene Blue (MB) is a cationic dye most commonly
used substance for dying (H. Yang et al., 2006). MB leads to diseases such as vomiting, shock,
increase heart rate, cyanosis, jaundice, and tissue necrosis in humans (Lou, Yan, & Wang,
2019). Those coloring compounds and the effluent requires proper treatment before it is

discharged into any water body to save lives and protect the environment (Diallo et al., 2018).



2.1.1 Methods of wastewater treatment

There are several techniques to eliminate or minimize the level of these pollutants from

wastewater including chemical precipitation (Shim et al., 2014), ion exchange (Rahimi, Jafari,
Abdolahnejad, Farrokhzadeh, & Ebrahimi, 2019), chemical coagulation (Ashraf et al., 2021),
flocculation (Jabbar, Barzinjy, & Hamad, 2022), bioremediation (Mingshan et al., 2021),

membrane filtration (Hube et al., 2020), adsorption (Mouni et al., 2018) and photocatalytic

degradation (Q. Li et al., 2018). The limitation and advantages of those methods are listed in

Table 1.

Table 1: Methods of wastewater treatment

Typeof  Material Advantage

method used

Biological Microorganis It is easy and
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The wastewater properties will determine the procedure that will be employed (Crini &
Lichtfouse, 2019). Recently, to treat wastewater containing dye residues, advanced oxidation
processes (AOPs) have been viewed as a promising alternative (Foroutan, Peighambardoust,
Boffito, & Ramavandi, 2022). In the case of methylene blue, it can be degraded by reactive
species that formed by photocatalysts. During the treatment processes, it is important to monitor
and compare color, pH, suspended solids, and temperature before discharging the
corresponding effluent to the receiving water body (Yaseen & Scholz, 2019).

2.1.1.1 Advanced Oxidation Processes

Advanced oxidation processes (AOPs) are a set of chemical treatment methods that are
designed to remove pollutants through a series of oxidation reactions (Atalay & Erséz, 2015).
AOP involves two stages of the reaction, the first to generate a strong oxidant (hydroxy! radical)
and followed by the reaction of those strong oxidants with contaminants in water (Atalay &
Ersdz, 2021). The high oxidation potential of hydroxyl radicals (2.80 eV), which gives them a
wide range of offensive properties, is responsible for AOPs' adaptability (J. Wang & Wang,
2020). These potent free radicals can convert organic pollutants into CO», H20, or particular
inorganic ions without producing any byproducts that would prevent the destruction of the
target pollutants (Milenkovic¢ et al., 2020). Because of its short lifespan and lack of toxicity,
OH won't erode equipment parts, making it infrastructure-friendly so it can suit the various need

of wastewater treatment (H. Liu, Wang, & Wang, 2020).

AOPs are typically divided into two categories: photochemical processes refer to a reaction
initiated by the absorption of light and non-photochemical processes where the reaction occurs
in the absence of light (Atalay & Erstz, 2021). The most prevalent AOPs are wet air oxidation,
ozonation, photocatalytic degradation, Fenton's reagent (H.02/Fe?*), and photo-Fenton due to
their quick reaction times, potent oxidation abilities, and lower cost photocatalytic advanced

oxidation processes have attracted increasing attention (H. Liu et al., 2020).
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2.2 Photocatalysis

The term "Photocatalyst" combines the words "photo” which refers to a photon and "catalyst,"
which refers to a substance that alters the rate of a process or reaction (Pera-Titus, Garcia-
Molina, Bafios, Giménez, & Esplugas, 2004).

As a result, photocatalysts are compounds that absorb light and act as catalysts for chemical
reactions by changing the rate when exposed to light. In other words, it is chemical reactions
that make use of light and a semiconductor to enhance the degradation of organic dyes from
wastewater (Ameta & Ameta, 2018). Semiconductor nanoparticles (NPs) are energized by
various types of wavelengths including ultraviolet, visible, and near-infrared light depending
on their band gap energy (Hariganesh, Vadivel, Maruthamani, & Rangabhashiyam, 2020).

The incident light should have higher energy than the metal oxide band gap so the light absorbed
by the photocatalyst generates electron and hole pair which involve several redox reactions that
lead to the formation of reactive species for the degradation of dye (Tufail, Price, Mohseni,
Pramanik, & Hai, 2021). There are two types of photocatalytic reactions which are
homogeneous and heterogeneous photocatalysis based on the state of the semiconductor and
reactants. Homogeneous refers to when the semiconductor and reactant are both in the same
phase (Khor, Khan, Khan, Khan, & Harunsani, 2022). Compared to the homogenous, the
heterogeneous photocatalytic method is mostly used to degrade organic pollutants from
wastewater because of its capacity to destroy organic pollutants (Salari, 2019).
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2.2.1 Working Principle of Photocatalysis for water purification

The working mechanism of the photocatalyst is shown in Fig.1. When a photocatalyst is
exposed to the light of the desired wavelength (sufficient energy), the energy of photons is
absorbed by an electron (e—) of the valence band and it is excited to conduction band whereas
a hole (h+) created in the valence band. This process leads to the formation of the photo-

excitation state, and an e— and h+ pair is generated (Hariganesh et al., 2020).

The photo-generated electrons reduce oxygen (O2) to superoxide radicals and photo-generated
holes, in turn, react with water to form hydroxy! radicals. Following the generation of hydroxyl
radicals, the pollutants are oxidized, mineralized, and completely degrade then reduced to
smaller molecules like CO,, H>O, and mineral acids which are not toxic (Antonopoulou,
Kosma, Albanis, & Konstantinou, 2021). The appropriate band gap, proper shape, large surface
area, stability, and reusability are the key characteristics of the photocatalytic system (Ikram et
al., 2021).

O,+ electron

Reduction
0,*
e e e e e
CB
| HOO+e—, HO,
H,0 +hole VB H,0—H+O0H'  HoOo-+H— H,0,
. . h*ll* i h+ ||‘ ]I‘— - -_ p .
Oxidation L H,0, +e— OH+OH

(MB degradation)

OH*
CH; 7 | H,C
e N\ N HOs+0;+OH: HEEP CO+H,0+ NO, +S04>
p .
H,C : \(‘H;
; cl

Figure 1. Working mechanism of photocatalyst
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2.2.2 Photocatalytic semiconductors

Photocatalytic degradation of dyes has primarily been carried out using a variety of metal oxides
such as zinc oxide(ZnO) (Xiaoging Chen, Wu, Liu, & Gao, 2017), Titanium dioxide (TiO2)
(Lee & Park, 2013), Iron trioxide (Fe30a4) (Wu, Jiang, & Roy, 2015), Cadmium sulphide(CdS)
(Hullavarad, Hullavarad, & Karulkar, 2008), Tin Oxide (SnO.) (Prakash, Senthil Kumar,
Pandiaraj, Saravanakumar, & Karuthapandian, 2016), Cobalt tetraoxide (Coz04) (X. Hu et al.,
2018), Copper dioxide (Cu20) (Y. Zhang et al., 2010), Nickel oxide(NiO) (Motahari et al.,
2014) and Manganese dioxide (MnQO>) (Xia, Zhu, Cheng, Yu, & Xu, 2018). TiO2 and ZnO are
widely used and applicable metal oxides due to their special qualities like chemical stability,
photocatalytic properties, durability, and high redox potential. However, they have wide
bandgap energy leading to the absorption of light in the UV region (S. H. S. Chan, Yeong Wu,
Juan, & Teh, 2011). Yet, the Uv light spectrum accounts for only 5% whereas the visible light

spectrum accounts for around 45% of total solar energy (X. Chen et al., 2019).

So compared to the wide band-gap SC photocatalysts, small band-gap SCs have exhibited
highly improved light harvesting ability in the visible range of the solar spectrum, leading to an
enhancement in the photocatalytic efficiency (lyengar, Das, & Balasubramaniam, 2017).

Physicochemical characteristics can be used to categorize different types of metal oxides. Their
stability is one of these qualities. Pt, Pd, Ru, Au, and Ag are examples of metals having unstable
high oxidation state oxides, which don't truly perform stable solid oxides at normal
temperatures. The most commonly used metal oxide catalysts (Ti, V, Cr, Mn, Zn, and Al) have
stable oxides with high oxidation states (Ahuja, Ujjain, Kanojia, & Attri, 2021).

2.3 Manganese dioxide (MnQO3)

Manganese dioxide (MnQO2) has several crucial aspects in practical application due to its
abundance, cost, nontoxicity, environmental compatibility, and environmental purification
activity (R. Yang et al., 2021). These distinctive qualities make it a potential and preferred

functional material for different applications (Kim et al., 2013).
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The crystal structure, stability, adsorption, electrochemical, photoelectrochemical, optical, and
electronic properties of MnO. play a major role in the efficiency of MnO for various
applications (M. M. Ali & Williams, 2023; Ghosh, 2020).

Due to its narrow band gap (1.3-2.1 eV), MnO: is used as a photodegradation catalyst in the
visible range of light (Q. Li et al., 2018). But some limitations of MnO, which are easily
aggregated (R. Yang et al., 2021), slow chemical kinetics (Chang et al., 2019), and high
electrons-holes recombination rate (R. Yang et al., 2021) limit its potential applications.

2.3.1 Physical structures of manganese dioxide (MnO3)

MnO:; is considerably used for multiple applications over other manganese oxides due to its
different polymorphic structures (Tang et al., 2018). Each polymorph has unique pores or tunnel
structures that allow specific ions and electrons to enter and leave the polymorph in different
ways (Birgisson, Saha, & Iversen, 2018).

While sharing the same fundamental structure as [MnOs], MnO> can be differentiated by the
links that are joined by angles or edges, leading to a variety of tunnel and layered structures
(Najafpour & Allakhverdiev, 2012). Three categories, namely 1D tunnel structures, 2D layer
structures, and 3D mesh structures, can be used to categorize the primary kinds of crystalline
MnO: a(hollandite), 5-( pyrolusite), y-( nsutite), §-( birnessite), and A-( akhtenskite) (Y.-F. Li,
Zhu, & Liu, 2016).

