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ABSTRACT

The application of metal oxides is one of the most promising practices in a diverse field.
Zinc oxide (ZnO) is one of the novel metal oxides utilized for various applications such as
sorption, photocatalysis, sensing, and antimicrobial. The electron-hole recombination that
occurs due to the aggregation/agglomeration is the major limitation in employing ZnO for
photocatalysis. Among several efforts made to enhance the charge transfer capability of
Zn0O, forming a heterojunction is a simple and economical way. The sol-gel followed by
the auto-combustion method was utilized for synthesizing a high surface area to volume
ratio and porous ZnO-based metal oxide nanocomposites. The effects of the synthesis
techniques, type of precursors, amount of poly (vinyl alcohol) loading, and precursor
percentage were studied and optimized. The synthesized nanoparticles and
nanocomposites were characterized by DTG/DSC, UV-vis-DRS, XRD, FT-IR, BET,
SEM/EDX, XPS, TEM/HRTEM/SAED, and CV/EIS/amperometric analytical techniques.
The characterization results revealed the surface area to volume ratio, porosity, and
charge transfer property improvement on the ternary nanocomposite (Zn/Fe/Mn oxide),
compared to single ZnO and binary (Zn/Fe and Zn/Mn) oxide counterparts. From the
DTG/DSC result, the calcination temperature of 500 °C was found to be ideal for
degrading impurities and poly (vinyl alcohol) polymer after its role as a capping agent.
Using the XRD pattern and TEM image analysis, the crystallite size of the nanoparticles
and nanocomposites was confirmed to be in the nanometer range (7nm - 70 nm). The
porous nature of the optimized nanocomposites was understood from the SEM image and
BET analysis; consistent results were also noted from the HRTEM (IFFT) and SAED
pattern analysis. The EDX, XPS, HRTEM analysis confirmed the presence of a predictable
composition of the nanocomposites. As calculated from the BET analysis, the specific
surface area (SSA) of the porous ternary nanocomposite was found to be 15 times greater
than that of ZnO. The presence of greater charge transfer property for ternary
nanocomposites, compared to ZnO and binary nanocomposites were evidenced from
CVIEIS analysis. The electron transfer resistance values, as determined using Nyquist plot
for ZnO/Fe;03/Mn,03, ZnO/Fe;03, ZNO/Mn,03, and ZnO were found to be 7, 25, 61, and
65 Q, respectively. The adsorption test on methylene blue dye showed the domination of a
chemisorption type of adsorption. The Langmuir, Freundlich, Dubinin-Radushkevich,
Temkin, Flory-Huggins, and Fowler-Guggenheim isotherm models were applied to
understand the adsorption process. Among them, the Langmuir and Flory-Huggins models
showed better fitting. From the Langmuir model, the adsorption efficiency of ternary
nanocomposites was determined to be 7.75 mg g™*. Compared to the other nanoparticles
and nanocomposites, ZnO/Mn,03; nanocomposite showed better photocatalytic activity
only on the acid orange-8 dye. However, the ZnO/Fe,03/Mn,03 nanocomposite is effective
on both Congo red and Acid orange 8 dyes degradation. The ZnO/Fe,O3/Mn,0O3 and
ZnO/Fe,O3 nanocomposites showed superior ascorbic acid detection capacity. Compared
to ZnO, the synthesized binary and ternary nanocomposites exhibited an enhanced
antibacterial activity on both Gram-positive and Gram-negative bacteria. The highest
zone of inhibition for ternary nanocomposite is 28 and 29 mm on E. coli and S. aureus
bacteria, respectively. From these results, it is possible to conclude that the synthesized
nanocomposites have good potential for multifunctional applications including
photocatalysis, sensor, and antibacterial activities.

Keywords: Porous ZnO based nanocomposites, Photocatalysis, Sensor, Adsorption,
Antibacterial activity
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CHAPTER ONE

1. INTRODUCTION

Metal oxides are the most explored class of inorganic materials owing to their unique
physical and chemical properties such as controllable particle size, low synthesis cost, and
high stability (Nagvenkar et al., 2019). The nanosized inorganic particles, whose structure
exhibits unique physical, chemical, and biological properties, have gained extreme interest
over the past decades (Applerot et al., 2009). Besides, they have distinctive properties
towards antimicrobial activity, intensive ultraviolet light absorption, and high catalytic
activity. Recently, zinc oxide (ZnO) nanostructures have received much attention within
the scientific community owing to their low cost, easy availability, biocompatibility, and
the possibility of performing surface modifications with different functional groups (Diez-
Pascual & Diez-Vicente, 2014).

With the rapid development of industrial society, increasing environmental safety threats
pose the current global concern. Nowadays, water pollution is one of the most significant
problems in the environmental field. As an example, the textile industry is one of the
water-consuming and heavily polluting industries. It is estimated that over 500 tons of
various dyes are being discharged into the water bodies, and approximately 80% of them
are from the textile industry. Since these dyes are poorly biodegradable and have many
functional groups, they are potentially harmful to humans life and cause chronic effects
(Areerob et al., 2018). The methylene blue (MB), Congo red (CR), and Acid orange 8
(AOB8) dyes are among the most commonly used substance for different applications. MB
dye is not strongly poisonous, although, it has harmful effects on human beings (Hofmann
et al., 1966; Liu et al., 2012; Tan et al., 2008). The CR (Madan et al., 2019; Nayak et al.,
2020) and AO8 (Elizalde-Gonzalez & Garcia-Diaz, 2010; Guaratini & Zanoni, 2000) dyes

have mutagenic and carcinogenic properties.

Previously, several physicochemical techniques such as sedimentation—flocculation,
coagulation, molecular sieving, ion exchange, reverse osmosis, membrane filtration,
ozonation, chlorination, chemical precipitation, adsorption, and photocatalysis were
applied to remove toxic organic and inorganic pollutants (Adeleye et al., 2016; Charles et
al., 2016; Dickhout et al., 2017; Miranda et al., 2016; Pype et al., 2016; Rizzo et al., 2014,
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Subramani & Jacangelo, 2015; Xiaofei Zhang et al., 2017). However, some of those
techniques are not efficient and adequate on cost, energy, and also lack the complete
degradation properties of the contaminants (Ramos-Delgado et al., 2016). Among the
advanced oxidation processes, heterogeneous photocatalysis for highly toxic organic
pollutants was suggested to be simple, work under ambient conditions, cost-effective,
environmentally safe, and does not give secondary pollution. Moreover, for less toxic
pollutants the adsorption technique was also suggested to be simple, cost-effective,
energy-efficient, and environmentally safe (Chen et al., 2017; Gomez-Pastora et al., 2017;
Yagub et al., 2014).

The metal oxides-based heterogeneous photocatalysis and adsorption techniques are the
most promising practices as environmental remediation (Vinu & Madras, 2010; Yagub et
al., 2014). Nowadays, metal oxides such as TiO;, ZnO, Fe;O3;, Mn,03, ZrO,;, V;0s,
Nb,Os, and WO3 are applied vigorously for environmental waste management, medicine,
food preservation (Ahmed, Rasul, Martens, et al., 2011; Espitia et al., 2012; Yemmireddy
& Hung, 2017), and pollutant sensing (lbupoto et al., 2012) applications. Among these
oxides, ZnO is ideal with low-cost and less toxic properties (Akkari et al., 2018).
Compared to TiO, the production cost of ZnO is approximately 75% lower and also has
higher absorption efficacy across a large fraction of the solar spectrum (Janotti & Van de
Walle, 2009; Ong et al., 2018; Sakthivel et al., 2003). However, applying bare ZnO as a
photocatalyst faces an e /h* recombination problem, and produces photo corrosion in
alkaline solution under UV irradiation (Qamar et al., 2016). Recently, efforts such as
doping (Yingming Wang et al., 2020), forming a heterojunction with equivalent or/and
different bandgap materials (Desong Wang et al., 2008), dye sensitization (Macéak et al.,
2005), noble and non-noble metal deposition (An et al., 2009), simultaneous doping-
sensitization, doping-deposition, and deposition-coupling are practiced to overcome these

drawbacks and improve its structural stability (Kumar & Rao, 2017).

Among these efforts, forming ZnO-based heterojunction was found to be one of the novel
preferences. Several ZnO based binary related bandgap heterojunctions such as TiO2/ZnO
(Bozkurt Cirak et al., 2019; Moradi et al., 2016) and SnO,/ZnO (Chiang & Lin, 2013) and
different bandgap heterojunctions such as ZnO/y-Mn,O3 (Saravanan et al., 2014), and
ZnO/Fe,03 (Davari et al.,, 2017; Lachheb et al., 2017; Sin et al., 2018) have been
investigated. In addition, the ZnO/Fe;O3/Mn0O, (Tedla et al., 2015), SnO,/ZnO/TiO;
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(Guidong Yang et al., 2012) ZnO/Ag,0O/Fe3;04 (Cai et al., 2015), Fe304/ZnO/CoWQO,
(Shekofteh-Gohari & Habibi-Yangjeh, 2017), and Fe304/ZnO/NiWO, (Habibi-Yangjeh &
Shekofteh-Gohari, 2017) ternary heterojunctions have also been studied. The enhanced
surface area to volume ratio (SAV), photocatalytic, and antibacterial improvement was
confirmed for both binary and ternary heterojunctions, compared to the bare ZnO (Lei et
al., 2018; Mayank et al., 2019). Due to the synergistic effect (Maya-Trevifio et al., 2015),
the ternary heterojunctions further improve the separation of photogenerated electron/hole
pairs compared to the binary heterojunctions (Lei et al., 2018; Xiaojuan Li et al., 2018;
Pirhashemi et al., 2018). There is enough information regarding the fabrication of
zinc/iron heterojunction and few studies on the construction of zinc/manganese hybrids.
However, to the best of our knowledge, no reports focused on the ternary hybrids based on
zinc/iron/manganese nanocomposite, which enhance the SAV, porosity, and charge

transfer property concurrently.

The properties such as stability, visible light absorption, high SAV, and low toxicity
offered by iron and manganese oxide make them promising materials (Behtaj Lejbini &
Sangpour, 2019; Bigiani et al., 2019; Dehghani-Dashtabi et al., 2019; Rosa et al., 2019;
Yu et al, 2019). Among different crystalline polymorphs of the n-type iron oxide
semiconductor, the hematite (a-Fe,O3) is recommended as the most stable phase (Mishra
& Chun, 2015). Forming a composite with Fe,O3; and protecting ZnO from dissolution
during light irradiation were also reported (Qamar et al., 2016). Among different
crystalline polymorphs of manganese oxide, the Mn,O3 crystalline polymorphs show a
unique property towards SAV and stability for adsorption, photocatalysis, and
antibacterial activity applications both in the amorphous and crystalline state (Moharreri et
al., 2018; Selim et al., 2020; Guorui Yang et al., 2014). Because of its low charge transfer
resistance and multitudinous defects, manganese oxide can also form heterojunctions with
ZnO and enhances the electron-hole separation route (Yu et al., 2016). Coupling of the p-
type Mn,O3; and n-type Fe,O3; with n-type ZnO has been practiced broadly (Ali et al.,
2019; Davari et al., 2017; Hashim et al., 2019; Lachheb et al., 2017; Maya-Trevifio et al.,
2015; Saravanan et al., 2014). Mn,O3 possesses poor electronic conductivity, although, it’s
has a pronounced electrochemical redox activity through Mn** to Mn*" transition giving

rise to one-electron transfer (Nathan et al., 2008).



A small variation in the standard level of ascorbic acid (AA) creates diseases in human
beings. AA has a significant role in the normal functioning of organisms and is also used
as a treatment for a different illness (Rice, 2000). Therefore, it is necessary to develop
novel methods to measure the concentration of ascorbic acid. Nowadays, metal oxide
nanomaterials were frequently applied for sensor applications. Bare ZnO showed lower
sensitivity towards ascorbic acid sensitivity (lbupoto et al., 2012). Among several
techniques used to improve the sensing properties of ZnO, forming a composite with other
metal oxides and modifying the synthesized materials to have a mesoporous property that
allows a rapid charge transfer process has been reported (Khan et al., 2016; Yuanying Liu
et al., 2014). Fe,Og is vital in mediating the final heterogeneous electrochemical reaction
of the target agent; this is due to its high surface area and its environmentally
biocompatible properties (Cao & Wang, 2011). The coupling of Mn,O3; with ZnO also has
its own electrochemical and sensor improvement for ascorbic acid detection (Saravanan et
al., 2015).

Hospital-acquired infections caused by microorganisms are becoming the most prevalent
problems. In Europe, four million people get a hospital-acquired infection per year, of
whom approximately 37, 000 people died (Ozkan et al., 2015). Metal oxides NMs have
the potential to enter through the cell membrane and distract cellular parts of the bacteria.
Zn0-based metal oxide nanocomposites (NCs) have drawn more attention as antibacterial
materials with new properties. By the U.S. FDA (21CFR182.8991), it is categorized in the
list of antimicrobial agents and safe materials for food preservation of foodborne diseases
(Espitia et al., 2012; Yemmireddy & Hung, 2017). The reactive oxygen species (ROS)
generation and antibacterial activities of iron oxide and manganese oxide were also
confirmed (Pradip Basnet et al., 2013; Selim et al., 2020). Furthermore, forming a binary
(Mayank et al., 2019; Panchal et al., 2019; Precious Ayanwale & Reyes-Lopez, 2019;
Rajith Kumar et al., 2020; Shimada et al., 2020) and ternary (Anaya-Esparza et al., 2019;
Kaur et al., 2019; Munawar, Yasmeen, Hasan, et al., 2020; Owonubi et al., 2020; Paul et
al., 2020) heterojunction between metal oxides has been reported for the improvement of
surface active sites, SAV, polarity, and porous nature of the materials (Nagvenkar et al.,
2016). The heterojunction can be made using the same or different bandgap metal oxides
by developing either n—n or p—n heterojunction for binary and either p—n—n or n—n-n

heterojunction for ternary metal oxides (Lei et al., 2018).