The most stable MnO> polymorph, the f-MnOz phase (1x1 tunnel, rutile structure), keeps its
structure up to 500 °C until oxygen release causes phase change to Mn,QO3. Despite having a
huge unoccupied 2x2 tunnel, the a-MnO; phase (2x2 and 1x1 tunnel structure) has remarkable
thermal stability equivalent to the 8 phase (Hatakeyama, Okamoto, & Ichitsubo, 2022). The y-
MnO; phase shows a stepwise transformation into B-MnO. from 400°C after structure
relaxation. By removing interlayer K ions, the §-MnO: phase (layered structure) is quickly
destabilized, losing the interlayer periodicity below 200°C but each layer is preserved up to
about 500°C (Song et al., 2019). The thermally unstable A-MnO. phase (defect spinel structure)
changes into f-MnO; at about 250°C and then disintegrates into Mn.O3 above that temperature
(Birgisson et al., 2018).
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Due to its distinct physical and chemical characteristics, a-MnO- is well known as a precursor
material frequently employed in electrochemical sensors (Song et al., 2019), catalysts (Saputra
et al., 2012), cathodes of lithium or Mg batteries (Dinh et al., 2020), and molecular sieves (L.
Li, Nan, Lu, Peng, & Li, 2012).

a-MnO: belongs to the tetragonal crystal system, which is widely found in nature (R. Yang et
al., 2021). It has (2 x 2) tunnels of large square vacancies, which can be partially occupied by
K*, Na*, Ba', Mg?" or Ca?" ions and water molecules. This structure would increase the
adsorption ability of a-MnQO> (Hatakeyama et al., 2022). Each MnO2 NPs crystal structure has
distinct characteristics and a separate method of production. Depending on the needs and

resources available, one might choose from a variety of options (Dawadi et al., 2020).

y-MnO,
Figure 2:Crystal structures of a-, -, v-, -, A-MnO2 (Yunlong He, Kang, Li, Li, & Tian, 2023)
2.3.2 Synthesis methods of MnO2 Nano particles
Several techniques have been reported for the control synthesis of nano MnO,. The most
frequently reported methods for the synthesis of MnO. nanostructures are solution-based ones,
such as hydrothermal (Xiao, Sun, Zhou, Cai, & Hu, 2018), sol-gel (Y.-L. Chan, Pung,
Sreekantan, & Yeoh, 2016), wet chemical (Xia et al., 2018), precipitation (J. Chen et al., 2018).
Due to their flexibility, controllability, and minimal energy consumption, solution-based
approaches are preferred (Toupin, Brousse, & Bélanger, 2004).
The size and morphology of the desired MnO2 nanostructures could be obtained by carefully

controlling the experimental variables, such as the type of solvents, type of precursors, and

reaction temperature (Chiam, Pung, & Yeoh, 2020).
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The hydrothermal method is most frequently used to create MnO> due to its various advantages
including the ease of use, generating homogeneous and controlled crystal development, and
performing both synthesis and crystallization in a single step with high repeatability and
reliability (Chiam et al., 2020). Yet, the hydrothermal process has drawbacks that include the
need for waste liquor treatment, specialized equipment, organic solvents, and low yields so very

difficult to produce industrial amounts (Z. Li et al., 2019).

Sol-gel is a straightforward method that can regulate chemical reactions, resulting in fine,
extremely pure products with consistent crystal structure and shape (Franger, Bach, Farcy,
Pereira-Ramos, & Baffier, 2002). For the manufacture of thickness-controlled multi-component
oxide films, this method is quite helpful. However, the fundamental drawback of the sol-gel
technique is the lengthy synthesis time and increased possibility of agglomeration (Baral,
Satish, Zhang, Ju, & Ghosh, 2021).

Chemical co-precipitation is a straightforward technique for making nano material since it is
simple to use, can be carried out at low temperatures with good yields, and is inexpensive.
Nowadays, manganese salts with two distinct anions in equal concentration for instance,
manganese(ll) sulfate and manganese oxalate are used to accomplish the co-precipitation
procedure (Chand, Joshi, Lal, & Singh, 2021).

The fabrication of MnO2 nanostructures has also been documented using the mechanochemical
dry route technique. It is a method of solvent-free synthesis that addresses chemical
transformations brought on by mechanical energy (Achar, Bose, & Mal, 2017). This method
can be accomplished without a surfactant and has benefits like fast preparative synthesis and

simple control of particle size (S. Chen et al., 2009).

Through a redox reaction involving the oxidation of manganese (l1) ions (Mn?*) to manganese
(IV) oxide (MnO2) by an oxidizing agent such as hydrogen peroxide (H202) or potassium
permanganate (KMnQOs), manganese dioxide (MnO-) can be formed by a redox reaction. High
yield with desired product and minimum formation of unwanted byproducts can be obtained by
such a synthesis method (Toupin, Brousse, & Bélanger, 2002).

In addition, several advanced techniques such as green synthesis (Hoseinpour, Souri, &
Ghaemi, 2018) and refluxing routes (Julien & Mauger, 2017) have undergone substantial

development.
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Although manganese dioxide NPs have been produced using a variety of techniques, getting
the needed NPs remains difficult. Temperature and reaction time including aging must be taken
into account when preparing since the particles’ phase and morphology vary when the
parameters are altered (Dawadi et al., 2020).

2.4 Surface Modification of MnO2 Nanoparticle

The surface modification of NPs may enhance their physical, chemical, and other characteristics
like activity and stability (Sun & Liu, 2008). The surface modification of NPs should be
accomplished by doping either chemical or physical doping, junction with other

semiconductors, and dispersion with in-support material (Toupin et al., 2004).
2.4.1 Doping

Doping refers to the deliberate introduction of impurities into pure semiconductors. It is
generally known that doping with contaminants has a significant impact on fundamental
physical characteristics (e.g., electrical, optical, and magnetic properties). Physical doping
involves coating the dopant on the surface of the NPs, and the bond between them is weak,
whereas chemical doping involves creating the NP on the surface of the dopant, and the bond
is stronger (Erwin et al., 2005; C. Yu et al., 2012).

MnOz's properties, such as its morphology, specific surface area, crystal structure, electronic
structure, oxygen-manganese bond strength, surface species, etc., can also be enhanced by atom
doping (R. Yang et al., 2021). As a result, several scientists have tried to dope MnO2 with metal
cations or nonmetals, respectively (McFarland & Metiu, 2013).

According to reports, the following elements have been added to MnO: to improve its
performance in environmental applications: potassium (K), calcium (Ca), magnesium (Mg),
iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), aluminum (Al), titanium (Ti),
vanadium (V), tungsten (W), molybdenum (Mo), zirconium (Zr), tin (Sn), lanthanum (Se) (R.
Yang et al., 2021). According to several studies, the doping of alkali metal ions or alkaline earth
metal ions has a significant impact on the shape, crystal structure, and catalytic and adsorption
performances of materials based on MnO. (X. Hu et al., 2018; F. Liu, Xiao, Liu, Han, & Qin,
2020).
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2.4.2 MnO2-Based Composites

Even though MnO> has a good photocatalytic performance, the lower photoreduction ability
due to the high conduction band potential and the high recombination efficiency of
photogenerated carriers due to the small band gap limits the extensive usage of MnO in the
photocatalytic industry. Fortunately, the development of composite nanomaterials and the
application of the junction catalysis idea have substantially improved this flaw (M. Zhang et
al., 2021).

2.4.2.1 Homo junctions

Homo junctions are layers of junctions constructed from the same semiconductor components
(Ma et al., 2016). It is well acknowledged that the creation of homo junctions can facilitate the
improvement of the materials' photo-electrochemistry capabilities, as well as their capacity for
adsorption and catalysis, due to the interface polarizations or preferred impedance matching
characteristics (Su, Zhao, Fan, Li, & Zhang, 2019).

Hence, constructing a MnO2/MnO; iso-type homo junction by joining different crystalline
phases, crystal facets, or dimensions can offer a creative way to enhance adsorption and
catalytic performances without the need for additional semiconductors. For environmental
applications, a variety of MnO2/MnO- iso-type homo junctions have been developed (Guo et
al., 2019).

Despite considerable efforts, there are still significant shortcomings in the development of
MnOz-based homo junctions for environmental applications, hence there is still much potential
for improvement by similar homo junctions composed of different crystal facets or dimensions,
which is also helpful for enhancing catalyst performance (R. Yang et al., 2021). To date, only
the core-shell structure between the two types of MnO: has been described, which restricts the
further improvement of its specific surface area and interface active sites. Therefore, it is
important to create more sophisticated structures, such as void-shell structures, ultrathin 2D/2D
structures, etc (Su et al., 2019).
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2.4.2.2 Heterojunction Semiconductor

Instead of being used in surface reactions to create the necessary reactive species, some of the
photo-generated electrons mix back with the holes (Schneider et al., 2014). The absorbed
energy is released as heat or light due to surface or bulk recombination, which lowers the
photocatalytic efficiency. One of the greatest choices is connecting it with other semiconductors
with compatible band structures to increase the separation efficiency of the electron-hole pairs
and the durability of the produced reactive species (Su et al., 2019). When two different
semiconducting materials are linked together, it creates a heterojunction whereas metal oxides
with distinct band gaps and electrical configurations form band bending at the interface
(Schneider et al., 2014). There are several different schemes for heterojunctions, depending on
the alignment of the energy bands at the interface between the two semiconducting materials
(Klein, 2012).

As shown in Figure 3(a) the band edges of semiconductor B with the lower band gap are
encompassed within the VB and CB edges of semiconductor A with the bigger band gap in the
type-1 category, also known as straddling band alignment. Since both photo-generated charge
carriers aggregate across the VB and CB of semiconductor B after light irradiation, the effective
separation of charge carriers is not visible and the redox ability is significantly decreased in the

case of the type-1 heterojunction (Yuan, Yi, Tang, Liu, & Luo, 2020).