From methods used for the synthesis of inorganic NCs, the top-down and bottom-up
approaches are common. Compared to the former, the latter is more popular and is
considered a promising route to control the growth, morphology, and properties of NMs
(Amin et al., 2018; Xin Li et al., 2016). Among many chemical methods, the impregnation
(Larina et al., 2019), hydrothermal (Liao et al., 2010), sol-gel (Lachheb et al., 2017), self-
propagation (Lutukurthi et al., 2020), sono-coprecipitation (Wang et al., 2018),
solvothermal (Yu et al., 2019), and ultrasonic-microwave (Yang et al., 2018) are practiced
broadly. Nowadays, it is recommended to use effective and economically feasible methods
such as sol-gel, co-precipitation, self-propagation, and impregnation (Koése et al., 2015;
Wang et al., 2018). As suggested by Osman and Akbulut (Kose et al., 2015), the sol-gel
method was proved to be the most attractive method towards cost, easiness, and reliability.
Besides, the co-precipitation and self-propagation methods also have positive attributes
towards simplicity and inexpensiveness (Lutukurthi et al., 2020; Wang et al., 2018). The
condensed/solid phase and solution phase synthesis approaches are the two classifications
of the self-propagation technique. Compared to the condensed/solid phase, the solution
phase synthesis approach is a novel procedure if a poly (vinyl alcohol) (PVA)-assisted
nitrate salt precursor is used (Thakur et al., 2019; Wu et al., 2014).

Nowadays, numerous studies are being conducted without considering the risk
assessments of toxic solvents. Solvents, especially, which are certified under the severe
human health risk phrases category of Global Harmonized System (GHS) and Hazard and
Precautionary (H & P) agency are carcinogenic, toxic to the reproduction, and mutagenic.
The other important issue is the assessment of the safety score related to the flammability
and explosion score as well as reactivity and stability scores (Alder et al., 2016; Bumajdad
et al., 2018). Therefore, the synthesis procedure that reduces the stated solvent risk,
economically visible, and avoids complex preparation procedures should be developed.
Recent research is also adjusting the present sol-gel procedure using environmentally
benign water as a solvent and fewer cost tactics (Ciciliati et al., 2015), suggesting that the
improved organic solvent-free and lower production cost method gives superior
nanostructured materials (Ong et al., 2018). As an example, compared to different solvents
used to synthesize nanomaterials (NMs), it is evidenced that using water as a solvent can
give equivalent photo-catalytically active morphology and crystallite size (Kumar Jangir et
al., 2017).



Metal oxide nanoparticles (NPs) have large SAV and high surface energy; consequently,
they aggregate/agglomerate easily to one another (Moeinian & Akhbari, 2015). The
aggregation/agglomeration of metal oxide NPs reduces the generation of the reactive
oxygen species and hydroxyl radicals. This is due to the quenching of holes and electrons
with neighboring aggregate electrons and holes, respectively (Jassby et al., 2012).
Aggregation occurs due to flow motion and net interparticle attractive forces. The
aggregation process is dependent on the concentration of the NPs, reaction temperature,
and agitation speed. High concentration, high temperature, and slow agitation speed
facilitate the aggregation quickly. Agglomeration occurs because of the accumulation of
extra molecules on the aggregated NPs surface. The classical nucleation, growth, collision,
and attachment are the steps resulting in aggregation. Whereas cluster aggregation,
nucleation, and growth are the steps that result in agglomeration (Jassby et al., 2012). For
this aggregation/agglomeration problem, nowadays, a polymer matrix has been effectively
applied as a capping and structure-directing agent (Wu & Wu, 2015). By using a polymer,
synthesizing novel mesoporous materials with well-defined morphology has been strongly

encouraged for several applications (ALOthman, 2012).

Among numerous polymers, PVA is an eco-friendly, biocompatible, nontoxic, lubricant,
biodegradable, water-soluble, and better film-forming agent (Hong et al., 2009; Madkour
et al., 2019; Zhang et al., 2017). Due to its novel mechanical strength, PVA is used as a
matrix for the formation of the NCs (Zhang et al., 2016). Besides, its hydroxyl groups on
the backbone carbon chain act as a source for the formation of hydrogen bonding and
enhance the development of the NCs (Mallakpour & Adnany Sadaty, 2016). As indicated
in numerous works concerning PVA polymer or PVA-metal oxide composite, an optimum
temperature of 500 °C is suitable to degrade the PVA polymer and to remove unwanted
impurities (Abd-Elrahman, 2013; Ghafari et al., 2017; Radhamani et al., 2016). In the
thermal analysis study of PVA, at about 100-250 °C the slow intramolecular
decomposition occurs; within the PVA melting point ranges of 220 °C - 400 °C the
degradation of its amorphous part at 300 °C and the intermolecular decomposition at 385
°C occurred (Abd-Elrahman, 2013; Kumar et al., 2019). The crystalline part of PVA
decays at 398 °C (Radhamani et al., 2016; Rahmanian et al., 2015), and complete
decomposition to yield carbon and hydrocarbons that results in the liberation of CO, gas
and ash/residue happens in the temperature range of 400 - 500 °C (Ghafari et al., 2017;

Mallakpour et al.,, 2015; Radhamani et al., 2016). Moreover, increasing the annealing
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temperature can also enhance the aggregation/agglomeration of NCs. Therefore,
optimizing the calcination temperature of PVA that assists the oxidation of the oxides and

removing volatile impurities such as the polymer matrix is also essential.

Considering all the above-indicated ideas the present work aims to synthesize ZnO-based
poly (vinyl alcohol) (PVA) assisted binary and ternary metal oxides NCs using a simple
and green sol-gel followed by auto-combustion technique. The optical, chemical bonding,
crystallinity, morphological, compositional, textural, and electrochemical properties of the
synthesized materials were characterized by UV-vis-DRS/UV-vis, FT-IR, XRD, SEM and
HRTEM, XPS/EDX, BET, and CV/EIS techniques, respectively. The adsorption
effectiveness of the optimized ternary nanocomposite (NC) was evaluated on the less toxic
MB dye. The Langmuir, Freundlich, Dubinin-Radushkevich (D-RK), Temkin, Flory-
Huggins (FH), and Fowler-Guggenheim (FG) isotherm models are used to understand the
adsorption process. Besides, the pseudo-first-order (PFO), pseudo-second-order (PSO),
Elovich, Bangham, and intraparticle diffusion (IPD) kinetic models were applied to study
the adsorption reaction and adsorption-diffusion process. The degradation efficiency of
NPs and NCs was tested on CR and AO8 dyes. The potential of the synthesized NPs and

NCs towards the sensor and antimicrobial activities was also studied.

1.1. Statement of the Problems

Environmental pollution, hospital-acquired pathogens infection, and particular toxic gas
detection are countable worldwide problems. Paper, textile, cosmetics, plastics, printing,
food processing, pharmaceutical, leather, and dye manufacturing sectors use common dyes
such as MB, AO08, and CR and discharge their waste directly into the soils and water
bodies without treatments. About 1-20% of the total world dyes are lost during the dyeing
process, which leads to contaminate the water and causes health problems. Among
numerous pollutant sources, the textile industries are one of the most water-consuming and

polluting sectors.

Due to the inconsistency between water pollution and worldwide industrial water
requirements, familiarizing novel water treatment and recycling technologies is essential.
In the past decade, several physicochemical techniques such as sedimentation—

flocculation, coagulation, molecular sieving, ion exchange, reverse osmosis, membrane
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filtration, chlorination, chemical precipitation, adsorption, and photocatalysis were applied
to remove toxic organic and inorganic pollutants. However, some of the techniques are not
efficient and also lack the complete degradation of the contaminants. Among these, the
heterogeneous advanced oxidation processes (AOP) using metal oxides were suggested to
be simple, work under ambient conditions, cost-effective, energy-efficient,
environmentally safe, and is also not give secondary pollution. From several metal oxides
used as a heterogeneous photocatalyst, nowadays, ZnO NPs are showing a decent property
in different fields. However, it has a noticeable drawback including the low SAV and
electron-hole recombination. Among several efforts used to reduce these drawbacks,
forming ZnO-based binary and ternary heterojunction was found to be one of the novel
preferences. Compared to the binary, the ternary heterojunctions improve the separation of
photogenerated electron/hole pairs, due to the presence of a greater synergistic effect. The
present study also uses a PVA polymer as a capping and structural directing agent and
Mn,0O3; and Fe,O3 NPs as a SAV and charge transfer enhancing agent through forming
Zn0-based heterojunctions.

Ascorbic acid has a significant role in the normal functioning of organisms. A slight
deviation from the normal level of AA is generally considered a symptom of sickness. It is
also crucial for the treatment of different illnesses. Thus, emerging efforts should be
developed for sensing ascorbic acid. Nowadays, conventional methods such as UV-vis
spectroscopy, chromatography, fluorescence  spectroscopy, fluorimetry, and
electrochemical methods have been used for the determination of the level of AA. Among
them, the electrochemical technique received interest in accuracy, stability, sensitivity, and
cost. However, AA detection by bare conventional electrodes also contaminates the
electrodes due to the irreversible oxidation process of AA to 2, 3-diketogluconic acid.
Thus, researchers are modifying the normal electrodes by metal oxide NMs as a redox-
active electrochemical sensor site to improve the sensitivity and to avoid multi-selectivity
activities. Herein, we also use metal oxide NMs as a redox-active electrochemical sensor

site for the detection of ascorbic acid.

Infections related to multidrug-resistant microorganisms also need urgent treatment. By
2050, it is expected that about 10 million annual deaths happen due to these multidrug-
resistant microorganisms’ pathogens, which is higher than the death that occurred due to

cancer. Therefore, unless immediate intervention is developed, this had a profound impact
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on public health. Up to date, antibiotics that are applied for an antibacterial curing agent
for several years have different limitations including the development of antibiotic-
resistant bacteria. Currently, the nanotechnology-based curing agent is being practiced
broadly. ZnO is categorized in the list of antimicrobial agents and safe materials for food
preservation of foodborne diseases. Furthermore, forming a hybrid between metal oxides
improves the active sites, particle size to volume ratio, polarity, and porous nature of the
materials. Among several metal oxides, iron and manganese oxides are also received

attention as antibacterial active materials.

1.2. Objectives

1.2.1. General objective

% The general objective of this study was to synthesize and characterize the single,
binary, and ternary ZnO-based nanomaterials for adsorption, photocatalysis,

sensor, and antibacterial activity studies.

1.2.2. Specific objectives

The specific objectives were:

% To synthesize single ZnO, Fe,03, Mn,0O3 nanoparticles,

% To synthesize binary Zn-Mn and Zn-Fe oxides nanocomposites,

% To synthesize ternary Zn-Fe-Mn oxides hanocomposites.

% To characterize the as-synthesized NPs and NCs for their thermal stability
analysis by DSC and DTG techniques, chemical bonding by FTIR,
crystallinity and phase purity by XRD, optical properties by DRS-UV-vis,
SSA/pore size distribution by the BET method, morphological analysis by
SEM and TEM, surface compositional analysis by EDX, XPS, and HRTEM-
SAED, and electrochemical properties by CV and EIS analytical techniques.

K/

% To study the synthesized nanomaterials efficiency on:
o Methylene blue dye adsorption,

o Congo red and Acid orange 8 dyes degradation,
o Ascorbic acid sensor, and

o Antibacterial activities.



1.3. Significance of the Study

Problems related to hazardous waste remediation and drug-resistant infections disease-
causing microorganisms have emerged as a national and international priority. Different
research activities are underway using different advanced analytical, biochemical, and
physicochemical methods for the elimination of hazardous chemicals and to fight the drug
resistance disease-causing microorganisms. According to works of literature, the advanced
oxidation process (AOP) is an alternative way of treating undesirable pollutants including
dyes. Heterogeneous catalysis has been successfully employed for the degradation of
various families of hazardous materials using semiconductor nanoparticles as a catalyst, in
which ZnO has been extensively investigated as a heterogeneous photo-catalyst. ZnO-NPs
also exhibit attractive antibacterial properties due to increased specific surface area as the
reduced particle size leading to enhanced particle surface reactivity. ZnO is a bio-safe
material that possesses photo-oxidizing and photocatalysis impacts on chemical and
biological species. Furthermore, due to their stability, high SAV, and low toxic properties;

iron and manganese oxides are also reported to be promising materials.

Herein, we are also going to modify the multifunction material zinc oxide with Iron (I11)
and Manganese (l11) oxides to enhance its adsorption, photocatalytic, antibacterial, and
sensor properties. The bottom-up approach is considered a promising route to control the
growth, morphology, and properties of the material. This study also uses the bottom-up
sol-gel, co-precipitation, and auto-combustion techniques using environmentally benign
water as a solvent. The aggregation/agglomeration of metal oxide NPs can be avoided by
using polymers as a capping agent. Among the polymers, PVA is an eco-friendly,
biocompatible, nontoxic, lubricant, biodegradable, water-soluble, and better film-forming
agent. The work also proved the capping agent and structural-directing agent properties of
the PVA polymer.
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CHAPTER TWO

2. LITERATURE REVIEW

2.1. Metal Oxides

Oxide materials in bulk and thin-film form and metal oxide nanostructures exhibit a great
variety of functional properties which make them ideal for applications in gas sensors,
optoelectronic devices, catalysis, corrosion protection, and environmental protection.
Metal oxide’s functional properties are strongly dependent on oxide’s crystal structure,
composition, and native defects, which govern their optical, electrical, chemical, and
mechanical characteristics (Grilli, 2020). In recent years, ZnO NPs have drawn the
attention of many researchers for their unique optical and chemical behaviors which can
be easily tuned by changing the morphology. ZnO NPs have been used in various cutting-
edge applications like photocatalysis, electronics, adsorption, communication, sensors,
cosmetics, environmental protection, biology, and the pharmaceutical industry (Bala et al.,
2015). It has a similar bandgap with TiO, (3.2 eV) but possesses greater quantum
efficiency. Compared to TiO2, ZnO has better photoresponse capabilities (Daneshvar et
al., 2004). However, the two most dominant drawbacks that have to be considered related
to the potential application of ZnO are (i) photo corrosion under UV light at a higher pH

range and (ii) aggregation/agglomeration.

Among several narrow-band semiconductors, iron oxides (FexOy) with abundance (6.3 wt.
% as earth’s crust), environment-friendly, thermodynamically stable, low cost, high
surface area, and magnetic properties have received greater significance. Fe,Oy utilizes
efficient absorption of visible light during the formation of heterojunction with ZnO
photocatalyst. Furthermore, it can absorb approximately 20% of the solar spectrum
(Jiamprasertboon et al., 2019; Sivula et al., 2011; Wang et al., 2019). Depending on the
applied temperature, among different crystalline polymorphs of Fe,O; namely, hematite
(0-Fe03), B-Fe O3, maghemite (y-Fe,0s), e-Fe,03, and (-Fe,0Os; the a-Fe,O3 phase is
more stable and easy to be formed. The pathway for the formation of a-Fe;O3 follows -

Fe;,03 — e-Fe,03 — 0-Fe,03 (Lee & Xu, 2016)

Similarly, manganese oxide (MnyOy) is also confirmed to be a promising material with its

superior properties. Among different crystalline polymorphs of manganese oxide
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including MnO, Mn304, Mn;03, MnsOg, and MnO,; Mn,O3 is cheap and environmentally
safe (Guorui Yang et al., 2014). Both in the amorphous and crystalline state, a-Mn;Os is
used in a wide range of photocatalytic applications (Moharreri et al., 2018). Furthermore,
because of its low charge transfer resistance and multitudinous defects, it can form a
heterojunction with ZnO and enhances the electron/hole separation route. Besides, due to
the presence of unpaired electrons in the outer electronic orbitals of both a-Fe,Os;and a-
Mn,0O3, once doped in the ZnO matrix, the atoms can form magnetic materials such as
manganese zinc ferrite (Zhiwen et al.,, 1997). Hence, the composite acts as a diluted
magnetic semiconductor material (Ghosh et al., 2019). Furthermore, in the nanosize range,
a-Fe;03 and a-Mn,O3; can also enhance the adsorption capacity of pollutants during
heterojunction and are also sensitive to ultraviolet and visible light (Zhao et al., 2017). The
structures of stable ZnO, a-Mn,0s, and a-Fe,O3 that were developed using VESTA 3D
visualization program software depending on the American mineralogist crystal structure

database (AMCSD) search result are given in Figure 1(a)-(c), respectively (Kolm, 2009).

Figure 1. The ball-and-stick style crystal structures of (a) ZnO, (b) Fe,O3, and (¢) Mn,03

(red is for O atoms).

2.2. Adsorption

Adsorption is a surface interaction process in which adsorbate molecules bind to the
adsorbent either through physical (physisorption) or chemical (chemisorption)
interactions. The three common mechanisms that are involved in the adsorption process
are (1) pore diffusion, (2) film diffusion, and (3) surface reaction (Zhang et al., 2018). As a

standard, if the magnitude of the heat of adsorption is between 5 - 40 k] mol~1, it indicates
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physisorption as the leading adsorption progress. While, if it is between 40 - 125 k] mol ™1,
it indicates the domination of the chemisorption process (Zhou et al., 2014). The
adsorption and degradation efficiency was evaluated using equations 1 and 2, respectively.
Further, understanding this adsorption process by applying the adsorption isotherm and
adsorption kinetics is important. This interpretation leads to an appropriate justification of
the adsorption mechanism and designing an effective adsorption system. For a proper
understanding of the adsorption process, the adsorption isotherm models (equations 3-8)
and adsorption kinetics models (equations 9-13) ought to be used. To study the reaction
dynamics during photocatalysis pseudo-first-order Kinetic equation (equation 14) is used.
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Where, C, & C, are the initial and equilibrium concentrations of MB dye (mgL™1),
respectively; # is the photo decolorization efficiency; q. & q,, are the amounts of
adsorbate accumulated per gram of adsorbent and its maximum uptake (mgg™?),
respectively; V is the volume of adsorbate taken in liter (L), m is the mass of adsorbent
(9); Kp in Langmuir model is the ratio of adsorption and desorption rate constant
(L mg~1); Kg in Freundlich is the distribution coefficient; 1/n is empirical constant related
to the heterogeneity of the surface; B is the constant related to free energy; € is Dubinin-

Radushkevich constant; and qg is saturation capacity; ky is the Temkin equilibrium
constant related to maximum binding-energy; RITT is constant related to the heat of

adsorption and b Temkin isotherm constant, n is the number of ions on adsorption sites, T
is the temperature (K), and R is the universal gas constant (8.314 Jmol~* K~1); 8 (1-
(C./C,)) is fractional surface coverage; kgy is constant for Flory-Huggins model; kgg is
Fowler-Guggenheim constant; w is the energy of interaction; ki is pseudo-first-order rate
constant; k, is pseudo-second-order rate constant; k; is the intraparticle diffusion constant;
C (equation 12) is intercept that gives an idea about boundary layer thickness; m and kj
are Bangham constants; C, and C (equation 14) are the initial concentration of the dye
solution and its residual concentration after irradiation at a time t, respectively; k is

pseudo-first-order kinetic constant (Ayawei et al., 2017).
2.3. Photocatalysis

In recent years, the remediation of hazardous organic contaminants using semiconductor
metal oxide photocatalyst has attracted extensive attention. Next to TiO,, ZnO has been
well-known as a significant photocatalyst material (Akkari et al., 2018; Janotti & Van de
Walle, 2009). Even though photocatalysis using bare ZnO is useful in pollutant
remediation owing to the presence of different defects, several drawbacks make it less
effective. To reduce these drawbacks, forming a heterojunction between different bandgap
metal oxides was suggested to be one of the preferences (Lei et al., 2018; Xiaojuan Li et
al., 2018). Among different metal oxide semiconductors that form a suitable
heterojunction with ZnO, depending on the ideas of regeneration, surface area, and
stability; this work focuses on iron oxide (Fe;O3) and manganese oxide (Mn,O3) materials
(Qamar et al., 2016; Yu et al., 2016). Different analytical techniques that confirm the
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improvement of bare ZnO towards electron-hole recombination, surface area, photo

corrosion, and regeneration are revised.

2.3.1. Presumed mechanism

The band edges position of metal oxides is dependent on the surface charge. To propose
the mechanism of the formation of heterojunction between metal oxides, conducting
photoelectrochemical, spectroelectrochemical, and an electrochemical investigation is a
requirement (Beranek, 2011). Using the reported information from previously reported
works, the general electron-hole separation mechanism of a photocatalyst that supports the
acceleration of the light-induced photocatalytic reaction is given in Figure 2 (Lachheb et
al., 2017; Lin et al., 2015; Pirhashemi et al., 2018).

As seen from Figure 2(a), the first step in photocatalysis is the adsorption of pollutants on
the active sites of the photocatalyst. After adsorption, the interaction of the photocatalyst
with light can generate electron-hole pairs on the CB and VB band of the photocatalyst,
respectively. Due to the reaction of electron and hole with oxygen and water, respectively,
a strong oxidizing agent was produced. Consequently, the created oxidizing agents led to
the mineralization of pollutants to the non-toxic CO,, H,O, and mineral acids. The curved
arrows in Figure 2(a) seem to indicate an escaping of the excited species from the surface
to the bulk solution. Therefore, to remove this misperception, it is advised to modify as
depicted in Figure 2(b)-(d) (Herrmann, 2010).

The electron/hole recombination is the main drawback of bare ZnO without
heterojunction. To have an efficient photocatalyst, forming a precise junction between
metal oxides should be the requirement. As shown in Figure 2(b), among the three main
electronic arrangements of semiconductor metal oxide heterojunctions, the staggering gap
type is recommended as a precise junction for electron/hole recombination hindrance. It is
reported that during the formation of a junction between those oxides, the straddling
energy band structure was expected to be formed. During irradiation; a mismatch between
the metal oxides results and the combination of the two acts as the same bandgap
(Pirhashemi et al., 2018). This can activate the electron/hole recombination process.

Therefore, proper matching of the bandgap between metal oxides is a crucial issue.
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Figure 2. (a) The general photocatalysis mechanism, (b) the three main electronic
arrangements of semiconductor, (c) up and down movement of the Fermi level (FL) after
contact, (d) the depletion layer formed produces an electric field, (e) electron/hole
separation through bandgap engineering of ternary semiconductors (Lachheb et al., 2017;
Lin et al., 2015; Pirhashemi et al., 2018).

As reported, this matching can be clarified in terms of ionic bond strength between metal
ions and oxygen (Abdullah Mirzaie et al., 2012). As an example, the electronegativity
value of Zn, Fe, and O is 1.65, 1.83, and 3.4, respectively. Therefore, the order of ionic
nature becomes the inverse of electronegativity; consequently, the difference in energy

levels between main components of CB s state and VB of O 2P is in the order of Zn > Fe
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> 0. As shown in Figure 2(d), during the formation of the heterojunction when the Fermi
level (FL) of one n-type semiconductor core is in contact with the FL of the other n-type
semiconductor, by up and down movement [Figure 2(c)], the depletion layer created (Roy,
1995). The activated electric field drives the drift of the photogenerated electron and hole
out of the depletion layer and results in the activation of the photocatalytic reaction
(Pirhashemi et al., 2018).

Apart from the binary NCs, recently forming a junction between ternary or multi-
component hetero-structure resulted in a great improvement in photocatalytic reaction. As
explained in both (Anandan et al., 2010) and (Irie et al., 2008) studies, creating a junction
with low bandgap materials has the probability of forming shallow 4s levels. To prevent
these types of hitches, expectantly forming a ternary metal oxide heterojunction or doping
of metal ions becomes the best option. According to bandgap engineering, increasing the
number of metal oxides and forming a precise heterojunction led to fastening the electron
transfer process from one metal oxide to the other. This is due to the adjustment in the
energy levels of the metal oxides. The detailed mechanism towards enhancement of the
photocatalytic ability by combining three components was confirmed by (Chen et al.,
2016) (ZnO/CdS/Ag,S) and (Li et al., 2015) (AgsPO4/ZnFe,04/Zn0). The diagram that
represents the electron/hole pair separation in ZnO/CdS/Ag,S and AgsPO4/ZnFe,04/Zn0O
heterojunction is shown in Figure 2(e). Hence, compared to the binary n-n or p-n
heterojunctions, forming ternary heterojunction in either p—n—n or n—n—n approach showed
great photocatalytic improvement due to the synergistic effect (internal electric field)
(Pirhashemi et al., 2018).

2.3.2. Photocatalytic activity of bare ZnO

During synthesis, optimizing important parameters that are valuable to control the size,
morphology, shape, and efficiency of the photocatalyst is critical. The effects of solution
pH and concentration of nitrate ion on the physical properties of ZnO nanorods (NRS)
were studied by (Singh & Dutta, 2019). The NRs were synthesized using a simple wet
chemical method following the steps listed from equations 15-17. The UV-vis absorption
spectra of ZnO synthesized with a higher concentration of nitrates is showing greater
absorption efficiency. In the FESEM morphological analysis result, as the concentration of

nitrates increases, a shape change from irregular to rod form was observed. At the
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optimized nitrate concentration, the pH optimization test is showing the formation of
smaller particle sizes at a higher pH region. Furthermore, compared to uncalcined ZnO the
redshift on absorption spectra for calcined ZnO indicated to be the complete removal of
unstable Zn(OH), phase.

Zn(N03)2.6H20 + 2NaOH — Zn(OH)z + 2NaNO3 + 6H,0 (15)
Zn(OH); + 2H,0 — Zn?* + 20H" + 2H,0 — [Zn(OH),] * + 2H* (16)
[Zn(OH),] ™ — ZnO + H,0 + 20H" (17)

The possibilities of enhancing the photocatalytic activities of ZnO by controlling its aspect
ratio, areal density, and specific surface area using ethylene glycol (EG) and water as a
solvent and cadmium ions as additive was confirmed (Tian et al., 2019). The obtained
optimum concentration of cadmium ions, volume ratio of EG to water, and the aspect ratio
of mesoporous ZnO NRs that have the highest photocatalytic activity were 2 mM, 1:5, and
53.85, respectively. Besides, ZnO with 2 mM Cd*? was confirmed to be a more porous
material. This porosity has more surface defects and enhances visible light absorption
efficiency. Furthermore, the study conducted by (Vahdat Vasei et al., 2019) also showing
the great effect of fuel to oxidant ratio on photocatalytic activity. As the concentration of
fuels increased, due to the rapid cooling of the product, increasing the gaseous products

and decreasing the particle size were stated.

By using oleylamine as a surfactant and capping agent, (Hu et al., 2018) also confirmed
the complete dependency of the photocatalytic activities of ZnO on the oleylamine ratio.
(Wang et al., 2018) also tested the effects of precursor’s concentration on the
photocatalytic activity of phenol. The selected precursors for their study were sulfate
(ZnS04.7H,0), nitrate (Zn(NO3)..6H,0), acetate (Zn(Ac),.2H,0), and chloride (ZnCl,).
The obtained FESEM images were indicating the dependency of the morphologies and
diameters of each microsphere on the anions of the salt from which it was formed. This
indirectly has great effects on the generation, separation, and transfer properties of
photogenerated electrons and holes. The BET analysis, which shows the textural
properties of the synthesized materials, namely specific surface areas and pore volumes, is
confirming a type IV with Hjz hysteresis loops for all microspheres. This indicates the
formation of slit-like mesopores between the nanosheets. Compared to the other metal

oxides, ZnO synthesized using sulfates as a precursor showed the strongest visible light
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absorption on UV-vis-DRS spectra and the presence of superior oxygen deficiency region

on XPS measurement.

Furthermore, the highest photocurrent density and smaller arc radius on Nyquist plots are
showing the greater electron-hole separation and smaller charge transfer resistance,
respectively. With the help of electron paramagnetic resonance spectroscopy and 5, 5-
dimethyl-1-pyrroline-N-oxide as a spin trapping agent, the formation of 03 and OH*®
radicals was also verified. Using a different stabilizing agent, base, and precursor to base
ratio, (Xie et al., 2011) also synthesized the rod-, needle-, rugby-, and flower-like
morphology of ZnO. The result is also showing a pronounced effect of cation that comes
from the alkali metal hydroxide on the nucleation and growth steps. The effect of the
cation is dependent on the charge density and ionic surfactant.

In addition to the optimization of the above-discussed precursors, conditions, and capping
agent, (Bazazi et al., 2018) studied the effect of milling on the hydrothermal method. The
result indicates that the milling of the precursor before applying the solution method helps
to enhance the surface area. However, (Chen et al., 2014) confirmed the negative effects
of increasing milling time and speed on size and photocatalytic activity. This indicates

that, the necessity of optimizing a suitable milling time and speed.