The type-11 heterojunction (staggered type) is the most common type of charge transfer shown
in Figure 3(b), the VB and CB of semiconductor A are situated above the corresponding energy
levels of semiconductor B. Because of this, when a semiconductor is exposed to light, photo-
generated electrons rush to the CB of semiconductor B while photo-generated holes migrate to
the VB of semiconductor A, ensuring spatial electron and hole separation (Acharya, Nayak,
Pattnaik, Acharya, & Parida, 2020).

The third kind, often referred to as the broken type or type-lll, is made so that neither
semiconductor's band gaps overlap, meaning that semiconductor B's VB and CB bands remain
above those of semiconductor A's CB band (Figure 3(c)). The abovementioned band topology
makes it unsuitable for charge separation since there is no charge carrier movement and hence

no spatial separation (Yi et al., 2019).
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The oxidation and reduction capabilities of the migrating holes and electrons decrease as they
go to semiconductor B's CB, which has a lower reduction potential, and semiconductor A's VB,
which has a lower oxidation potential. Building a unique photocatalytic system is essential to
resolving the aforementioned problems (T. Yu et al., 2017). As shown in Figure 3(d), Z-scheme
photocatalysts have recently grown in popularity because they not only stop the recombination
of photo-generated electron-hole pairs but also maintain high redox activity (N. Yang et al.,
2018; Zhou, Yu, & Jaroniec, 2014).
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Figure 3 The charge-carrier separation mechanism on the type-1 heterojunction (a), type-1l

heterojunction (b), type-II1 heterojunction (c), and the direct Z-scheme (d) (Xing Chen et al.,

2022)

Numerous studies have shown that MnO> mixed with another semiconductor in one of the
above-mentioned mechanisms can significantly increase their photocatalytic activity by
enhancing their charge transfer property and reduced recombination rate when compared to

pure nanostructures.

For instance, Zheng et al. (Zheng et al., 2016) obtained hybrid 3D Co030s@MnO;
heterostructures by a facile and highly efficient solution-based method on nickel foam, and the
as-synthesized 3DC0304@MnO- heterostructures exhibited remarkable photocatalytic activity
and recycling stability for the degradation of organic dyes. Liu, Sugin, et al. (S. Liu, Liu, Jin,
& Yuan, 2015) synthesized a flower-like MnO2/BiOIl composite by a simple and cost-effective
approach and demonstrated a photocatalytic degradation efficiency of 97.8% under visible light

and 93.4% under simulated solar light irradiation for methyl orange (MO) within 40 min.
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David, A. & Vidhi (A. David & Vedhi, 2022) prepared ternary composite Co304-MnQO2-ZnO
NPs which exhibits the best performance (91.98%) for the degradation of MB in 90 min of
irradiation time under sunlight. Recent studies on MnOz-based heterojunction for the

degradation of dye are summarized in Table 2.

Table 2: MnO2-based heterojunction photocatalyst for degradation dye

No Material Methodology Targeted  Efficiency Degrad Reference
material ation
time

1  a-MnO;- Ultrasonic AB92 92% 50min (Salari, 2020)
MoOs

2  Co0304- Co- MB 68.24% 90min (S. A. David &
MnO; - Precipitation Vedhi, 2017)
yA(O))

3  3DCo0304- Wet Eosinred, 68% 76.5% 25min  (Zhengetal.,
MnO> impregnation MB 95.7% 2016)

Congo red

4 MnO:- Wet MO and 97.8% 40min (S. Liuetal.,
BiOl impregnation  RhB 91.7% 2015)

5 a-MnOz- Wet MB 96% 50min (Salari &
AgBr impregnation Hosseini, 2021)

6  CuOx- Wet MB 96% 140min  (T. Yuetal.,,
MnO; impregnation 2017)

7  FesOs-a-  coprecipitatio Crystalline  100% 70min (Dubey,

MnO> n violet Challagulla,
Wadhwa, &
Kumar, 2021)

8 Mn3Oas- Wet MB 93.5% 1 min (J. Zhao et al.,
MnO> impregnation 2017)

9 ZnO- coprecipitatio RhB 98% 40min (Hoseinpour &
MnO>— n Ghaemi, 2018)
Cu20

10 g-C3Na/ ultrasonic Tetracyclin  91.4% 60min (Du et al., 2021)
MnO2 /GO e

hydrochlor
ide
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11 3D Hydrothermal RhB and 100% and 100min (Salari &

BiWOs Acid Blue  87% Yaghmaei, 2020)
/MnO> 92
12 TiOx— Precipitation  Toluene 43% 60min (Nevarez-
MnO; Martinez et al.,
2017)

On the other side due to their low band gap, low cost, abundance, and non-toxicity, copper-
based materials are frequently used in the degradation of pollutants. Copper dioxide (Cu20) is
one of the inexpensive p-type semiconductors that exhibits a low recombination rate and
excellent visible light absorption (Y. Zhang et al., 2010). Their band structure (more negative
conduction band edge and less positive valance band edge) than MnO2 makes it suitable to form
band alignment that enhances their performance. In addition, MnO2 and Cu.O are n and p-type
semiconductors respectively so they make p-n heterojunction that would play the main role in
enhancing charge transfer properties and catalytic performance of MnO_ (D. Hong, Cao, Qu,
Deng, & Tang, 2018).

The other limitation of MnO: is the high agglomeration rate and small active site. Also due to
their small size the MnO2 NPs might readily be washed away by running water so they could
turn into secondary contaminants in the water system which require further treatments with
more time and money, neither of which are economically viable (Z. Zhao, Liu, Cui, Feng, &
Zhang, 2012). To address those shortcomings of MnO2, supporting systems have been

developed recently (R. Yang et al., 2021).

2.4.3 Synthesis of MnO2 photocatalyst on supporting system

One strategy to disperse and improve the degradation performance of MnO2 or MnO»-based
heterojunction is supporting porous adsorbent material which fulfills the basic criteria including
non-toxicity, low cost, reproducibility, compatibility with the metal oxide to ensure good
adhesion and stability (Upadhyay, Soin, & Roy, 2014).
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Those support materials' adsorption abilities may attract organic pollutant molecules close to
the catalytic surface, where hydroxyl and superoxide radicals are generated. Additionally, the
dispersion effect of support not only inhibits aggregation but also makes it easier for the
reclamation of photocatalysts from bulk media (G. Hu et al., 2021).

Inorganic support materials including activated carbon, zeolite, glass, and carbon nanotubes
have been investigated to support MnO> to enhance photodegradation performance (Rao et al.,
2020). Few studies have combined the aforementioned strategies to improve the photocatalytic
properties of MnO. which are summarized in Table 3.

Zeolites one of the widely recognized promising candidates for hybrid adsorbents-photocatalyst
applications due to their distinctive structural characteristics and chemical makeup, such as their
high surface area, high adsorption, and condensation properties, an abundance of acid/base sites
that can reduce the recombination of electron-hole pairs, adjustable surface property,
nontoxicity, low cost, and hydrophilic quality (Shirzadi & Nezamzadeh-Ejhieh, 2016). Alumina
silicate-type microporous materials made of tetrahedral SiOs and AlOs units make up

conventional zeolite (Pang, Yu, Xu, Huo, & Chen, 2009).

From around 200 types of zeolite, faujasite is one of a naturally occurring mineral, and ZeoliteX
and ZeoliteY are synthetic versions of it. In numerous industrial applications, including
catalysis, adsorption, and separation procedures, zeolites X and Y are both extensively
employed. Both have a low Si/Al ratio which implies more aluminum content that increases the
probability of uncoordinated Aluminum. So, Lewis acid site form has strong interaction with
electron-rich species that play a role in reducing the recombination rate of supported metal
oxide or heterojunction (Day et al., 2021). Although these materials have similar structures,
they vary in terms of composition, pore size distribution, and framework topology (Xu, Pang,
Yu, Huo, & Chen, 2009).

ZeoliteX has a two-dimensional structure with small pore size and high surface charge density
which provide an advantage for the selective and tighter adsorption of Methylene Blue (MB)
molecules (Jamil, Ghafar, Ibrahim, & Abd EI-Maksoud, 2011). This small pore size can provide
a better confinement effect for the supported photocatalyst, which can enhance uniform
distribution with stability and prevent it from diffusing out of the zeolite (Sethia, Somani, &
Bajaj, 2015).
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ZeoliteX can be manufactured from both natural and artificially found materials, however, from

an economic standpoint, not all raw materials can be used to create zeolite. They should be

affordable, easily accessible, low-cost to produce, selective, high-yield, and less abundant in

foreign chemicals. Kaolin is one of the readily available raw materials that satisfy those

requirement (Johnson & Arshad, 2014).
Table 3 MnO- supported on different metal oxides for degradation of dye

No Material

1 MnO,/AC

2 Fe3s04/MnQa/
ZIF-8

3 MnO2/BC

4 rGO-MnO2/BC

5 MnO.@ZIF-8

6 Zeolite-
supported
ZnO/Fe203/MnO
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15min
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2019)

(Dong, Li, Chen,
Chen, & Zhang,
2020)

(Siddiqui,
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(Tara, Siddiqui,
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(Cao et al., 2022)
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2015)
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As already been discussed various works have been done to enhance the performance of MnO:
photodegradation activity. However, whether the cost of support material (Pargoletti et al.,
2019), a small yield of catalyst prepared (Nakhaei et al., 2019), small degradation performance
(Manikandan & Sasikumar, 2022), or a fast recombination rate (Thenmozhi, Harshavardhan,

Kamala-Kannan, & Janaki, 2022) makes it still unable to overcome limitations related to MnO..