Furthermore, the effects of increasing calcination temperature of ZnO on morphology,
surface composition, optical property, and photocatalytic efficiency were also studied by
(He et al., 2018). The SEM morphology result shows that as the temperature increases the
rod-like structure becomes thick and shorter. Since increasing temperature led to the
enhancement in the number of available oxygen atoms, but the defective surface oxygen
concentration was found to be lesser. The same result was also obtained on (Junpeng
Wang et al.,, 2012) work. Likewise, in (Byzynski et al., 2018) study, the combined
temperature, reaction time, and solvent effects on the morphology of ZnO were confirmed
by FEG-SEM image analysis. It is also showing that the presence of great impacts on the
optical and photoelectrochemical properties. With the help of the photocurrent response
experiment, (Bai et al., 2013) tested the performance of ZnO calcined at different
temperatures. The obtained result indicates that under visible light irradiation, ZnO
calcined at a lower temperature (400 °C) shows a greater photocurrent value. With the help

of photoluminescence and XPS analytical technique, (Bora et al., 2017) also confirmed
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temperature-dependent surface oxygen vacancy enhancement and visible light-activated
ZnO towards methylene blue dye degradation (Figure 3).

By introducing the presence of inherent defects that reduces the -electron/hole
recombination and possibilities of establishing different morphologies (including 0D, 1D,
2D, 3D), (Achouri et al., 2018) synthesized ZnO NRs for the degradation of orange Il dye
and antibacterial activity against Escherichia coli bacteria. The presence of continuous
lattice fringes with 186 nm in lengths and 20 nm in diameters was characterized by SEM,
TEM, and XRD techniques. The damaged E. coli bacterial strains were confirmed by
SEM, AFM, epifluorescence microscopy, and fluorescence spectroscopy. To the contrary,
(Chen et al., 2014) confirmed the created defects on the surface acting as electron/hole
recombination’s center, thus decreasing the photocatalytic activity. However, through
increasing the calcination temperature, the possibilities of repairing the created defects and
enhancement of the degradation activity were also verified. This may indicate that, the
presence of opposite behavior of forming a defect on bulk and nanoscale ZnO

photocatalyst.

The creation of more oxygen vacancies on the surface of ZnO that acts as an electron
capturing and electron/hole recombination’s hindrance agent was also indicated in (Zhang
et al., 2018) study (equation 18), which was proved on EPR and XPS analysis. ZnO is
synthesized by dry vacuum treatment after loading the pristine ZnO powder into a quartz
tube and placing it in a vacuum drying oven. Unlike that of the commercial ZnO powder,
the appearance of an EPR signal with a g factor value of 2.0035 on synthesized ZnO
powder shows the presence of an unpaired electron trapped in the oxygen vacancies. The

related result was also obtained in (Liu et al., 2014) study.
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Figure 3. (a) normal, (b) expanded in-plane and out-of-plane diffusion of oxygen
vacancies in the ZnO wurtzite crystal view of the ZnO wurtzite unit cell structure (Bora et
al., 2017).

[Zn04]* + [ZnO3.VX] » [Zn04]'+ [ZnOs-V] (18)

Furthermore, enhancing the oxygen-vacancy and photocatalytic performance under visible
light through increasing the BET surface area from 6.7 to 34.5 m?/g was also developed.
Due to the small percentage of the AgsPO, loaded on ZnO, the ZnOnps/ AgsPO4 composite
with a small defect on ZnO showed lower activity under visible light irradiation. However,
increasing the defect through forming ZnOnanosheetsy AgsPO4 composite, the photocatalytic
activity was enhanced due to the synergistic effect. As seen in the mechanism of charge
transfer synergy in Figure 4, both the VB and CB values of AgsPO, are lower than the VB
of ZnO and ZnO oxygen vacancies. Under visible light irradiation, the electrons are
excited from VB of ZnO and AgsPO, to the ZnO vacancies and CB of AgsPO,,
respectively. Through the synergetic effect, the excited electrons move from ZnO
vacancies to the CB of AgsPO, and the hole from VB of AgsPO, to the VB of ZnO. This
can reduce the electron-hole recombination and activate the photocatalytic activity under
visible light irradiation (Jing Wang et al., 2016).

(Miao et al., 2016) synthesized a flower-like 3D ZnO photocatalyst using a simple
hydrothermal method. During synthesis, sodium dodecyl sulfate (SDS) was used as a
capping agent and urea and hexamine as a hydrolyzing agent. The XRD characterization
result shows the presence of Zns(CO3)(OH)s H2O (equation 22) intermediate during the
formation of hydrangea-like ZnO and Zns(CO3),(OH)s intermediate (equation 26) during
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the formation of rose-like ZnO. The SEM-EDS optimization result indicates the great
effects of SDS amount and different solvents on the structure of the final product. The
mechanism of transformation of the precursor to hydrangea- and rose-like ZnO was given
in equations 19-23 and equations 24-27, respectively. Using Zns(OH)s(CO3), that helps as
releasing gas and generating holes, (D. Liu et al., 2014) also synthesized porous ZnO
nanosheet using the solvothermal-annealing method.
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Figure 4. A schematic illustration of the band structure and charge-transfer process of

oxygen defect-rich ZnO coupled with AgsPO, under visible-light illumination (Jing Wang
et al., 2016).

Hydrangea-like ZnO

CO(NHy); + 3H,0 — 2NH3.H,0 + CO; (19)
NHs. H,O - NH} + OH" (20)
CO,+ 20H - C0%™+ H,0 (21)
4Zn** + 60H + CO2™+ H20 — Zny(CO3)(OH)s.H-0 (22)
Zny(CO3)(OH)6.H,0 — 4Zn0O + CO, + 4H,0 (23)
Rose-like ZnO
(CH3)6N4 + 6H,0 - 6HCHO + 4NHj; (24)
NH3.H,O —» NH} + OH’ (25)
5Zn**+ 100H + 2C0; + 2H,0 — Zns(CO3)2(OH)s + 4H20 (26)
Zns(CO3)2(0OH)g —» 5Zn0O + 2CO, + 3H,0 (27)
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The detailed characterization analysis conducted by the EPR spectroscopy shows a strong
EPR signal [Figure 5(a)], UV-vis spectroscopic techniques showing a large absorption tail
in the visible region, and the PL spectra that show strong band defect-related emission
from 450 to 600 nm [Figure 5(b)]. A sharp emission at 388 nm and wide yellow-green
emission at 494 nm represents the intrinsic emission from zinc oxide and a singly ionized
surface oxygen vacancy, respectively. (Guo et al., 2015) work confirms the presence of
oxygen-deficient ZnO (ZnO;.) nanosheets compared to ZnO [Figure 5(c)]. Hence,
extending to visible-light absorption and enhancing the photocatalytic degradation of
methyl orange. This deficient ZnO;.x was synthesized by using the simple hydrothermal
method in the presence of NH4,HCO3; as a CO, creation source. The created CO, oxidizes
metal Zn into ZnO. During synthesis, due to the creation of crystal lattice distortion, the
electron/hole recombination reduced greatly. Furthermore, the intermittent on-off visible
light cycle test, which is used to test the light sensitivity of the photocatalytic activity, also
shows a noble response [Figure 5(d)].

The hydrothermally synthesized high surface area ZnO (25.74 m*g) microarchitectures
showed great photocatalytic activities towards the degradation of methyl orange dye. The
synthesized different citrate ion to Zn®* ratio (0 - 0.1) was characterized by SEM-EDX,
XRD, TEM, HRTEM, and PL analytical techniques. Compared to the other, the 3D
hierarchical ZnO microarchitecture obtained with 0.02 molar ratios of citrate ion shows
enhanced photocatalytic activities. Using PL spectroscopic techniques, the analysis
conducted on 5 x 10% M terephthalic acid in place of methyl orange is confirming the
generation of OH*, this can confirm photocatalytic degradation activity to be due to the
generation of OH* (Lu et al., 2011).

The summarized details of the methods and precursors used, pollutant applied,
characterization results, parameter optimization, and time-taken for the degradation of the
pollutant are presented in Table 1. However, even though the photocatalytic activities a
single ZnO has nice towards the degradation of pollutants, the concept of charge transfer
synergy, regeneration of the catalyst that helps to prevent the secondary contamination of
the photocatalyst itself, photo corrosion of ZnO under UV light irradiation, and sufficient
surface area improvement may not be achieved. Therefore, to improve these key ideas,
forming a heterojunction with low bandgap metal oxides is discussed in the subsequent

sub-sections (2.3.3 to 2.3.6 sub-sections).
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Figure 5. (a) The X-band EPR spectra of the ZnO;_x and ZnO, (b) PL spectrum of the

Zn0i—, (c) charge transfer of the ZnO; and ZnO photocatalyst, (d) intermittent

irradiation at a bias potential of 0.5 V vs. Ag/AgCl (A > 400 nm) (Guo et al., 2015).
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Table 1. The summarized details of the photocatalytic activities of ZnO.

Method Pollutant Precursor Properties Optimization Kinetics Ref.
Zn SgeT, Py, Py D, SEM/TEM, BG TCC) [] m(g) t(min.),
Wet chemical MB & Rh6G Zn(NO3),.6H,0 -, NRs, 2.7-3.6 500 50 0.5 300 (Singh & Dutta, 2019)
Facile solution process MB Zn(Ac),.2H,0 8.670, -, - ~16, NRs,- 350 ~16 0.008 350 (Tian et al., 2019)
Solution combustion MB, MO & RhB Zn(NO3), 141, -, - 8, Honey-comb, 3.18 250 15 0.1 180 (Vahdat Vasei et al., 2019)
Grinding MB ZnO powder - 59 x 300, -, - - ~8 0.05 60 (Sahoo et al., 2019)
Grinding RhB & MB Zn(Ac),.2H,0 -, NRs, 3.18 100 0.05 80&45 (Parita Basnet et al., 2019)
Antisolvent precipitation Crystal violet Zn(Ac),.2H,0 12, -, - 65, Tetrapods, 3.10 500 10 0.15 180 (Franco et al., 2019)
Microalgae chlorella extract  Dibenzo-thiophene  Zn(Ac),.2H,0 - ~20, Spherical, 3.46 50 10 0.01 190 (Khalafi et al., 2019)
Hydrothermal MO Zn(Ac),.2H,0 - -, Astray, 2.1 500 10 0.05 75 (Farooq et al., 2019)
13.54,0.2017, -, quasi-

Ball mill & hydrothermal Phenazo-pyridine ZnCl, 59.59 prismatic, 3.27 80 30 0.1 150 (Bazazi et al., 2018)
Pyrolysis MO &4-nitrophenol  Zn(Ac),.2H,0 - NRs, 3.2 10 0.05 30 (Heetal., 2018)
Facile approach MO Zn(Ac),.2H,0 - -, Conical-column, 3.19 - ~7 0.02 100 (Hu et al., 2018)
Hydrothermal RhB ZnS04.7H20 91,0.41,17.7 8.9, nanosheets, - 300 10 0.02 60 (Wang et al., 2019)
Microwave-hydrothermal RhB Zn(Ac),.2H,0 8.46, -, - -, Flower, 3.22 80 25 0.002 120 (Byzynski et al., 2018)

MO & 35.0,0.2790, - ~25,-,3.2 20
Hydrothermal & microwave phenol Zn(Ac),.2H,0 25.8,0.2147,- ~30,-,31 400 50 1 120 (Jaramillo-Péez et al., 2018)
Vacuum treatment MB Pristine ZnO 6.34, -, - 60, NRs,- 250 4 0.05 50 (Zhang et al., 2018)

Orange Il &
Solvothermal Escherichia coli Zn(Ac),.2H,0 - -, NRs, 3.25 50 10 0.04 210&180 (Achourietal., 2018)
Combustion MO Zn(NQO3).6H,O - 20-45, -, - 700 20 0.085 160 (Bhatia & Verma, 2017)

~32&

Hydrothermal MB & phenol Zn(Ac),.2H,0 - 100 x 1800, NRs, - 250 10 - 240 (Boraetal., 2017)
Spin coating RhB Zn(Ac),.2H,0 - 30, NRs, 3.56 200 10 0.08 275 (Kaviyarasu et al., 2017)
Sol-Gel MO Zn(Ac),.2H,0 - ~23,NRs, - 400 30 0.01 30 (X. Chenetal., 2017)
Deposition MB Zn(Ac),.2H,0 - 160, NRs, - 500 ~4.8 - 240 (Di Mauro et al., 2017)
Ultra-rapid Commercial
solution RhB ZnO 345, -, 30 10-15, nanosheets, - 55 10 0.01 90 (Jing Wang et al., 2016)
Hydrothermal RhB Zn(Ac),.2H,0 37.3,-,3-100 -, flower, - 500 10 0.02 45 (Miao et al., 2016)
High temp. quenching RhB Zn(Ac),.2H,0 3,0.013,20.6 -, NRs, 3.21 600 ~9.6 0.03 42 (Fang et al., 2015)
Soluble-starch-assisted RhB Zn(NQO3,),.6H,O 24, -,50 21, -,3.02 500 5 0.5 240 (Saikia et al., 2015)
Hydrothermal MO ZnCl, - -, hanosheets, 3.15 500 10 0.05 50 (Guo et al., 2015)
Ball-milling MB ZnO 13, -, - - 350 ~9.6 0.025 40 (Chen et al., 2014)
solvothermal-annealing phenol Zn(NQO3),.6H20 39.18,-,5-30  10-30, nanosheets, - 500 20 0.025 70 (Liu et al., 2014)

MB ~9.6
Thermal decomposition MO Zn(Ac),.2H,0 8.6, -, - 24, NRs, 3.44 350 ~9.8 0.5 120 (Saravanan et al., 2013)
Solution phase approach RhB Zn(Ac),.2H,0 - 20-30, spherical, 3.29 60 10 0.15 80(0.0343) (Rahmanetal., 2013)
Direct calcination MB Zn(Ac),.2H,0 6.05, -, - -, Rod, - 600 - - 120(0.022) (Tianetal., 2012)
Hydrothermal MO Zn(NQO,),.6H,O  25.74, -, - -, flower, - 90 20 0.025 40 (Luetal., 2011)

Sger: Specific surface area (m”/g), pv: pore volume (cm3/g), P4: pore diameter (nm); D: crystallite size (nm), []: Concentration (mg/L), BG: bandgap.
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2.3.3. Photocatalytic activity of binary ZnO-Fe,03

Iron oxides have unique magnetic, catalytic, and biochemical properties that make them
suitable for different applications. The common forms of iron oxide that occur as a mineral
compound present in nature are hematite (a-Fe,O3), magnetite (Fe3O4), and maghemite
(y-Fe203). Others synthesized in the laboratory are the beta (8-Fe,O3) and epsilon (e-
Fe,O3) forms. The hematite is the final product of all other thermally decomposed iron
oxide forms. a-Fe,0O3 is n-type semiconducting material that is easily synthesized and has
valuable properties including magnetic, semi-conductive, high thermal stability, high
corrosion resistance, low cost, and good heterogeneous photocatalyst (Machala et al.,
2011).