This work collaborates the synergetic effect of the heterojunction MnO2 with Cu20 which is
synthesized by the optimized amount and supported on ZeoliteX with a different ratio by the
wet impregnation method. ZeoliteX is prepared by the alkali fusion method from easily
accessible kaolin clay. Different techniques are used to characterize the synthesized samples,
and the efficiency of the MB degradation is assessed. The pH impact, catalytic dose, initial dye

dosage, and stability of the ternary composite are studied.
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CHAPTER THREE
3. Methodology

3.1Chemicals and Materials

Chemicals and reagents were analytical grades and used without further purification.
Manganese sulfate (MnSOa4-H20) (98% purity, India), potassium permanganate (KMnOa4) (99%
purity), Copper sulfate pentahydrate (CuSO4.5H20), and ascorbic acid(CeHgOg). Methylene
blue(C16H18CIN3S) is purchased from Sigma Aldrich, 98 % purity, India, NaOH(97 %,
Mumbai, India), Ethanol (C2HsOH) (98 % purity), and distilled water was used throughout the
experiment. The raw kaolin sample was collected from Di Yuan Ceramic Factory which is
found in the Eastern Industry Zone, Ethiopia.

3.2 Experimental Procedure

3.2.1 Synthesis of Manganese dioxide (MnO3)

MnO: nanoparticles were synthesized via the redox reaction process as previously reported
(Lyu et al., 2020) with some modifications. Manganese sulfate and potassium permanganate
(KMnOg4) were used as the starting materials. In the synthesis process, 0.05mol manganese
sulfate dissolved into 70 ml of distilled water and further stirred for 30 min at 60°c. Then 70 ml
of 0.035 mol potassium permanganate solution was dropped slowly into MnSQOj4 solution and
1M NaOH was added drop wisely until pH maintained at 12. Then the solution was vigorously
stirred for 1 hr. until the brownish color of the solution resulted. The resulting suspensions were
aged for 12 hr. at room temperature and then filtered and rinsed with distilled water. The
synthesized powder was dried at 100 °C for 8 hr. and calcined at 400°c in a muffle furnace for
3 hr. After being ground to a powder, the calcined MnO. was recovered from the furnace and

used in future studies.
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Figure 4: The schematics representation of the preparation of MnO-
3.2.2 Synthesis of Copper dioxide (Cuz20)

Cu20 was prepared as reported (Paul et al., 2020)with little modification. In the particular
procedure, 0.01 M CuSO4.5H,0 was added into 50 ml distilled water and stirred for 20min to
ensure adequate dissolution. It was followed by a solution of 0.004 M ascorbic acid in 20 ml
distilled water added into the solution as a reducing agent. The pH of the prepared solution was
raised to 10 by adding 1 M NaOH dropwise with continuous stirring. Then the solution was
stirred for 1 hr. at 60°c until the solution becomes dark orange indicating the formation of Cu0.
The precipitate was centrifuged and washed with distilled water followed by ethanol. After
washing, the precipitate was recovered and dried in an oven at 60°C for 12 hr.
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Figure 5: The schematics representation of the preparation of Cu.0O

3.3.3 Synthesize ZeoliteX

The raw kaolin sample was collected from Di Yuan Ceramic Factory. For the activation of

kaolin same procedure as a previous report (Ayele, Pérez-Pariente, Chebude, & Diaz, 2016)

with some modifications taken. First, the collected kaolin powder was crushed and sieved in

homogenous size. Activation of the raw kaolin was carried out via mechanical method by

crushing and mixing raw kaolin with pellet NaOH for 30 min followed by calcining at 600 °C

for 1 hr. Whereas the ratio of NaOH to kaolinite was fixed at 1.2. The fused product was

grounded in a mortar and further mixed with distilled water at 50 °C for 1 hr. under stirring at

500 rpm until the gel formed. The gel formed was then aged at room temperature for 8 hr.

Crystallization was carried out in a water bath under static conditions for (3,6 and 9 hr.) at 95

°C. After cooling down at room temperature the solution was filtered out and washed repeatedly

with distilled water until the pH gets neutral. Finally, oven dried for 12 hr. at 80 °C.

Crush and mix Calcined for 1 Stirred for 1 hr. Water bath for
kaolin with NaOH hr. at 600 °C at 50 °C 6 hr. at 95 °C

Dried at 80 °C Washed Cooled to RT
for 10 hr. repeatedly slowly

Figure 6: The schematics representation of the preparation of ZeoliteX from Kaolin clay
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3.3.4 Synthesis of the MnO2 and Cu20 composite

was prepared as reported on previous works on metal oxide heterojunction (S. Wang et al.,
2022). A wet impregnation process was used to synthesize the MnO2/Cu20 composite (Figure
7). Typically, the different weight ratio of as prepared MnO, sample was sonicated in 50 ml of
distilled water for 40 min until a homogenous solution formed and then placed on the hot plate
at 60 °C. While stirring CuSQO4.5H,0 with different amounts added to each MnO> solution and
stirred for 20 min. Ascorbic acid and NaOH were added and continued stirring for another 1
hr., namely 10% (1-MC), 30% (3-MC), 50% (5-MC), 70% (7-MC), and 90% (9-MC) MnO:..
The obtained solution was then dried for 12 hr. at 60 °C.

1 % ) ~ -

[ ) 1 - AA added
s \-‘* R i = drop wisely : .
' = =g < . . S AR
Sonicate MnO, for 50 uS0O, solution &030, added drop

mixed for 15min

min wisely in to MnO,
NaOH added

drop wisely

Dried at 60 °C ‘Washed Stir”m 60 °C
for 12 hr. several times for 2 hr.

Figure 7: The schematics representation of the preparation of MnO with Cu2O heterojunction
3.3.5 Synthesis of zeoliteX supported MnO2 / Cu20 ternary composite

A wet impregnation process was used to prepare the zeoliteX/MnO,/Cu,O composite (Figure-
8). Typically, the different weight ratio of as prepared zeolite sample sonicated in 25ml of
ethanol solution for 40 min while stirring the synthesized and optimized heterojunction
MnO2/Cu20 (7MC) in 25 ml of ethanol. Then stirred solution of MC was added to zeolite,
namely 10% (1-ZMC), 20% (2-ZMC), 30% (3- ZMC), 40% (4-ZMC), and 50% (5- ZMC). The
mixed solution was stirred for 2 hr. Finally obtained solution was then dried for 12 hr. at 60 °C.
The dried sample was then calcined in a muffle furnace at 200°c for 3 hr. A similar procedure
was used to prepare the zeoliteX-supported MnO- (ZM) and zeoliteX-supported Cu20 (ZC).

29



\ Zeolite solution

' Placed on hot

_— e plate and stirred
- at RT -

Solution of MCH 53
added drop B =
wisely

-l | 157«
é -

Zeolite Sonicated
for 40min Solution

i 4@ .=

Calcined at Dried in oven Washed
200°C at 60°c several times

Figure 8: The schematics representation on the preparation of ZeoliteX supported MnO> with
Cu20 heterojunction

3.2 Characterization

The crystallinity, crystalline size, and phase of the catalyst were characterized by X-Ray
Powder Diffraction (XRD) (Shimadzu XRD-7000). Fourier transform infrared (FTIR) analysis
was done by using Spectrum 65 FT-IR (Perkin Elmer) in the range 4000 — 400cm™ using
KBr pellets. Differential Thermal Gravimetric (DTG) (Shimadzu DTG-60H) was used to know
the thermal stability. Bruner-Emmett-Teller (BET) specific surface area measurements were
recorded by N adsorption using an ASAP 2020 HD88 surface area analyzer. Absorption
properties of nanoparticles were measured by UV-Vis absorption Spectrum using a JASCOV-
670UV-Vis at room temperature. The band gap of samples was determined by DRS using a
tauc plot. Photoluminescence (PL) spectra of the prepared samples to investigate the
recombination at a certain excitation wavelength were recorded using a fluorescence
spectrophotometer (PE-LS55, USA) fitted with a xenon lamp at an exciton wavelength of 328
nm. Scanning Electron Microscopy (SEM) using JSM 6500F JEOL was used for morphology,
analysis. A Shimadzu—3600 Plus UV-vis spectrophotometer was used to assess the MB dye

degradation.

The electrochemical characteristics of the samples were studied using three-electrode quartz
cells on an Electrochemical Potentiostate (Gamry Interface 1000) with 0.5 M NazSO4 as an
electrolyte solution (Lam et al., 2021). The EIS was obtained with a 10 mV AC voltage
amplitude in the frequency range of 100 kHz to 0.1 Hz
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3.3 Photocatalytic Activities

Photocatalytic activities of the as-synthesized samples were evaluated by the degradation of
MB dye according to the method report (Uddin et al., 2012). All of the trials were carried out
in the open room temperature. In each experiment, 0.04 g of metal oxide catalyst was added
into 100 mL of MB solution (10 mg/L), followed by stirring for 30 minutes in the dark to
validate the catalyst pollutant adsorption-desorption equilibrium. After 30 minutes of stirring
in the dark, the light was turned on, and a 150 W halogen bulb was employed as the visible light
source. 6 mL of the suspension was collected at predetermined irradiation times and centrifuged
(4000 rpm, 10 min) to separate the photocatalyst particles. The MB concentration was evaluated
by UV-visible Spectrophotometer (Shimadzu, UV-1650 pc) monitoring the absorption
maximum at Amax = 664 nm.