The solar degradation capacity of ZnO/Fe® and ZnO/Fe,Os; were compared on (Maya-
Trevifio et al., 2015) work. The obtained 2, 4-D degradation result shows the efficiency of
ZnO/Fe® to be much higher compared to ZnO/Fe,Os;. On ZnO-Fe® photocatalyst, a
continuous transporting of electrons produced on the CB of ZnO to the Fe® CB and holes
produced on Fe® towards the VB of ZnO were proposed. Due to this Schottky barrier
effect, a superior electron/hole recombination hindrance was achieved. Iron has two stable
valances, the Fe?* and Fe**. Compared to Zn*? (0.74 A), Fe®* has bigger ionic radii (0.78
A). During synthesis, incorporation of Fe** in ZnO lattice reported the shifting of the XRD
pattern peaks towards a lower 26 value. Or else, if it is appeared as Fe™ (0.68 A) state,

shifting towards the higher 26 value happened.

By taking the cost and harmful environmental effect of organic solvent into consideration,
(Shooshtari & Ghazi, 2017) applied the surfactant-free room temperature synthesis route
for the synthesis of ZnO/a-Fe,O3 nanosheets. The synthesized material has bandgap
energy of 2.31 eV. The photocatalytic degradation efficiency test conducted within 140
minutes on efixime trihydrate verifies the nobility of the synthesized materials. This
greater degradation capability is explained to be due to continuous charge transport
properties. Similar transport properties due to the formation of heterojunction between
ZnO and Fe,O3 were also reported on the salicylic acid degradation experiment (Achouri et
al., 2014). This is interpreted to be the more negative values of both CB and VB of iron

oxide compared to ZnO. Therefore, it acts as a sensitizer during visible light irradiation.
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Using disodium terephthalate and nitroblue tetrazolium scavenging assay techniques they
also confirmed the higher OH* and O3~ production capability of ZnO/Fe,O3 than ZnO.

The non-structural distortion of ZnO due to the formation of heterojunction with Fe,Os
was verified in (Lachheb et al., 2017) work. This indicates that the composite is free from
Fe** incorporation. This means Fe,Os is present as a separate phase by forming only a
local heterojunction. During the photocatalytic investigation, the presence of an interfacial
electron transfer from the dye present on its excited state to the CB of the photocatalyst
was also verified. This can activate the visible light absorption probabilities of the material
through indirect photocatalysis processes. Due to this behavior, the weaknesses of the dyes
to be used as a standard for photocatalyst nobility tests were indicated. Using DRS along
with their correspondent Tauc plots, the bandgap energy value of the composite was
obtained to be 2.9 eV. Compared to bare ZnO (3.2 eV), the higher photocatalytic behavior
of the composite has also been verified through the electrochemical characterization

techniques.

By spraying different volumes of 0.2 M ZnO solution on the pre-synthesized thin-film of
Fe O3 (Suryavanshi & Rajpure, 2018) prepared a distinctive Fe,03/ZnO anode
photoelectrode composite for photocatalytic degradation of benzoic acid. It was
synthesized. The increased behavior of current-voltage with the negative polarity to the
deposited film confirms Fe,03/Zn0O is an n-type semiconductor. The relative hydrophilic
nature of the material was also proved by contact angle (41°) measurement. From the
result, it was clarified that the usefulness of the hydrophobic nature of the photocatalyst
towards enhancement of photocatalytic reaction. Furthermore, the flat band potential of
the materials was also determined from the intercept of the Mott-Schottky plot. The more
negative values of Fe,03/Zn0 than Fe,O3 indicate the greater electron/hole recombination

hindrance capacity of the material.

Via addressing the less usage of renewable natural sunlight as an energy source, the
photocatalytic activities of ZnO coated y-Fe,O3 under daylight illumination were tested by
(Qamar et al., 2016). With the help of the CV voltammogram, the effect of y-Fe,O3; on
cathodic and anodic dissolution of ZnO during irradiation (equations 28 and 29) was also

studied. From the voltammogram study under illumination, the presence of a Zn(OH);™
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peak on ZnO indicates the formation of photo corrosion. While the absence of a
Zn(OH);~ peak on ZnO coated y-Fe,O; composite confirms the prevention of photo
corrosion [see Figure 6(a) and (b)]. This is due to the enhancement of quantum efficiency

and photo-stability of the photocatalyst.
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Figure 6. The comparison of the CV behavior (a and b), EIS spectra (c and d) of ZnO,
ZnO/y-Fe,03 in the dark and under illumination (Qamar et al., 2016).
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Anode: ZnO + 2h{z+ H,0 — Zn2*(solution) + 1/20; (solution) (28)
Cathode: ZnO + 2e~ — Zn?*(solution) + 20~ (surface) (29)

This photo corrosion protection is reported to be due to the continuous transfer of holes
created on ZnO that causes oxidation to the VB of Fe,Os. Through the help of the EIS
study [Figure 6(c) - ()], they also confirmed the presence of greater charge transfer
synergy for ZnO coated y-Fe,O3 than single ZnO. Conducting the magnetically recovering
study, due to the presence of y-Fe,Os, the possibility of recovering almost 99 % of the
photocatalyst was obtained. After the IV" and V™ cycle regeneration test only a 2%

reduction was observed.

As generalized by (Xie et al., 2015), the improved photocatalytic activity of ZnO/a-Fe;O3
compared to bare ZnO is due to (i) the formation of narrow bandgap, (ii) improved optical
absorption range, (iii) enhanced surface area to volume ratio, (iv) greater adsorption of
reactant and diffusion of product, and (v) fewer electron-hole recombination due to the
transfer of electron and hole from one to the other. The summarized forms of the above

discussed and some other additional ZnO-Fe,O3 works are presented in Table 2.
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Table 2. A review in the photocatalytic activity of binary ZnO—Fe,0:s.

Method Pollutant Precursor Properties Optimization Kinetics Ref.
D, SEM/TEM,
Zn Fe SgeT.pvPs BG TC°C) T[] m(g) t(min.)

2,4-Dichloro- (Maya-Trevifio et al.,
Sol-Gel Phenoxyacetic Zn(Ac);.2H,0  Fe(CsH;0,)3 20.9,-,- 22.6,-,2.8 450 10 05 - 2015)

Cefixime (Shooshtari & Ghazi,
Hydrothermal Trihydrate Zn(NO3),.6H,0 Fe(NO3)3.9H,0 - 35,-,2.31 25 10.11 041 127 2017)
Facile Synthesis Salicylic Acid Zn0O FeCl;.6H,0 - 100 10 0.03 120 (Achouri et al., 2014)
Solid-State 16, Nanoflower, (Abdullah Mirzaie et al.,
Reaction Congo Red Zn(Ac);.2H,0  a-Fe,04 23, -, - Redshift 25 50 083 - 2012)

MB & Benzoic 10-60, 30 &
Sol-Gel Acid Zn(Ac);.2H,0  Fe(NO3)3-9H,0 20, -, - Hexagonal, 2.9 550 10 1 120 (Lachheb et al., 2017)
Hydrothermal- 60-78, Core-
Sintering Ciprofloxacin ZnO FeS0O,.7H,0 133, -, - Shell, - 450 10 05 - (Li, Zhang, et al., 2017)
Photochemical
Deposition MB ZnCl, FeCl3-6H,0 - -, Tubular, - 400 3.2 - 60 (Yanjun Liu et al., 2015)

(Suryavanshi & Rajpure,
Spray Pyrolysis Benzoic Acid Zn(Ac),.2H,0  FeCls - 44, Petal, 2.65 500 122.1 - 325 2018)
56, Core/Shell, (Karunakaran &

Hydrothermal MB Zn(Ac),.2H,0  Fe,04 - 3.2 500 - - 60 Vinayagamoorthy, 2017)

Chlorophenol

Derivatives Fe,SO, - 33, Irregular, - 400 50 0.75 300 (Qamar et al., 2016)
Precipitation RhB Zn(NQs),. H,O  FeCls.6H,0 - - 30 400 5 1 150 (Yang etal., 2018)
Hydrothermal MO Zn(Ac),.2H,0  Fe(NO3)3-9H,O - -, Spindle, - 25 10 0.03 140 (Yanetal., 2011)
Impregnation
Deposition RhB Zn(Ac),.2H,0  Fe(NOs3)3 - -, NRs, - 400 5 0.02 150 (Yin etal., 2014)

Pentachloro- 37.6,-, 30 x 1370,
- phenol Zn(NQOs),. H,O  Fe(NO3);. H,O 9.6 Flower, - - 10 0.15 - (Xie et al., 2015)

Seer: Specific surface area (m?/g), py: pore volume (cm®g,, Py: pore diameter (nm); D: crystallite size (nm), []: Concentration (mg/L), BG: bandgap.
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2.3.4. Photocatalytic activity of binary ZnO-Fe;0,

Nowadays, reducing nanotoxicity through recycling of the photocatalyst was getting
attention. Mostly this is working by overturning metal oxides to have magnetic properties.
Magnetite (FesO,) that has an inverse spinel structure has unique magnetic and electric
properties (Yan et al., 2009). The significant influences of microwave reaction time and
magnetite percentage on the 4-nitrophenol pollutant degradation ability of Fe;04/ZnO NPs
were studied by (Liu et al., 2019) The material was synthesized by solvent-thermal
techniques. The result indicates that, increasing the percentage of FesO, increases the

magnetic properties and size of the materials.

As suggested by (Atla et al., 2018), instead of only forming heterojunction between Fe;O.
and ZnO, coating of FesO4 with SiO, and functionalizing it by (3-aminopropyl)
triethoxysilane confirmed the enhancement of crystallinity, diminishing of the
aggregation, and better degradation efficiency of methylene blue. The absorption study
indicates that the presence of silica has greater absorption efficiency compared to both

Fe304/Zn0 and Fe304/Zn0O with (3-aminopropyl) triethoxysilane.

Fernandez and his co-workers also synthesized ZnO/Fe;O4 NC photocatalyst for the
degradation of antibiotics (Fernandez et al., 2019). As seen in equation 30, they verified
the creation of extra OH* as an additional organic contaminant oxidizing agent. With the
help of orange Il model dye, the creation of OH}4,, OH},4, and hole species by
Fe304/ZnO NC were confirmed during UVA-assisted photodegradation studies. The
genotoxic property of the photocatalyst was also tested by incubating DNA with
Fe304/ZnO composite. The result indicates that only 1.6% of DNA degradation was
obtained. Therefore, it was concluded that no significant genotoxicity is present. Since
most of the semiconductors have amphoteric properties, the significance of optimization
of the pH of the solution that affects the particle interaction and stability of the surface was
also embodied. When the pH is below the point of zero charges (PZC) of the material
(Fatehah et al., 2014), the surface becomes positively charged and when it is above the

point of zero charges it becomes negatively charged, as seen in equations 31 and 32.
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H,0,+ Fe** + H'— Fe*" + OH" + H,0 (30)
=Zn—0OH + H" & =ZnOH," (31)
=Zn—OH + OH & ZnO + H,0 (32)

However, (Fernandez et al., 2019) found the PZC value of synthesized composite to be at
pH 3, the specified reason for this is due to the presence of acetate groups as ligands on the
surface of the composite. Therefore, this indicates that the PZC value becomes dependent
on groups attached to the oxide materials. The hybrid Fe3O4-ZnO NPs synthesized by
(Patel et al., 2017) also showed the great dependency of Fe;04, ZnO, and NC on the pH of
the solution. On the ICP-OES analysis, at a lower pH value, the dissolution of both Fe3z0O4
and ZnO was observed. Consequently, this led to the suppression of photocatalytic
activity. However, as the pH increases, reducing the dissolution rate were observed. The
same justification was also observed in (Xia et al., 2011) work. Moreover, the dependency
of the effects of pH on PZC values of the semiconductor and types of pollutants was also
studied (Safari et al., 2014).

As explained by (Xia et al., 2011), the degradation ability of the pollutant has a great
dependency on the dosage of the photocatalyst. As the amount of dosage increases, since
the number of active sites also increases, it is expected that the degradation efficiency to
be enhanced. Further increasing the dosage above the optimum point, diminishing the
photocatalytic activity was observed. This is explained to be due to the formation of
turbidity that prevents light penetration ability. After discussing the interpretation of
several researchers on the effects of concentration of the pollutant, (Safari et al., 2014)
obtained the absorption of a large number of water molecules that led to producing
hydroxide radicals at low pollutant concentrations. However, as the concentration of the
pollutant increases, the absorption of water molecules is reduced. Furthermore, by
indicating the scavenging negative effects at higher concentrations, the optimization study
on H,0, by (Fernandez et al., 2019) confirmed the electron/hole recombination hindrance

abilities and acting as a strong oxidizing agent at optimized value.
The concept of controlling and modifying the specific morphology of the catalyst through

regulating the amount of iron precursor, hexamethylenetetramine, and urea was explained

in (Xu et al., 2014) work. The synthesized Fe;04/ZnO via a one-step synthesis route for
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degradation of Rhodamine B dye indicates, applying a higher percentage of iron
precursors above the optima can create a complete lattice distortion of the regular
monodispersed micro-rods structure of ZnO. Adding hexamethylenetetramine (HMTA)
shows size improvement on both in diameter and length of the pencil-like NRs. The
presence of HMTA is also used to cut off the contact between Zn*? ions and ZnO crystal
that distort the polar (001) face for epitaxial growth. The addition of urea also shows
improvement from irregularly agglomerated shapes of hexagonal rods to the regular less
agglomerated shape. Therefore, it acts as a surfactant and is used to tune the growth of the
material in a different direction. However, increasing above the optima led to further
facilitating agglomeration. From the result obtained, they concluded that the presence of
Fe304 can assist for further improvement of active sites that help for the adsorption of both

inorganic and organic pollutants.

The hydrothermally synthesized Fe304/ZnO nanosheets by (Karunakaran et al., 2014)
show the perfect implementation of Fe3O4 in the ZnO shell. As seen in Figure 7(a), unlike
that of ZnO, the magnetic hysteresis curves of Fe;04/ZnO show the superparamagnetic
nature of the photocatalyst. Therefore, this enhances the chances to recover all of the
photocatalysts from the dispersed medium. As seen in Figure 7(b), the less charge carrier
resistance properties of Fe304,/Zn0O were verified by solid-state impedance spectroscopic
techniques via the Nyquist plot, compared to ZnO. Furthermore, the deep level emission
that occurs due to extrinsic and intrinsic structural defects and near bandgap emission
which arises due to electron/hole recombination was observed on the photoluminescence
spectra. The spectra show the violet, blue, green, and yellow emission. Blue emission
occurs due to electron transmission from shallow donor levels of Zn interstitials and
oxygen vacancies to the VB. The green and yellow vacancies arise due to the vacancies

and defects of oxygen.

The morphological effect of forming tetramethylammonium hydroxide (TMAH) and citric
acid (CA) surfactants bond on the surface of the NPs were examined by (Feng & Lou,
2015). The SEM images of Fe304/Zn0O linked with TMAH shows dense and smaller
particle size compared to the link formed with CA. This is explained to be due to the more
positive zeta potential values of Fe3O4 with TMAH than Fe;O,4 with CA. This means the
more positively charged FesO, (TMAH) NPs attracted more towards the negatively

charged [Zn(OH)4]%, compared to FesO4 (CA). Furthermore, the repulsive force between
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the same charge of CA and acetate from the precursor prevents the attraction between the
two. The summarized forms of the above discussed and some other additional ZnO-Fe304
works are presented in Table 3.
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Figure 7. (a) Magnetic hysteresis curves, (b) solid-state impedance spectra of Fe304/ZnO
and ZnO nanosheets and precursor Fe3O4NPs (Karunakaran et al., 2014).
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Table 3. A review in the photocatalytic activity of binary ZnO—Fe30..

Method Pollutant Precursor Properties Optimization Kinetics Ref.
D, SEM/TEM,
Zn Fe SgeT, Py, Py BG TC°C) T[] m(g) t(min.)
200-800,
27.52,0.07,  Spherical,
Solvent-Thermal 4-Nitrophenol Zn(Ac),.2H,0 FeCl;.6H,0 14 3.22 160 30 - 120 (Liu etal., 2019)
- MB Zn(NQs),.6H,0  FeCl;-6H,0 - -, sugar apple, - 50 5 0.5 60 (Atla et al., 2018)
Facile Surfactant-  Escherichia 200-600,
Free Coli&Phenol Zn(Ac),.2H,0 FeCl;-6H,O 43, -, - spherical, - 30 10 0.024 180 (Singh et al., 2013)
Zn(NOs); . FeSQO,.7H,0
Co-Pre- Cipitation RhB 6H,0 FeCl; .6H,O - -, NRs, - 60 479 0.015 35 (Wang et al., 2015)
FeCl;-6H,0 200-300, (Fernandez et al.,
- Antibiotics Zn(Ac),.2H,0 FeSO,-7H,O - spherical, - 25 50 0.1 240 2019)
One-Step 100-200, micro-
Synthesis Route RhB Zn(NQg),. 6H,0 FeCl;.6H,O0 - rods, - 500 10 0.03 40 (Xu et al., 2014)
FEC|3'6H20
Hydrothermal MB Zn(Ac),.2H,0 FeCl,-4H,0 - -, rod shaped, - 140 10 180 (Goyal et al., 2018)
(Karunakaran et al.,
Hydrothermal MB Zn(Ac),.2H,0 Fe;O, - -, nanosheets, - 500 60 2014)
Precipitation MB Zn(Ac),.2H,0 Fes04 - 21.4, cubic, 2.9 25 50 051 90 (Patel et al., 2017)
Solvothermal MO Zn(Ac),.2H,0 FeCl;-6H,0 - -, -, red shift 10 19.64 0.03 60 (Xiaetal., 2011)
Methyl Tert-Butyl FeCl;.6H,0
Precipitation Ether Zn(Ac),.2H,0 FeS04.7H,O - - - 89.14 178 - (Safari et al., 2014)
FeCl,.4H,0  95.6,0.19,
- Phenol Zn(Ac),.2H,0 FeCl;.6H,O0 5.8 34,-,3.3 25 20 0.325 150 (Feng & Lou, 2015)
FEC|3.6H20
Precipitation Phenol Zn(Ac),.2H,0 FeS0,.7H,O - 48, core/shell, - 550 100 1 300 (Nikazar et al., 2014)

Seer: Specific surface area (m/g), py. pore volume (cm®/g,, Py: pore diameter (nm); D: crystallite size (nm); BG: bandgap, []: Concentration (mg/L), BG: bandgap

35



2.3.5. Photocatalytic activity of binary ZnO-Mn, O

A manganese oxide semiconductor also has several favorable properties. It has different
crystalline polymorphs including MnO, Mn3;0,4, Mn;03, MnsOg, and MnO, (Guorui Yang
et al., 2014). Among them, a-Mn,O3 finds a wide range of photocatalytic applications both
in the amorphous and crystalline states (Moharreri et al., 2018). Furthermore, because of
its low charge transfer resistance and multitudinous defects, manganese oxides can form a
heterojunction with ZnO and enhances the e and h* separation route. In the nanosized
range, a-Mn,O3; can enhance the adsorption capacity of the pollutants during
heterojunction (Zhao et al., 2017). There are obvious ionic radius differences between
Zn?* (0.074nm) and Mn** (0.053 nm). Therefore, instead of doping, forming a
heterojunction between MnO, and ZnO was suggested (Yu et al., 2016). The formed
heterojunction was synthesized using the co-precipitation method. As seen in equations
33-38, due to the high concentration of Zn*?, the addition of base can form the Zn(OH);
and [Zn(OH)4]* species. Further reaction of these products in the presence of H,O, can
form a ZnO nucleus. Due to the formation of ZnO, a large number of OH released and
react with a smaller concentration of Mn*? to form Mn(OH),, MnO(OH),, and then MnO
by applying heat. The performance of the synthesized MnO,/ZnO photocatalyst was tested
on the degradation of Rhodamine B dye.

Zn** + OH = Zn(OH), (33)
Zn(OH), + OH = [Zn(OH)4]* (34)
[Zn(OH)4]* + Zn(OH), + H20, = ZnO nuclei + H,0 + OH (35)
Mn*2 + OH - Mn(OH), (36)
Mn(OH); + Mn(OH); = MnO(OH), + H,0 (37)
MnO(OH); + heat -» MnO, + H,0 (38)

Using the facile synthesis method, (Wang et al., 2019) synthesized ZnO-MnO, NC for the
photocatalytic degradation of tetracycline. Compared to ZnO, the greater absorption
intensity on UV-vis-DRS, greater surface area, and a smaller radius of the EIS arc of ZnO-
MnO, composite indicates its superior catalytic abilities. The smaller the arc radius of the
EIS spectra indicates the faster the interface charge transfer rate, so the improved
photoelectron-hole pair’s separation efficiency. This charge transfer efficiency was also

further confirmed by comparing the spectral intensity of PL. The smaller intensity for

36



ZnO-MnO; relative to ZnO indicates the presence of reasonable electron/hole
recombination prevention performance. The involvement of radical species in
photocatalytic activity was also tested by ESR measurement. The obtained strong signal
for both OH" and O, indicates the involvement of those species. Moreover, compared to
ZnO, due to the luminous energy absorption ability of MnO,, the simulated photothermal
conversion (1 hr) result shows a better absorption capacity of the ZnO-MnO, composite,
The summarized forms of the above discussed and some other additional ZnO-Mn,Oy

works are presented in Table 4.
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Table 4. A review in the photocatalytic activity of binary ZnO—Mn,O,..

Method Pollutant Precursor Properties Optimization Kinetics Ref.

SgeT, Py, D, SEM/TEM,

Zn Mn Py BG TCC) T[] m(g) t(min.)

Coprecipitation RhB Zn(Ac),.2H,0  Mn(CH3CO,),-2H,0 - -, NRs, 3.06 600 - - 20 (Yuetal., 2016)

17.33, -, (Wang et al.,
Facile Tetracycline Zn(Ac);.2H,0  KMnOy - -, NRs, 3.21 500 10 0.125 80 2019)
Impregnation & 4-Bromo And (Qamar et al.,
Coprecipitation 4Chlorophenol ZnO Mn(NQs),-4H,0 - -3 - 50 0.004 240 2017)
Thermal (Saravanan et al.,
Decomposition MB & MO Zn(Ac),.2H, O Mn(C2H;0,),. 4H,O  2.8,-,- -, NRs, 350 959 05 210 2014)

32 x 38, core- (Li, Tian, et al.,

Hydrothermal Cr(VI) Zn0O MnCl,-4H,0 198, -, - shell - 10 0.15 120 2017)

Seer: Specific surface area (m?/g), py: pore volume (cm/g,, Py: pore diameter (nm); D: crystallite size (nm), []: Concentration (mg/L), BG: bandgap
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2.3.6. Photocatalytic activity of ZnO based ternary metal oxides

It is reported that combining the equivalent or different bandgap metal oxides materials
can improve the surface area and the continuous charge transfer capacity of the materials.
(Lei et al., 2018) confirmed the ability to prevent electron/hole recombination, wide
visible light absorption, thermal stability enhancement, and so the photocatalytic
improvement through forming a ternary heterojunction between CeO,, Fe;Os, and ZnO.
The heterojunction was performed on the polyimide substrate using the direct ion
exchange method. Compared to binary heterojunction, the observed superior redshift with
an approximate bandgap energy value of 1.6 eV approves the improvement of visible light
absorption efficiency.

(Xiaojuan Li et al, 2018) also verified the extended visible light activity of
Fe,03/Zn0O/ZnFe,04 heterojunction. It was confirmed that, due to the reaction of Fe,0s;
and ZnO, the formation of ZnFe,O, which has high visible light absorption ability is
highly dependent on the calcination temperature. As the calcination temperature increases,
the formation of ZnFe,0O, also increases. The growth of ZnFe,O,4, which has approximate
bandgap energy of 1.9 eV is highly important for the absorption of abundant visible light
and total separation of the generated electron/hole pairs. The proposed mechanism
indicates that during degradation electrons are transported from ZnFe,O, to Fe,O3; and
then to the ZnO, whereas, the holes move from Fe,O3 to ZnFe,04. The direct relationship
between temperature and formation of Zn-based impurity (ZnTiO3) was also observed on
the ternary SnO,/ZnO/TiO, composite study (Guidong Yang et al., 2012). However,
increasing the temperature for the formation of these impurities may lead to increasing the
particle size. This may lead to decreasing absorption and photocatalytic activity. The
summarized forms of the above discussed ZnO-based ternary oxides heterojunctions are

presented in Table 5.
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Table 5. A review in the photocatalytic activity of ZnO-based ternary metal oxides.

Method Pollutant Precursor Properties Optimization Kinetics Ref.
Seer, Py, D,
Zn P2 P3 Py SEM/TEM,BG  T(°C) [] m(g) t(min.)
(Hoseinpour &
Facial RhB ZnCl, Mn(CH;COO), CuS0,.5H,0 - -, Cubic, - 80 30 - 45 Ghaemi, 2018)
155, -, hanosheet, -
Solvothermal RhB, Cr(VI) - - - 0.3,6.1 2091 400 - - 150 (Yuetal., 2019)
(Taufik et al.,
Sol-Gel MB ZnS0,.7H,0 FeSO,4.7H,0 CuS0;,. 5H,0 - -, spherical, 2.9 100 20 0.03 120 2015)
lon Exchange MO Zn(NOg3),-6H,0 Fe(NO3),-6H,0 Ce(NO3);-6H,0 - - ,spherical, 1.6 550 16.35 0.3 12 (Lei et al., 2018)
53,-,5- 600, Shuttle, (Xiaojuan Li et
Hydrothermal RhB Zn(NO3),.6H,0 Fe(NO3)3.9H,0 - 20 2.33 500 20 0.03 60 al., 2018)
Multistep FeS0,.7H,0 (Bian et al.,
Precipitation RhB Zn(Ac),.2H,O  FeCl;.6H,0 Si(OC,Hs),4 160, -, - 300, chestnut, - 25 6.17 0.015 80 2015)
44.8, (Yang etal.,
Precipitation MO Mn(NOs), FeCl;-6H,0 Si(OC,Hs),4 0.12,10 -, Core-shell,- 300 20 0.1 60 2015)
One-Step MB & (Tedlaetal.,
Impregnation Sewage Zn(NQs),-6H,O Fe(NOs),-6H,O0 MnO, - - - 2.75 400 10 0.125 120 2015)
CO,to
N719 Methanol Zn(NQs),-6H,0  Fe(NO3)s-9H,0 TiCy, 178 -, Flower, 2.62 800 - - 180 (Xiaetal., 2016)
Oxidation of 166, (Yuxian Wang et
- phenol ZnCl, FeCl, KMnO4/MnO, 0.161,- -, Flower, - 60 20 0.1 al., 2014)
-, solid (Guidong Yang
Sol-Gel MO Zn(Ac),.2H,0 SnCl,-5H,0 C16Ha0O,4Ti - particle, 2.95 400 10 0.15 300 etal., 2012)
16.0, -, (Wang et al.,
Co-Precipitation MB Zn(Ac),.2H,0  FeCls Rectorite - 6-35, 5 0.9 150 2018)

Sger: Specific surface area (m?/g), pyv: pore volume (cmslg), Pq: pore diameter (nm); D: crystallite size (nm), []: Concentration (mg/L), BG: bandgap.
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2.4. Dyes

Dyes find numerous applications in our daily life in clothing, food, paper, leather,
cosmetics, plastics, drugs, electronics, and printing. Nearly 80% of the synthetic dyes
produced in the world are consumed by the textile industry. One of the major bottlenecks
in the textile industry is dye fixation, i.e., spent dye baths, residual dye liquors, and water
from washing operations contain dye in the hydrolyzed and unfixed form. Nearly 10% of
the dyes are discharged into the effluent as a result of this process. Conventional treatment
of wastewater results in 70-80% of pollutant degradation. However, maintaining the
organic carbon load in the effluent needs attention. Biodegradation methods are effective
in reducing the biological oxygen demand of the effluent, but reducing the chemical
oxygen demand and toxicity to permissible levels is also a challenging task. Hence, the
role of heterogeneous advanced oxidation processes in the degradation of dye wastewaters
is very critical (Vinu & Madras, 2010).