The reusability of the Zeolite supported MnO2/Cu.O catalyst was also checked by dispersing
0.4 g of the catalyst in 500 mL MB (10 mg/L) solution. Then, the remaining solution was
separated from the catalyst and the supernatant solution removed by decantation. The catalyst
that remained in the bottom of the beaker left was reused for the next photocatalytic reaction
by washing repeatedly and drying at 60 °C then run with a similar procedure five times. The

degradation efficiency () of the MB dye was calculated as follows:
n=((Co — Ct)/Cp)* 100% 1)

Where Co and C; are the concentrations of the MB dye at the initial and specified irradiation

times, respectively.
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CHAPTER FOUR

4. Results and Discussions

4.1. Structural Characterization by XRD

The crystal structure, phase purity, and crystalline size of synthesized material (MnO2, Cu20,
ZeoliteX, ZM, MC, ZM, and ZMC) were analyzed by powder X-ray diffraction (XRD). The
diffraction peaks of pure MnO- as shown in Figure 9 (a) located at 12.94°, 18.34°, 21.58°, 26.1°,
28.78°, 33.12°, 37.66°, 42.14°, 43.98°, 47.74°, 49.90°, 56.44°, 60.26°, 69.74°, 71.34°, 73.72°
and 78.8° belongs to (110), (200), (202), (332), (310), (220), (211), (301), (330), (400), (411),
(600), (521), (541), (222), (730) and (324) facets, respectively. It is in good match with XRD
standard card (JSPDS File No. 44-0141) and space group I4/m. This indicates that tetragonal
crystals of a-MnO> were effectively synthesized. Additionally, no impurity-related peak was
seen, confirming the good purity of MnO; (Wan et al., 2019).

X-ray diffraction patterns of Cu20 particles are shown in Figure 9 (b) and well-defined peaks
from Cu20 were located at 29.6°,36.4°,42.3°,52.3°,61.5°,73.6°,and77.45°which belongs to
(110), (111), (200), (211), (220), (311) and (222) in good agreement with XRD standard card
(JCPDS File No. 005-0667) and crystallizes in cubic Pn-3m space group (Y. C. Chen et al.,
2019; Plascencia-Hernandez et al., 2019).

Figure 9(c) shows the X-ray diffraction pattern of ZeoliteX crystallized for 6hr. and found in
total agreement with the XRD standard card (JCPDS File No.-038-0237). The diffraction peaks
are shown at 12°,15.5°,18.5°, 20.05°, 23.5°,26.7°, 29.4°, 30.7°,34.1°,37.5°,41.2°,53.5°and57.9°
corresponds to (220), (311), (331), (440), (533), (642), (330), (751), (840), (664), (500), (510)
and (624) respectively (Ke, Shen, & Yang, 2019).
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Figure 9: XRD pattern of a) MnOz b) Cu20 c) ZeoliteX

Figure 10 depicts the XRD patterns of MnO2, Cuz0, ZeoliteX, ZM, MC, and targeted ZMC
composite catalysts with varying weight percent of ZeoliteX. The equivalent diffraction peaks
of MnO., Cu;0, and ZeoliteX are visible in the ZeoliteX/MnO2/Cu.O composite display. This
means that the interaction of Cu.O and ZeoliteX as a support does not affect MnO initial lattice
structure. Furthermore, no additional peak is visible in any of the samples. However, the
diffraction peaks of ZeoliteX steadily strengthened at the cost of the heterojunction peaks and

peaks gets broader as the zeolite concentration increased.
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Also, it was observed diffraction peaks of Cu20 at low content are stronger than MnO2, which
may be related to the high dispersion of Cu20 which makes it easily detectable by XRD (Uddin
etal., 2017).
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Figure 10: XRD pattern of MnO>, Cu20, ZeoliteX, ZM, MC, ZC, 1-ZMC, 2-ZMC, 3-ZMC, 4-
ZMC and 5-ZMC

The crystallite size can be calculated by using Debye—Scherer strategy of equation (2):

091
B BCosB 2)

Where the crystal size is D, the X-ray wavelength is (1.5418 A), the full-width half maximum
of the diffraction peak is the B and the scattering angle is the 6 (Rodriguez, Puzenat, & Thivel,
2016). As shown in Table 4 the crystalline size (D) of MnO., Cu20, and ZeoliteX were
calculated by using equation (2) and resulted in 27.36 nm, 21.1 nm, and 11.5 nm respectively.
The crystallite size of MnO> increased when it forms a composite with Cu2O (MC) since
heterojunction can act as a nucleation site for the growth of the metal oxide crystals. It was
confirmed by the peak getting more sharper (S. Wang et al., 2022).
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In the case of single MnO> or the heterojunction MC supported on ZeoliteX, the crystallite size
gets reduced. As the amount of ZeoliteX in the ternary composite the peak gets more broader
confirming the reduction of crystallite size. It occurs due to ZeoliteX having a high surface area
the metal oxide MnO- or the heterojunction MC gets well dispersed so it will have limited
availability for neighboring which gives a high surface area to volume ratio than clusters and
agglomerates. So the probability to increase in size would be low (Luévano-Hipdlito, Torres-
Martinez, & Ferndndez-Trujillo, 2021). This shows that using ZeoliteX as a support can prevent
MnO> and Cu,O crystals from growing to their final crystal sizes (G. Zhang, Sun, Hu, Song, &
Zheng, 2017).

In general, the high surface area of the ZeoliteX material creates a lot of active sites for the
deposition of metal oxide particles. As a result, smaller, more distributed metal oxide
nanoparticles are created, which reduces the heterojunction's overall crystallite size.

Table 4:The average crystallite size, corresponding theta, FWHM for MnO2, Cu.0, ZeoliteX,
ZM, MC,1-ZMC,2-ZMC,3-ZMC,4-ZMC,5-ZMCfrom XRD pattern.

Sample name Theta(degree) FWHM Radians (B)  BcosO D-size (nm)
MnO- 37.67 5.067x107® 5.066x10°  27.36
Cu20 36.45 0.01108 0.0111 21.1
ZeoliteX 28.5 0.0217 0.222 11.5
M 37.65 9.62x10°° 9.6x107 14.44
MC 36.45 4.06979x1073 4.0694x10° 30.1
1ZMC 36.48 6.61x103 6.6x10°3 20.97
2ZMC 36.5 7.078x1073 7.077x10° 195
3ZMC 36.48 9.286x10°3 9.285x10°  14.9
4ZMC 36.5 0.0128 0.0103 13.44
5ZMC 36.5 0.01119 0.0112 12.38
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4.2. Thermo-Gravimetric Analysis (TGA)

Thermal evaluation TGA/DTA is a crucial experimental technique that is frequently used to
examine how thermally degraded synthesized materials are (Raza, Faisal, Owais, Bahnemann,
& Muneer, 2016). Figure 11 (a, b, c) displays the TGA and DTA traces of MnO2, Cu.0O,
ZeoliteX, Kaolin, 3-ZMC, and thermal stability comparison of MnO> with 3-ZMC samples that
were heated from 0 to 800 °C at a rate of 10 °C/min.

In the TGA curve of pure MnO, the first weight loss of 0.32mg was observed in the range
between 31 and 210 °C and the corresponding endothermic peak was observed at 50 °C which
is due to the release of adsorbed water and some dust on the surface (Worku, Ayele, & Habtu,
2021). The next weight loss of 0.13 mg ranges from 210 °C to 390 °C was for a loss of strongly
bonded organic then it was stable up to 600 °C but further heating resulted in a high amount of
weight loss of about 0.55 mg due to the phase change of MnO2 to Mn,Os. Moreover, in the
DTA curve of pure MnO: the two sharp exothermic and endothermic peaks that arise at 623 °C
and 641 °C, respectively might be due to a variation in crystallinity or possibly due to a phase
transition in the NPs (Durai, Prasad, Kumar, Muthuraj, & Jothy, 2018). A final weight of 8.106
mg was obtained from the initial weight of 9.147 mg which corresponds to 11.38 % weight loss
when heated to 800 °C (Figure 11(a)).

As shown from the TGA/DTA of the Cu.O Figure 11(b) initial weight loss of about 0.428 mg
occurred in the range between 20 to 204 °C supported by exothermic peaks from DTA at 206
°C which is caused by evaporation of water and organics absorbed on the surface of the samples.
It remained stable up to 215 °C but when further heated a positive slope in the TGA curve was
shown which indicates the weight gain by 0.29 mg as a result of oxygen taken into Cu.O as
result oxidized to and conversion of Cu.O (copper(l) oxide) to CuO (copper (Il) oxide) takes
place. The result suggests that the oxidation of Cu2O might be initiated around 215 °C and fully
completed at 365 °C for the conversion from Cu>O to CuO. Heat is released during this
exothermic reaction which is supported by DTA data for an exothermic peak at 317°C. (Wei,
Yang, Pang, & Ge, 2018).
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The DTA/TGA curves of the synthetic ZeoliteX are shown in Figure 11 (c). The DTA curve of
zeolite displays a characteristic endothermic minimum below 200°C, caused by dehydration
and from TGA resulting in 0.196 mg weight loss. The second weight loss of 1.02 mg occurred
between 110 °C and 430 °C attributed to the desorption of the remaining water that may place
in the pore enclosed in the zeolite matrix supported by an exothermic peak in the temperature
ranges from 250 to 600 °C. The small endothermic peak in the DTA curves at 590 °C
corresponds to the effect of high temperatures that cause sodium cations to begin to migrate
outside of the zeolite structure, which causes the zeolite framework to disintegrate. As a result,
an amorphous that lacks the ordered structure of the original zeolite may emerge which may

have an impact on the zeolite's characteristics and uses (Nicholas Mulei Musyoka, 2012).

To synthesize ZeoliteX the raw kaolin clay needs to be calcined, activated, and dust-free, so
thermal analysis of the material is crucial. According to TGA analysis from Figure 11(d), the
virgin raw kaolin's (9.136 mg) first weight loss of 0.098 mg occurred from 18 up to 114 °C
attributable to the release of moisture and loosely bound absorbed water from the surface. Also,
endothermic peaks at 55 and 123 °C from DTA support the data. The second weight loss of
0.34 mg amount occurred between 123 and 185 °C and from DTA small endothermic peaks
were shown at 277 °C and 453 °C that related to loss of dust and water in the pore site, after
that it remained stable up to 480 °C and more significant weight drop by 0.41 mg occurred
between 480 °C and 560 °C that supported by endothermic peak at 526 °C which indicates a
shift as a result of the structure's dissociation via de hydroxylation to meta kaolin which has an
amorphous structure and very reactive (Caponi et al., 2017). Thermal analysis of 3-ZMC shows
weight loss up to 215 °C which is then stable up to 310°C. Further heating result in gain in
weight that indicate phase transition of Cu.O to CuO (Figure 11(e)) (Nicholas M Musyoka,
Petrik, Hums, Kuhnt, & Schwieger, 2015).
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Figure 11: The TGA-DTA graph of synthesized (a)MnO2 (b)Cu20 (c) ZeoliteX (d) Kaolin (e)
3-ZMC
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4.3. Uv-Vis diffusion reflectance spectra (Uv-Vis DRS)

The energy band gap of samples was evaluated by using Uv-Vis diffusion reflectance spectra.
As shown in Figure 12 the band gap was calculated by using a tauc plot which resulted in 1.763
for MnO2 which is close to previous work (Xiang Li, Fang, Qian, & Tian, 2022). For Cu20,
MC, ZM, and 3-ZMC resulted in 2.43, 2.38, 2.1, and 2.45 eV respectively.

For sample MC heterojunction made with Cu0 tuned the band gap since the creation of a metal
oxide heterojunction causes a band bending effect at the interface that would enhance the
separation and migration of photo-generated charge carriers, leading to higher photocatalytic
activity and improved efficiency (Salari & Yaghmaei, 2020).

In Figure 12 (e), the effects of ZeoliteX support on heterojunctions were specifically displayed.
The reduction in crystallite size with the high surface area due to ZeoliteX support results in
increasing the heterojunction bandgap from 2.38 eV to 2.45 eV (Karimi-Shamsabadi, Behpour,
Babaheidari, & Saberi, 2017; Singh, Goyal, & Devlal, 2018).
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Figure 12: Talc plots for the optical energy gap calculation of (a) MnO2 (b) Cu20 (c) MC (d)
ZM (e) 3-ZMC

4.4. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

The FT-IR spectrum was used to identify the functional groups and other impurities present in
the final product which was accomplished within 400 to 4000 cm™ ranges of the
electromagnetic spectrum. In Figure 13, the FTIR spectra of MnOy, it was revealed that OH
stretching and bending vibrations are represented by a broad band centered at 3416 cm™, a sharp
band at 1627 cm™, and 1080 cm™ which suggests that residues of adsorbed water are vibrating
along the O-H direction. The absorption band located at 524 cm™ was attributed to the typical
stretching collision of O-Mn-O, which indicated the presence of MnO- in the prepared sample
(Worku et al., 2021).

From FTIR spectra of Cu»O the O-H stretching vibration, or (OH), is responsible for the strong
peak at 3419 cm™* (Joshi, Ippolito, & Sunkara, 2016).

The weak bands at 1620 and 1380 cm ™ are assigned to the —OH bending vibrations. While the
band for the C—O stretching vibrations are observed in the 1070 cm™ region. Moreover, the
very strong band at 622 cm™ is attributed to the stretching vibration of copper (1)-O (Cu.0)
(C. Chenetal., 2013).

The creation of the zeolite structure is shown by the first infrared peak patterns in FTIR spectra
(Figure 13). Transmittance peaks were measured at 461 and 668 cm™, indicating the band of

internal deformation vibration modes of T-O-T bridges.
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More sensitive to the Si/Al ratio is the band connected to the asymmetric external vibration of
the double four-ring zeolite structure, which is 562 cm™. At 752 cm™, the band of valence T-
O-T vibrations reaches its maximum. Lower wave numbers (976cm™) are where the internal
vibration of T-O asymmetric stretching reaches its climax. The O—H group of H2O is observed
to be responsible for the formation of a large absorption peak at 3451 and a sharp peak at 3780
cm™ 1650 cm™ (T. Hu, Gao, Liu, Zhang, & Meng, 2017; Tsitsishvili et al., 2019).

The ZMC-4 composite's FTIR spectra show bands associated with the relevant Zeolite, MnQOx,
and Cu20 functional groups after the inclusion of these materials, confirming the successful

production of the Zeolite, MnO3, and Cu2O composite as shown in Figurel3.
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Figure 13: The FTIR spectra of ZeoliteX, MnO2, Cu.0, and 3-ZMC
4.5. Scanning Electron Microscope (SEM) Analysis

To study the surface morphology for MnO> Cu.0, ZeoliteX, MC, and 3-ZMC nano particle
Scanning Electron Microscopy (SEM) was taken. As shown in Figure 14 (a) agglomerated
cactus-like morphology is visible in the SEM images of a-MnQO,. Cactus-like morphology,
which imitates the form and shape of cacti plants has several benefits that make it appealing as
a photocatalyst including a high surface area to volume ratio, and their structures spines, and
grooves can improve light trapping. The morphology of ZeoliteX shows an spherical shape with

small pore sites (Figure 14 (b)) (Parsapur & Selvam, 2018).
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The heterojunction (7MC) morphology consists of agglomerated cactus-like and spherical
morphology with large size emerged in Figure 14(c) and in comparison, the ternary composite
(3-ZMC) has the morphology of dispersed, less agglomerated, and porous structure that
indicates the support material ZeoliteX provide an active site for dispersion of the
heterojunction and in turn result in a reduction of their size (Figure 14 (d)) (Derikvandi &
Nezamzadeh-Ejhieh, 2017a).

Figure 14: The SEM image for nano particle of (a) MnO- (b) ZeoliteX (c) 7MC (d) 3-ZMC
4.6. Brunauer-Emmett-Teller (BET) Analysis

As shown in Table 5 the BET measurement specific surface area of MnO2 was increased when
it makes heterojunction with Cu20 (7MC) from 459.796 m?/g to 480.420 m#/g which implies
the composite provides more active site (Jing et al., 2022).
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In comparison, ZeoliteX supported heterojunction (3-ZMC) had shown a larger specific surface
area than the heterojunction which enhances from 480.42 mz2/g to 523.12 m2/g. The outcomes
showed that the catalyst's specific surface area increased in the presence of heterojunction with
Cu20 and the support ZeoliteX. This improved surface area allowed for more active locations
and organic pollutant adsorption on catalyst surfaces (G. Zhang et al., 2017). These designs

ultimately enable the catalyst to perform efficient MB degradation in a shorter amount of time.

Table 5: BET data of MnO2, 7MC, and 3-ZMC
MnO. 7-MC 3-ZMC
Specific surface area (as) 459.796 (m?/g)  480.420 (m?/q) 523.120 (m#/g)
Total pore volume (%) 1.741 (cm3/g™t) 1794 (cm®/gt)  2.003 (cm?/g )

Mean pore diameter 1.45 (nm) 1.4 (nm) 1.32(nm)

4.7. Photoluminescence (PL) Analysis

The MnO., ZM, MC, and 3-ZMC photocatalysts’ photoluminescence (PL) spectra were
measured at room temperature at the excitation wavelength of 380 nm to examine the extent of
recombination of the photo-generated e/h* carriers in the prepared samples and the impact of

heterojunction and support on the Photoluminescence of MnO; (Panimalar et al., 2020).

As shown in Figure 15 MnO- exhibits the highest PL spectra due to its high recombination
property. When MnO: is coupled with Cu,O and made the heterojunction 7MC the
recombination rate is greatly reduced due to the built electric field generated at the interface of
the p-n heterojunction and also direct Z-scheme improves the separation and transmission of

photogenerated carriers across the junction (M. Zhang et al., 2021).

Electrons in the n-type semiconductor’s conduction band are transported to the p-type
semiconductor valance band. Similar to this, the holes in the p-type semiconductor's valence
band are transported to the conduction band of the n-type semiconductor material. This
mechanism reduces the likelihood of recombination of holes in VB and electrons in CB of n-
type and p-type semiconductors respectively which increase the effectiveness of the composite
(Xiaetal., 2018).
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Also, ZeoliteX support effect on reducing of recombination rate of MnO> was shown from ZM
by lower emission intensity than single MnO., since ZeoliteX has a low Si/Al ratio it will result
in more uncoordinated Al atom on zeolite framework which are lewis acid site that interacts
with electron-rich species and reduces recombination rate. Along with the controlled size and
distribution of the MnO2/Cu20 particles on the ZeoliteX surface, the confinement effect may
also restrict their mobility and prevent recombination (Karimi-Shamsabadi et al., 2017).
Finally, very small emission intensity for ZeoliteX supported MnO2/Cu>O composite due to the
impact of both heterojunction and ZeoliteX support.

MnO,
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—
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Figure 15: Room temperature PL spectra of MnO2, ZM, MC and 3-ZMC
4.8. Electrochemical Impedance Spectroscopy (EIS) Study

Using electrochemical impedance spectroscopy (EIS), more investigation on the dynamics of
interfacial charge transfer in the photocatalyst was done. The Nyquist plot (a graphical
representation of the impedance of the system as a function of frequency) EIS of MnO., 7TMC,
ZM, and 3ZMC samples was carried out as shown in Figure 16 to better understand the impact
of making heterojunction and the support effect on the separation of photogenerated electron-
hole pairs. Charge carrier separation is shown by an arc radius diagram which corresponds to
the size of the charge transfer resistance and the separation efficiency of the photoelectron-hole
pair (L. Zhao et al., 2022).
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Since the arc radius on the EIS spectra indicates the resistance of the interface layer at the
electrode surface the smaller arc radius confirms higher charge transfer (Derikvandi &
Nezamzadeh-Ejhieh, 2017b).