There are many ways to classify dyes in terms of method of application, color, and
structure. But the application classification is often favorable due to the extent and
complexity of the nomenclature of color from the system of chemical structure. Dyes are
usually categorized according to the charge of the particle upon dissolution in an aqueous
solution such as anionic (acid, reactive, and direct dyes), cationic (all basic dyes), and non-
ionic (dispersed dyes). Based on the functional group that constitutes the dyes, dyes are
classified as azoic, anthraquinone, heteropolyaromatic, aryl methane, xanthene, indigo,

acridine, nitro, nitroso, cyanine, and stiloene (Ahmed, 2016; Yagub et al., 2014).

The degradation of a dye can be characterized in two ways: percent decolorization and
percent mineralization. Decolorization refers to the reduction in the concentration of the
parent dye molecule under consideration at its characteristic wavelength but does not refer
to the complete removal of the organic carbon content. This is due to the formation of
colored dye intermediates, which absorb at different wavelengths. Hence, complete
degradation or mineralization occurs when all the organic carbon is converted to CO,
(Houas, 2001; Modirshahla et al., 2007).
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2.4.1. Methylene blue dye

Methylene blue (Ci16H1sCIN3S, MB) is a commonly used substance for dying garments
such as cotton, wool, and silk (Tan et al., 2008). The IUPAC name of MB is [7-
(dimethylamino) phenothiazin-3-ylidene]-dimethylammonium chloride. The molecular
structure of methylene blue is given in Figure 8(a). It can cause eye burns which may be
responsible for permanent injury to the eyes of humans and animals. Due to its known
strong adsorption onto solids, MB often serves as a model compound for removing dyes
and organic contaminants from aqueous solutions (Hameed et al., 2007). Although not
strongly poisonous, MB can have some harmful effects on human beings (Sheng et al.,
2009). Inhalation of MB dye can give rise to short periods of rapid or difficult breathing
while ingestion through the mouth produces a burning sensation and may cause nausea,
vomiting, profuse sweating, mental confusion, and methemoglobinemia (Hofmann et al.,
1966; Tan et al., 2008). Therefore, the treatment of effluent containing such dye is of

interest due to its harmful impacts on receiving waters.

2.4.2. Congo red dye

The congo red (CsH22NgNa;S,06, CR) is an anionic secondary organic diazo dye with
complex aromatic structures, which make the dye more stable and non-biodegradable, and
hence the removal process is quite difficult. The ITUPAC name of CR is 1-naphthalene
sulfonic acid, 3, 3-(4, 4- biphenylene bis (azo)) bis (4-amino disodium) (Nayak et al.,
2020). The molecular structure of CR is given in Figure 8(b). It is highly soluble in water
and exists as a brownish-red crystal. It is stable in air with a solubility of 1 g/30 mL in
water and even a small concentration of it is carcinogenic to aquatic life. It creates
problems in the skin, respiratory system, eyes, and reproductive system as well (Mittal et
al., 2009). Therefore, to control the hazardous effects of CR dyes on human health, the
environment, and aquatic life, it is essential to minimize or remove the traces of CR dye

concentration from dye contaminated water before their discharge.

2.4.3. Acid orange-8 dye

Acid orange 8 (Ci7H13N2NaO4S, AO8) also belongs to the azo dye family, which is a

highly soluble pollutant found in textile wastewater and has a high resistance to photo-
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oxidation. The IUPAC name of AO8 is sodium; 4-[(2-hydroxy naphthalene-1-yl)
diazenyl]-3-methyl benzenesulfonate. The molecular structure of acid orange 8 is given in
Figure 8(c). It accounts for over 50% of the world’s annual production of one million tons
of dye. It exists in their hydrazone tautomeric forms, which exhibit good stability. AO8 is
resistant to photo-oxidation and chemical oxidation. The aromatic amines are the principal
products of cleavage of the azo group, and these are potentially mutagenic and
carcinogenic (Elizalde-Gonzalez & Garcia-Diaz, 2010; Guaratini & Zanoni, 2000). As a
strong electrolyte, AO8 dissociates completely and is used in the dyeing process. AO8 was
one of the ten detected dyes in water samples from municipal and industrial wastewater
treatment plants in Northern Italy in 2002, together with phenols, carboxylic acids,
aromatic sulfonates, aromatic amines, pharmaceuticals, and surfactants (Elizalde-Gonzélez
& Garcia-Diaz, 2010; Loos et al., 2003).
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Figure 8. The molecular structure of (a) methylene blue, (b) congo red, and (c) acid

orange 8 dyes.
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2.5. Parameter Optimization

2.5.1. Effect of pollutant concentration

It is important both from a mechanistic and an application point of view to study the
dependence of substrate concentration on the photocatalytic reaction rate. Catalyst dosage
and concentration of pollutant optimization have similar plot flow properties. As the initial
concentration of the dye increases, the efficacy of dye adsorption decreases according to
the saturation of adsorption sites on the surface of the adsorbent. At a low concentration of
dye, there will be unoccupied binding sites on the surface of the adsorbent and when the
initial concentration of dye increases, there will be insufficient sites for the dye molecules
to adsorb, so decreases the removal efficiency (Robati et al., 2016). Besides, an increase in
substrate concentration can lead to the generation of intermediates, which may adsorb on
the surface of the catalyst. Slow diffusion of the generated intermediates from the catalyst
surface can result in the deactivation of active sites on the photocatalyst and result in a
reduction in the degradation rate. At low concentrations, the number of catalytic sites will
not be the limiting factor and the rate of degradation will be proportional to the substrate
concentration, under apparent first-order kinetics (Ahmed, Rasul, Brown, et al., 2011;
Herrmann, 1999)

2.5.2. Effect of catalyst dosage

During the photocatalytic degradation experiment, the amount of photocatalyst is
dependent on the type and dimensions of the reactor as well as the type and concentration
of pollutants. The initial rates of reaction were found to be directly proportional to the
mass m of the catalyst, which is known as the true heterogeneous catalytic regime. Above
a certain value of m, the point at which all the particles are illuminated, the reaction rate
levels off and becomes independent of m. This limit depends on the geometry and the
working conditions of the photoreactor (Haque et al., 2006). Loading of the catalyst above
the optima also leads to the screening effect of excess particles or non-uniform light
intensity distribution, which covers the photosensitive part. Also, loading above the
optima results in the agglomeration/agglomeration between the NPs, which results in a
reduction of surface active sites for light absorption and hence a drop in the photocatalytic
degradation rate (Adesina, 2004; Herrmann, 1999).
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During the optimization of catalyst mass m and initial concentration of pollutants, up to
the formation of the plateau the reaction rate r has a linear relationship to both the mass of
the catalyst and concentration of the pollutant (Herrmann, 2010). This is due to the

availability of free active sites n; on the surface, which is calculated by equation 39:

ng=mx SEBT X dS (39)

where Sger is the specific surface area of the catalyst and ds is the areal density of the sites
whose maximum value is estimated to be < 5x10™® m?/g (Boehm, 1966). However, an
excess of the catalyst will produce negative effects due to particle aggregation and an
increase of solution opacity, which will reduce the effective path length of the radiation
(Xia et al., 2011).

2.5.3. Effect of solution pH

An important parameter in the photocatalytic reactions taking place on the particulate
surfaces is the pH of the solution since it dictates the surface charge properties of the
photocatalyst and the size of aggregates it forms (Haque et al., 2006). The pH has been
considered an important factor affecting the transformation of pollutants in the natural
environment. Solution pH can not only change the speciation and chemical characteristics
of pollutants but also affect the characteristics and existing forms of surface functional
groups of reaction media, this is explained to be due to the change of pH has a significant

effect on the absorbance of dissolved organic matters (Gao et al., 2015; Jin et al., 2017).

Characteristics of organic pollutants in wastewater differ greatly in several parameters,
particularly in their speciation behavior, solubility in water, and hydrophobicity. At pH
below its pKa value, an organic compound exists as a neutral state. Above this pKa value,
the organic compound attains a negative charge. Some compounds can exist in positive,
neutral, and negative forms in aqueous solutions. This variation can also significantly
influence their photocatalytic degradation behavior. The surface charge of the
photocatalyst and the ionization or speciation (pKa) of an organic pollutant can be
profoundly affected by the solution pH (Ahmed, Rasul, Martens, et al., 2011).

The interpretation of the pH effect on the photocatalytic process is a difficult task because

of its multiple roles, such as electrostatic interaction between a semiconductor surface,
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solvent molecules, substrate, and charged radicals formed during photocatalytic oxidation.
Besides, the protonation and deprotonation of the organic pollutants can take place
depending on the solution’s pH. Sometimes protonated products are more stable under UV
radiation than their main structures (Ahmed, Rasul, Brown, et al., 2011). Therefore the pH
of the solution can play a key role in the adsorption and photocatalytic oxidation of
pollutants. The ionization state of the surface of the photocatalyst can be protonated
(=M — OHJ) under acidic conditions and deprotonated (=M — 0~) under alkaline
conditions (Haque et al., 2006). Furthermore, the adsorption of a water molecule on the
surface of metal oxides results in the formation of hydroxide layers (= M — OH).
Depending on this theoretical assumption, optimizing the pH of the solution in which it
forms the required interaction with targeted pollutants is important. Due to the large photo
adsorption coefficient values of dye pollutants, it may not be possible to show a turnover
of the photocatalyst, therefore standardization of the photocatalyst using dye may not work
(Bendjabeur et al., 2017; Ohtani, 2010).

Besides, the presence of external oxidizing agents/electron acceptors like KBrOs,
(NH4)2S20s, and H,0, can improve the photocatalytic degradation of organic compounds
attributed to the increasing of the OH" concentration and other oxidizing species to
accelerate the degradation efficiency of intermediate compounds (Nguyen et al., 2020;
Rajeshwar et al., 2008; Vinu & Madras, 2010). This is because the formation of these
radicals can inhibit the electron/hole recombination by adding other (irreversible) electron
acceptors to the reaction and improve photodegradation efficiency through the following

equations (Haque et al., 2006).

BrOz can generate BrO3; and Br~ depending on the number of mole of egg and H*
(equations 40 and 41).

BrO3 + ecg + 2H* — BrO3 + H,0 (40)
BrO3 + 6ecg + 6HY — [BrO;,HOBr] — Br~ + 3H,0 (41)

S,05 can generate sulfate radical anions SO}~ both thermally and photolytically in an
aqueous solution. SO;~ then reacts with H,O to produce OH’ radicals (equations 42 and

43).
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S,05 + ecg — SO;~ + SO03%~ (42)
SO;,” + H,0 - S0?™ + OH® + H* (43)

H,0, can also generate OH’ radicals by reacting with superoxide ions (equation 44).

H,0, + 03 - OH'+ OH™ + 0, (44)

When the concentration of H,O; is above the optimum, the quenching of the hydroxyl
radicals results and decreases the degradation rate (equations 45 and 46). This indicates
that careful optimization of oxidant concentrations is necessary for enhancing
photocatalytic activity (Vinu & Madras, 2010).

H,0, + OH* - 3H,0 + HOO" (45)
HOO® + OH* - 3H,0+ O, (46)

2.6. Ascorbic Acid Sensor using Metal oxides

Ascorbic acid plays a vital role in the metabolic process and helps in the treatment of
different illnesses (Lu Yang et al., 2014). A small variation in the standard level of AA is
generally a symptom of sickness (Yin et al., 2016). AA acts as an antioxidant, enzyme
cofactor, and neuromodulator in the brain (Rice, 2000), and it also indicates the human
immunodeficiency virus (Han et al., 2017). The UV-vis spectroscopy, chromatography,
fluorescence spectroscopy, fluorimetry, and electrochemical methods are the conventional
methods used for the determination of the level of AA. Among them, the electrochemical
technique received interest in accuracy, stability, sensitivity, and cost (Zhou et al., 2013).
However, AA detection by bare conventional electrodes fouls the electrodes due to the
irreversible oxidation process of AA to 2,3-diketogluconic acid (Jiang & Du, 2014; Peik-
See et al., 2014). Nowadays, researchers are modifying the normal electrodes by metal
oxide NMs as a redox-active electrochemical sensor site to improve the sensitivity and to
avoid the multi-selectivity activities (Alam et al., 2020; Khan et al., 2016).
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Among the metal oxides, ZnO NPs has been broadly used as biosensor due to its diverse
decent properties (Saravanan et al., 2015), although, it showed not satisfactory sensing
capability (Bai et al., 2020; Ibupoto et al., 2012). Among several techniques used to
improve the reliability and toxicant biomolecules detection properties of ZnO, creating
NCs via n-n or n-p junctions were employed. This junction produces a depletion layer in
the interface and assists electron and hole flow without recombination (Alam et al., 2020;
Ghanbari & Bonyadi, 2018; Huang et al., 2013; Khan et al., 2016; Murugan et al., 2019).
Also, modifying the synthesized materials to have a mesoporous property allows a rapid
charge transfer process (Khan et al., 2015; Khan et al., 2016; Yuanying Liu et al., 2014).
Fe,O5 is vital in mediating the final heterogeneous chemical redox reaction of the target
agent due to its high SAV and environmentally biocompatible properties (Cao & Wang,
2011). The coupling of Mn,Os; with ZnO has its own electrochemical and sensor
improvement towards ascorbic acid (Saravanan et al., 2015). The hydrothermal (Nadargi
et al, 2020), sol-gel auto-combustion (Han, 2020; Tikare et al., 2020), self-
propagation/combustion (Zou et al., 2017), co-precipitation-hydrothermal (Bai et al.,
2020), and the ultrasonic-microwave (Nadargi et al., 2020) methods are also frequently
applied for synthesizing NMs for sensor application. Among them, the sol-gel and sol-gel
auto-combustion procedures are reported as efficient and economically feasible (Dey &
Sarkar, 2020; Han, 2020).