The EIS findings confirm the idea that the 3ZMC catalyst increased photodegradation activity
as a result of its improved charge separation efficiency. The composites have the smallest EIS
semicircle radius during interfacial transport when compared to bare MnO3, indicating the
lowest impedance, allowing for the fast transfer of photo charges which will prolong
photocarrier lifespan and improve the effectiveness of photocatalysts (G. A. Ali, Yusoff,

Algarni, & Chong, 2018). This analysis was also confirmed by the photoluminescence result.
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Figure 16: the Nyquist plot EIS of MnO., ZM, MC and 3-ZMC
4.9. Photocatalytic Activity Evaluation

To check the photocatalytic degradation efficiencies of pure MnO., heterojunction of MnO>
with Cu.O at different concentrations and zeolite supported heterojunction with a range of
ZeoliteX amount, Methylene blue (MB) dye which is a major pollutant in water discharged by
factories in the textile industry was chosen as the model of organic pollutant while

experimenting visible light irradiation.
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Figure 17 (a, b, c) shows the UV-Vis absorption of MnO, Cu.0, and ZeoliteX photocatalysts

respectively, where a peak of absorbance at 664 nm for the UV-Vis of the MB solution.

This presence of the peak is attributed to the absorbance of the transitions of the MB
(Santhoshkumar & Murugan, 2021). Except for the ZeoliteX and ZM samples (the whole
reaction takes place without light), the degradation was divided into two phases: the dye/catalyst
solution was kept under continual sonication for 30 minutes in the first phase (without turning
on the visible light). While the second stage (the visible light on), has an 80 min reaction time
under light. The reaction takes place at room temperature, with pH 7 within. The degradation
efficiency (1) of the synthesized sample can be achieved by the following equation:

n= =——=x100% (3)

Where, Coand C; are the concentration of the dye at the irradiation for time, “0” and “t” minutes,
respectively (Yi He, Jiang, Chen, & Zhang, 2018). In the case of pure ZeoliteX, full adsorption
was taken place under a dark environment. The photocatalytic activity of pure MnO2 was 47 %
during 80 minutes of reaction time. The high agglomeration and recombination rate of MnO>
is the reason for the low degradation rate. Cu2O and ZeoliteX were also calculated and

performed at 55%, and 52 % degradation of dye respectively.
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Figure 17: Photocatalytic Activity of (a)MnO2, (b)Cu20, (c) ZeoliteX (d) percentage
degradation

To analyze the effect of ZeoliteX on the photodegradation of single metal oxide MnO_ and
Cu20 were conducted. As shown in Figure 18 (a, b) sample ZM and ZC photodegradation
performance enhanced which is related to the ZeoliteX support that provides more surface area,
more interaction of reactive species with MB due to the more active site provided, and decrease
agglomeration rate of metal oxides. Also, some uncoordinated AI** on the ZeoliteX surface play
role in reducing the recombination rate of electron and hole pairs that enhance the

photodegradation performance (Karimi-Shamsabadi et al., 2017).

On the other hand, the heterojunction formed between MnO, and Cu,O increased the
performance of single metal oxide MnO2 which is due to the band alignment that reduces the

recombination rate of electron and hole pairs and enhanced active site (Salari & Hosseini,
2021).
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Figure 18: Photocatalytic Activity of (a) ZM and (b) ZC

Different concentrations of heterojunction's photocatalytic activity in Figure 19 (a-g)1MC,
3MC, 5MC, 7MC, and 9MC catalysts were crucial in determining how Cu.O affected the
performance of the MnO, Catalyst. In comparison to MnO., 1IMC, 3MC, 5MC, and 9MC
samples (49%, 63%, 66%, 70.1%, and 72.9%, respectively), it is shown that the 7MC sample
has the highest photocatalytic activity (74.7%) throughout an 80minute reaction period.

The band alignment of the two materials at the heterojunction can prevent the recombination of
photo-generated electron-hole pairs specially the direct Z-scheme provides suitable band
alignment that results in better redox reaction in turn a great enhancement of photodegradation.
In addition, the formation of a heterojunction can lead to more active sites for catalysis to occur.
This was shown by the enhancement of the adsorption of pollutants in the first stage

photocatalytic degradation process (Salari & Hosseini, 2021).
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Figure 19: Photocatalytic Activity of a)IMC, b)3MC, c) 5MC, d) 7MC, €)9MC catalysts by
varying MnO2 and Cu0O concentration, f) percentage degradation, g)Ct/Co of the degradation

Figure 20 (a-h) depicts the photocatalytic activity of all ternary composites 1ZMC, 2ZMC,
3ZMC, 4ZMC, and 5ZMC. All samples including MB solution without any catalyst which is
named blank are compared to determine which catalyst has the highest photocatalytic activity
as a result of various impacts. When the metal oxide heterojunction is bonded to the zeolite
support material, the resulting composite material can exhibit improved stability, durability,

surface area, band gap, reduced agglomeration, and recombination.

When MnO> make a junction with Cu20 the degradation increased from 49% to 74.7 %. While
this junction supported on ZeoliteX like 1-ZMC, 2-ZMC,3-ZMC,4-ZMC, and 5-ZMC
degradation efficiency highly increased to 87 %, 91%, 99.01%, 97%, and 89.1 % respectively.
Hence, the 3-ZMC catalyst exhibits the enhanced separation rate of electron-hole pairs; these
in turn effectively degrade MB dye within 80 min under visible light which is due to a sufficient
amount of ZeoliteX supported the heterojunction with good band alignment. It is seen that the
ZeoliteX-supported heterojunction has a modified crystal structure, improved surface area, less
agglomeration, and increased band gap, and the recombination is highly reduced, hence
generating more active sites on the photocatalyst surface. The main role of the synergetic effect
was proven by checking the performance of sample 3-ZMC without any light and labeled as D-

ZMC. It resulted in 75% of MB removal which is far small than other ternary composites.
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Figure 20: Photocatalytic Activity of a)1-ZMC, b)2-ZMC, c) 3-ZMC, d) 4-ZMC, e)5-ZMC
catalysts by varying ZeoliteX concentration, f) percentage degradation, g) Ct /ACO of the
degradation.

4.9.1 Photodegradation Kinetic

Understanding the behavior and fate of pollutants and other compounds in the environment is
crucial to understand the Kkinetics of the synergetic effect of adsorption and photodegradation
(Luo et al., 2019). A rate law that takes into consideration the substance concentrations, the
light intensity, and the characteristics of the surface where the substance is adsorbed can be
used to characterize the kinetics of the synergistic effect of adsorption and photodegradation.
Other elements that might affect the degradation process, like the presence of other compounds
or the environment's temperature and humidity, can also be considered by the rate law
(Natarajan et al., 2018).

The kinetics of the synergetic effect of adsorption and photodegradation were calculated by

using Langmuir Hinshelwood kinetic equations:
InC =—Kt + InCo 4)
While by rearranging equation (4) it gives: In ColC = kt (5)
Where Co and C are the initial dye concentration (mg L) and the dye concentration (mg L™)

at time t, and k is the pseudo-first-order reaction rate constant (mint), the initial concentration

(Co) and the ratio of dye concentration at time t (C) were plotted versus time (Luo et al., 2019).
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The slope of the Langmuir isotherm plot was related to the Langmuir constant K and used to
estimate the maximum adsorption capacity of the surface. The degradation by the pseudo-
kinetic equation and the rate constants (k) of MnO., Cu»0, ZeoliteX, ZM, ZC, and MC samples
are shown in Figure 21 (a, b), and Table 5 shows the Percent Degradation Efficiency (PDE),
kinetic rate constant (k) and correlation coefficients (R?).

Figure 21 (c, d) shows the kinetic study of MnO., Cu.O, 1MC,3MC,5MC,7MC, and 9MC
degradation using pseudo-first-order kinetic plot and the rate constants (k) of those samples,
and Table 6 reveals due to the optimum amount of MnO2 and Cu2O in the formation of
heterojunction 7MC had the greatest degradation efficiency (74.7%) and degradation rate
constant (17.45x10° min). The Figure 21(e, f) shows the kinetic study of MnO2, Cu,0,7MC,
1-ZMC,2-ZMC,3-ZMC,4-ZMC,5-ZMC, and D-ZMC degradation using pseudo-first-order
kinetic plot and the rate constants (k) of those samples, and Table 7 revels sample 3-ZMC had
the greatest degradation efficiency (98.7 %) and highest degradation rate constant (44.2x107
min) due to optimum amount of ZeoliteX support, high surface area, low agglomeration rate,
a good band alignment, a lower charge carrier recombination rate, and effective separation of

photo-excited electron-hole pairs (Karimi-Shamsabadi et al., 2017).
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Figure 21: the kinetics study of (a) MnO, Cu20, ZeoliteX, ZC, and MC degradation on the
effect of Zeolite support and heterojunction with Cu20 (c) MnO2, 1IMC,3MC,5MC,7MC, and
9MC degradation on the effect of concentration varying MnO: and Cu.0 (e) MnO>, ZM, 7TMC,
D-ZMC,1-ZMC,2-ZMC,3-ZMC,4-ZMC, and 5-ZMC and (b, d, f) the rate constants of those
catalysts.

Table 6: The percentage degradation efficiency, kinetic rate constant, and correlation
coefficients of MnO., Cu20, ZeoliteX, ZM, ZC, and MC

MnO: Cu20 ZeoliteX ZM ZC MC
PDE(%) 49 52 54 61 65 74.7
K(minl)  9.73x 10" 9.8x10° 11.8x10° 13.03x10" 14.37x10% 17.45x10°
3 3 3
R? 0.94 0.952  0.924 0.926 0.945 0.97

54



Table 7: The percentage degradation efficiency, Kinetic rate constant, and correlation

coefficients of MnO> and heterojunction MC with varying MnO, and Cu»O concentration

MnO2 1MC 3MC sMC ™MC IMC

PDE(%) 49 63 66 70.1 74.7 71
K(min1) 9.73x 10° 13.28x10° 14.59 x10° 16.67x 10° 17.45x10° 15.64x1073

R? 0.94 0.97 0.98 0.989 0.97 0.99

Table 8: The percentage degradation efficiency, Kkinetic rate constant, and correlation
coefficients of MnO; and ternary composite ZMC with varying Zeolite X concentration

MnO2 MC D- 1-ZMC 2-ZMC 3-ZMC 4-ZMC 5-ZMC
ZMC
PDE(%) 49 4.7 75 87 91 99.01 97 89.1

K(mint) 9.73x 1745 223x 204x  24.17x 442x  34.96x 28.6x
10° x 10° 10  10° 10° 10° 10° 10°

R? 0.94 097 096 0.952 0.963 0.97 0.95 0.95

4.9.2 Effect of Catalyst Dosage on Degradation of MB

To prevent applying excessive amounts of catalyst for efficient degradation, a series of
experiments were carried out by varying the amount of the photocatalyst in the range of 0.1-
0.5 g/L with an initial dye concentration of 0.1 g/L and pH 7. It was discovered that, up to a
certain point, the rate of degradation increased initially with the rise in catalyst concentration
since the number of photons absorbed and the quantity of dye molecules adsorbed both
increases as catalyst concentration rises whereas 0.4 g/L was discovered to be the ideal catalyst

concentration in the current study.
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However, as the load further increased to 0.5 g/L, a reduction in photodegradation efficiency
was observed which could relate to particle aggregation and decreased the number of active
sites. Additionally, when the load is higher than what is optimal, the solution becomes darker
and a light screening effect takes place, which lowers the surface area of the nano-composite
exposed to light illumination, consequently, the photocatalytic efficiency (Kumar, Rashid, &
Barakat, 2015).
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Figure 22: Effect of 3-ZMC Catalytic dosage on the degradation of Methylene blue at pH 7
4.9.3. Effect of pH

One of the most critical elements influencing the net charge on the surface of photocatalysts
and organic contaminants is pH. The 3ZMC catalyst test on the MB degradation experiment
was run in a basic medium with pH of 9 and 11, neutral media with pH of 7, and acidic media
with pH of 3 and 5. The photocatalytic degrading effectiveness of the catalyst gradually shifts
from acidic to basic when the pH of the MB dye solution rises, as seen in Figure 23. Since MB
is a positively charged molecule thus at basic solution interatomic attraction force between the
catalyst surface and dye favors the adsorption (Karimi-Shamsabadi et al., 2017). In the acidic
pH, the surface of the 3ZMC catalyst acquires a positive charge thereby little columbic
repulsive force between the catalyst and the dye molecules, which decreased the catalyst's

capacity for adsorption (Tedla et al., 2015).
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Figure 23: Effect of pH on degradation of Methylene blue at fixed 0.04 mg of 3-ZMC catalyst
and 10 ppm of MB solution.

4.9.4. Effect of the initial MB concentration

By varying the initial dye concentration (0.1-0.5 g/L) in the presence of the ideal amount of
3ZMC catalyst at pH 7, the impact of dye concentration on the degradation rate of MB dye was
examined. The findings demonstrated that when initial dye concentrations increased, the

degradation rate reduced and the concentration of unabsorbed dye in the solution increased.

This is due to less light penetrating the solution and reaching the surface of the catalyst, which
in turn reduced the concentration of OH radicals and slowed the rate of degradation. Also, the
number of dye molecules competing for a fixed number of active sites on the catalyst surface
increases, which results in a steric hindrance effect, thereby reducing the adsorption of dyes on
the catalyst surface (Nuengmatcha, Chanthai, Mahachai, & Oh, 2016). As shown in Figure 24

the 0.1 g/L dye concentration was found to be ideal.
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Figure 24: Effect of initial Methylene blue concentration as a function of time, using 3-ZMC

catalyst at a load of 0.04 mg and pH 7 solution

4.9.5. Reusability of Catalyst

From both an economic and environmental point of view for large-scale industrial application
testing the photocatalysts' durability and recyclability are essential (Xing et al., 2018). To study
the stability of the degradations of methylene blue, the 3-ZMC composite catalyst was chosen.
The reusability results revealed a little decrease in photocatalytic degradation efficiency in each
cycle. As shown in Figure 25(a), the photocatalytic degradation efficiency of the 3-ZMC
composite decreased from 99.01 % to 93.4 % after five cycles. These results suggest that the

manufactured 3-ZMC catalyst for photodegradation is highly stable and reusable.

Additionally, the XRD pattern for the recycled photocatalyst demonstrated stability which does
not change in phase or crystallinity until utilized for five cycles, and only a small reduction in

intensity was observed after reuse (Figure 25(b)).
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Figure 25: (a) Reusability test 3-ZMC catalyst for photocatalytic degradation of Methylene blue
under Visible light irradiation (b), XRD pattern obtained for the recycled 3-ZMC catalyst

4.9.7 Mechanism of Photodegradation

To distinguish between p and n-type metal oxides, Mott-Schottky analysis, which measures the
capacitance of a semiconductor-electrolyte interface as a function of the applied voltage, was
used (Figure 26 a and b). MnO2 behaves as an n-type semiconductor due to the positive slope
of its Mott-Schottky plots and Cu>O behaves as a p-type semiconductor due to the negative
slope of its Mott—Schottky plot. The flat-band potential (Vrs) was analyzed by extending the
plot's linear part to the x-axis and resulted in -0.945 V and 1.12 V vs. Ag/AgCl electrodes for
MnO; and Cu20 respectively. Regarding a normal hydrogen electrode (NHE), the flat band
potential of the two semiconductors is correspondingly obtained as, -0.384 V and 1.681 V vs.
NHE (Nakabayashi, Nishikawa, & Nosaka, 2014). The effective SCs VB and CB edge potential
for MnO- to be 0.825 and 2.555 eV, and for Cu2O to be -0.395 and 2.035 eV, respectively
(Pradhan, Rath, Sethi, Nanda, & Nanda, 2021; Rajendran et al., 2021).

Based on this result, Figure 26 (c) was proposed to illustrate a possible charge separation in the
heterojunction and working mechanism with the support of ZeoliteX for the degradation of MB.
When the composite is irradiated by simulated sunlight the electrons on MnO2 and Cu.O are
transferred from VB to CB.
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When p-type Cu20 and n-type MnO; are combined, many p-n junctions are created so the holes
in the valence band (VB) of the p-type Cu2O will mix with the electrons in the conduction band
(CB) of the n-type MnO.. As a result of this p-n junction structure, photoexcited electron-hole
pairs are efficiently segregated, whereas the direct Z-scheme electron transfer process could
occur between the semiconductors (Ye et al., 2015). The n-type and P-type collaboration is
supportive of this transfer process since charge flow from high to low concentration (Ye et al.,
2015). This reaction process is thermodynamically feasible due to the sufficiently negative CB
potential of Cu0 (-0.395eV vs NHE) compared to Eo (O/02) =-0.33 eV vs NHE. Furthermore,
the VB potential of MnO, (2.555 €V) is higher than that of H O/OH+ (2.32 eV). As a result,
they can convert oxygen to oxide radicals and water molecules into hydroxyl radicals
respectively (Jin, Kang, et al., 2020). Even though those generated radicals have a short lifetime
of about a few nanoseconds the ZeoliteX brings MB molecules near the catalyst surface due to
its high adsorption capacity and hence they immediately react with those radicals (Derikvandi
& Nezamzadeh-Ejhieh, 2017b). So, the synergetic mechanism from heterojunction

photocatalyst and adsorption from ZeoliteX support could result in efficient degradation

performance.
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5. CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The MnO; with Cu.O heterojunction supported on ZeoliteX was synthesized by the wet
impregnation method. The direct Z-scheme p-n heterojunction was prepared to reduce the
recombination rate and enhance the redox reaction. By varying their concentration which was
assigned as 1MC,2MC,5MC,7MC, and 9MC performance had been compared and 7MC
(70%MnO2 with 30% Cu20) get a better degradation performance of MB compared to other
heterojunctions. The ZeoliteX was synthesized by an easy alkali fusion method from raw kaolin
clay. Then the synthesized ZeoliteX supported the heterojunction 7MC by different amounts
starting from 10 to 50% which were labeled as 1-ZMC, 2-ZMC, 3-ZMC, 4-ZMC, and 5-ZMC
to study the effect on reduction of agglomeration, stability and the impact of provided active
site on the degradation of MB. The phase, morphology, and optical behavior of the synthesized
samples are confirmed through various characterization techniques. All catalysts had a small
band gap which is in the visible range of the solar spectrum. It was found that the recombination
rate reduces due to heterojunction formation and the support ZeoliteX enhances thermal
stability, provides an active site for catalytic activity, and reduces agglomeration rate. Also, it
has an impact on reducing the recombination rate. Among all catalysts, 3-ZMC exhibits the
highest degradation activity (99.01%) due to a sufficient amount of ZeoliteX supported by the
heterojunction 7MC which results in low recombination, lower electron transfer resistance,
small agglomeration, and high surface area. The highest photocatalytic activity at pH11
indicates the interatomic attraction force between the negatively charged 3-ZMC catalyst and
the positively charged MB which is to be adsorbed to the surface of the catalyst. The increase
in photodegradation efficiency at 0.4 g/L could be attributed to the availability of more active
sites and the easiness of penetration of light. The reusability of the prepared catalyst up to 5

cycles indicates the catalyst was stable and efficient.
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5.2 Recommendations

1. The impact of additional factors like reaction temperature and speed should be investigated
while studying the degradation of various organic and inorganic contaminants.

2. Investigating the Catalyst’s stability under various circumstances, such as high temperatures
or exposure to various gases, can assist in determining its suitability for practical application.
3. Synthesizing method for a ternary composite of the support and heterojunction need further
studies which could affect performance and stability.

4. It can be used for a variety of purposes, including water splitting, antibacterial and antifungal
coatings, drug delivery, and solar cells.

5. Finally, it will be crucial to scale up production and market this material to realize its full
potential so analysis of the economic viability of large-scale production could be the main areas

of future study.
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