2.7. Antibacterial Activity of Metal Oxides

Metal oxide NMs are one of the preferences as antibacterial active materials (Dadi et al.,
2019). Due to its distinctive electronic configuration and suitable properties, ZnO is one of
the novel antibacterial active materials (Pavithra et al., 2020). Nowadays, researchers are
making a serious effort to improve the antibacterial activities of ZnO by forming a
composite with the same/different bandgap semiconductor materials (Anaya-Esparza et
al., 2019; Munawar, Yasmeen, Hussain, et al., 2020). Applying capping agents such as
polymers and plant extract that control the morphology and size of the NMs and
optimizing different conditions also enhance the antibacterial activity. Forming a NCs and
doping reduces the electron/hole recombination, increases the surface area to volume ratio,
and also improves the stability towards dissolution and corrosion. The release of
antimicrobial ions, electrostatic interaction, reactive oxygen species (ROS) generations are

the crucial antibacterial activity mechanism (Espitia et al., 2012). This review also
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presents a detailed discussion of the antibacterial activity improvement of ZnO by forming
a composite, doping, and optimizing different conditions. The morphological analysis
using scanning electron microscopy, field emission-scanning electron microscopy, field-
emission transmission electron microscopy, fluorescence microscopy, and confocal
microscopy can confirm the antibacterial activity and also supports developing a

satisfactory mechanism.

2.7.1. Mechanisms of antibacterial activities of NPs

Metal oxides readily undergo redox reactions catalyzed by light radiation. This is due to
their distinctive electronic configuration (such as an occupied conduction band (CB) and a
vacant valence band (VB)). Semiconductor metal oxides have a specific bandgap that
absorbs the characteristic wavelength of light for the generation of electron and hole pairs
on the CB and VB, respectively. The produced electrons and holes have the probability of
recombining in picoseconds or react with other species such as O, and H,O adsorbed on
the surface of the metal oxides. Through different chain redox reactions, the generated
ROS ((hydroxyl radical (OH*®), hydrogen peroxide (H20,), and superoxide (03~)) believed
to degrade the bacterial cell into CO,, H,O, and other nontoxic minerals (Yemmireddy &
Hung, 2017) (see Figure 9).
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Figure 9. Schematic illustration of the ZnO photocatalytic bacterial degradation
mechanism.

However, this redox reaction is dependent on the VB and CB positions of the metal oxides
and redox potentials of the acceptor species. For efficient photocatalysis, the bottom of the

CB must be more negative than the redox potential of H*/H, (0 V compared with NHE),
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and the top of the VB must be more positive than the redox potential of O,/H,0 (1.23V
compared with NHE) (Hoffmann et al., 1995; Mills & Le Hunte, 1997). From the
thermodynamic requirement, the oxidation potential of OH*, (E°(H,O/OH*) = 2.8 V vs
NHE) and the reduction potential of 05~ (E°(02/037) = —0.28 V vs NHE) should lie with
the bandgap of the catalyst. The VB and CB of some metal oxides such as TiO,, ZnO, and
ZrO, full fill the requirement and generate the OH® and O35~ radicals on the surface of the
catalyst (Vinu & Madras, 2010).

2.7.2. Antibacterial activity of single metal oxides

A. Antibacterial activities of ZnO

The in vitro antibacterial activity of NMs can be performed using different methods such
as broth dilution followed by colony count, agar dilution method, disk diffusion assay,
microtiter plate-based method, flow cytometry viability assays, and conductometric assay
(Espitia et al., 2012). The antimicrobial activity of ZnO NPs has been tested against both
Gram-positive bacteria such as B. subtilis and S. aureus and Gram-negative bacteria such
as P. aeruginosa, C. jejuni, and E. coli. In addition to a thin peptidoglycan layer, Gram-
negative bacteria have an outer membrane lipopolysaccharide. This layer acts as a barrier
that prevents from entering negatively charged ROS (Russell, 2003). On the contrary, the
cell membrane of Gram-positive has a less negative charge that allows penetration of
negatively charged ROS (Gordon et al., 2011). ZnO shows good antibacterial properties
on both Gram-positive and Gram-negative bacteria. Yet, the antibacterial activity of ZnO
is highly dependent on crystallite size. It was reported that decreasing the particle size
results in enhancing the antibacterial activity of ZnO (Premanathan et al., 2011). To
indicate, Jones et al. compared the antibacterial activities of MgO, TiO,, Al,O3, CuO,
Ce0,, and ZnO against S. aureus RN6390 bacteria. Among them, ZnO NPs showed
significant growth inhibition. To check the effects of ZnO particle size on the antibacterial
activities, differently sized ZnO materials, namely >1 um, 8 nm, and 50-70 nm were
studied. Compared to the other, the antibacterial activities of small-sized 8 nm ZnO were

found to be superior (Jones et al., 2008).
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For the antibacterial activities of ZnO, several mechanisms have been proposed. As seen
in Figure 10, the antimicrobial activity mechanism of NPs may follow three mechanisms
including the release of antimicrobial ions (Espitia et al., 2012; Kasemets et al., 2009), the
interaction of NPs with microorganisms (Zhang et al., 2008), and the formation of ROS by
the effect of light radiation (Jalal et al., 2010). As reported (Espitia et al., 2012), the
release of antimicrobial ion/solubility of metal oxides is dependent on different factors
such as the concentration of metal oxides, time of interaction, and the nature of

microorganisms.
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Figure 10. Different mechanisms of antimicrobial activity of ZnO NPs (represented by

gray spheres) (Espitia et al., 2012).

i. The release of antimicrobial ions

(Joe et al., 2017) revealed the release of antimicrobial Zn** ions under dark conditions.
The level of free Zn** ions was evaluated by Zn2?*-selective two-photon fluorescent turn-
on probe (AZn2) microscopy. Compared to the control [Figure 11 (a and k)], the
approximate mean two-photon excited fluorescence intensities of Zn*? were obtained to be
12 and 6 times higher for S. aureus and K. pneumoniae bacteria, respectively. The result

confirmed the source for Zn*?to be from the dissolution of ZnO.
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Figure 11. Two-photon fluorescence microscopy and bright-field images of AZn2-labeled
(a—j) S. aureus and (k—f) K. pneumoniae. Both species were treated with ZnO NPs (NA,
NP, and CN) and ZnCl, of 0.35 mM. Two-photon images were collected at 500-620 nm

upon 780 nm excitation with femtosecond pulses (Joe et al., 2017).

Teichoic acid on the peptidoglycan layer of Gram-positive bacteria and lipoteichoic acid
on the outer membrane of the bacteria are the source of negative charges for cell walls.
This can also facilitate the attachments of the positively charged ZnO and further
dissolution of it. The active and dead cells (calcein-AM (green fluorescence) and PI (red
fluorescence), respectively) were confirmed by double immunofluorescence [Figure 12(a—
e and k—0)]. The indirect relationship of the size of the ZnO NPs with antibacterial activity
was confirmed. However, the number of oxygen defect sites on the surface of the ZnO
NPs has not shown a relation with its anticlerical activities. Compared to nano-assemblies
and nanoplates, the conventional ZnO NPs showed the highest antibacterial activity on
both S. aureus KCTC No. 3881 and K. pneumonia KCTC No. 2246 bacteria. The transport
of Zn*? ions into the cytoplasmic inner membrane is believed to be through various

membrane metalloproteins (Hood & Skaar, 2012; Lawrence et al., 1998; Da Wang et al.,
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2012). The release of antimicrobial Zn®* ions in the medium containing microorganisms
was also suggested as a reasonable hypothesis about the toxicity of ZnO against S.
cerevisiae (Kasemets et al., 2009).

Control Control (+UV) NA (+UV) NP (+UV) CN (+UV) ZnCl, (+UV)

" . ...
¢ . 2P, M’ & © % R A 3 2
K. pneumoniae g A AR o & R B e A et
el %, ¥ ~ ! > 4 . 1 S
AR A5 » i MR B, S
) ¥ Y Y . e "
i A - .o R . A

Figure 12. Dual immunofluorescence and ROS staining images for S. aureus (a—j) and K.

S. aureus N

ROS

pneumoniae (k-t) treated with nano-assemblies, NPs, conventional NPs, and ZnCl, (0.35
mM) under dark conditions (Joe et al., 2017).

ii. The direct interaction of NPs with microorganisms

The direct contact of ZnO NPs with the bacterial cell and production of ROS close to the
bacterial membrane that causes damage to bacterial cells has also been suggested to be the
other mechanism (Zhang et al., 2008). First the cell wall of the bacteria and then the
oxidative damage proceeds to the inner cytoplasmic membrane and peptidoglycan layer.
Affecting the respiratory activities, slow leakage of RNA and proteins, and rapid leakage
of K™ ions are believed to be the primary reason for bacterial death. The global negative
charge of the bacterial cells at biological pH was occurred due to the dissociation of
carboxylic groups (Stoimenov et al., 2002) and ZnO has positively charged properties at
the zeta potential of +24 mV (Zhang et al., 2008). The interaction/electrostatic force that
occurred between negatively charged bacterial cells and positively charged ZnO leads to

disruption of the cell wall and damage occur by entering into the cell.
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The ZnO nanofluid synthesized by (Zhang et al., 2007) was also reported for direct contact
antibacterial activity on E. coli DH5« bacteria. It was synthesized by ultrasonication of the
commercially obtained agglomerated ZnO powder. Increasing the concentration of ZnO
NPs from 0.1 to 0.25 g/l and decreasing its particle size led to an increase in the death rate
for the bacteria. The result shows considerable damage to the bacterial cell membrane
after treatments. This bacterial damage due to the interaction of the bacterial cell and the
NPs was further confirmed using electrochemical measurements by a model dioleoyl-
phosphatidylcholine monolayer. Polyethylene glycol and polyvinylpyrrolidone were also
used as effective stabilizing agents. As reported, the presence of these capping agents does
not have much effect on the antibacterial activity of ZnO nanofluids.

(Thakur et al., 2019) proposed the direct and indirect mechanism for the interaction of
cerium oxide NPs with the bacteria cell. As seen in Figure 13, the direct interaction of
cerium oxide NPs led to damage to the cell wall and generates ROS inside. Whereas, the
indirect mechanism shows the interaction of cerium oxide NPs with the bacterial
environment outside the cell and generates ROS that further enters into the cell by
damaging the cell wall. Both mechanisms finally led to cell death by affecting the DNA,

ribosomes, and proteins of the bacteria.
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Figure 13. Antibacterial activity mechanism of cerium oxide NPs a. Direct contact, b
Indirect contact (Thakur et al., 2019).
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iii. The formation of ROS by the effect of light radiation

The generation of ROS by the effect of visible/UV light radiation was reported in several
studies as bacteriostatic and bactericidal properties. Among the other ROS (OH* and 057),
due to the negatively charged properties of the surface of the bacterial cell, only the H,0,
reported entering through the cell (Gordon et al., 2011; Jalal et al., 2010). The earlier work
(Nagvenkar et al., 2016), confirmed the creation of ROS using ESR techniques and their
effective antibacterial activity. The novel one-step sonochemical process was used to
synthesize the ZnO-PVA composite. The antibacterial activity against E. coli and S.
aureus was conducted using colony-forming units per milliliter method. Compared to ZnO
without PVA (~80-100 nm), the ZnO NPs synthesized using PVA as a capping agent (~4-
6 nm) showed enhanced antibacterial activity on both E. coli and S. aureus bacteria. This
confirms the dependency of antibacterial activity on the size of the particles. Using
propidium iodide fluorescent dye, the dead cells (red fluorescence) and live cells (green
fluorescence) were identified by confocal laser scanning microscopic images, as seen in
Figure 14. To confirm the ROS generation, the ESR measurements were also carried out
using 5,5-Dimethyl-1-pyrroline N-oxide (DMPQ) that give DMPO-OH the final product
after trapping both OH*and O3~ radicals. As seen in Figure 15b, the ESR spectra show the
less amount of DMPO-OH signal (*) produced from the breakdown of the DMPO-OOH
adducts which comes from 03~ radical. Therefore, OH* is reported to be the major

contributor to ROS generation.
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E. coli

Figure 14. Fluorescence microscopy images of E. coli and S. aureus treated (A) without
and (B) with ZnO—PVA NPs. Green fluorescence is characteristic of live cells, whereas

red fluorescence is due to dead cells (Nagvenkar et al., 2016).

(a) (b)

Figure 15. ESR spectra demonstrating (a) relative concentration of ROS production by
pure ZnO (black line) and ZnO-PVA nanofluid (red line), (b) ROS formation by ZnO—
PVA suspension (red line) upon treatment with DMSO (green line) (Nagvenkar et al.,
2016).

Using di-dodecyl dimethylammonium bromide (DDAB) as a surface modifying agent,
(Viswanathan et al., 2020) synthesized greatly dispersed and less aggregated ZnO NPs
compared to ZnO NPs synthesized without DDAB. DDAB also improves the affinity of

ZnO towards the negatively charged bacteria causing the surface more positive. Compared
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to pure ZnO, surface-modified ZnO showed better antibacterial activity against both S.
aureus KCCM-11335 and E. coli DH5a bacteria. Due to surface charge and dispersion
improvement, increasing the amount of DDAB and time of contact, the antibacterial
activity also increased. The antibacterial mechanism was proposed to be due to ROS
generation. The greater the surface charge, the higher the OH" generation capacity
(Arakha et al., 2015). Compared to single ZnO and cellulose, the enhanced antibacterial
activity of ZnO/cellulose NC was also reported and explained to be due to the smaller
crystal size of ZnO in the composite (Lefatshe et al., 2017). The agglomerated irregular
disc, sheet, and dispersed ZnO on cellulose matrix SEM micrographs were observed for
ZnO, cellulose, and ZnO/nano cellulose composite materials, respectively.

B. Antibacterial activities of Fe,O3; and Mn,O;

The novel antibacterial activity of Fe,O3; was also recently verified in different works
(Haseena et al., 2020; Naz et al., 2019; Pallela et al., 2019). (Pallela et al., 2019)
synthesized Fe,O3 with an average particle size of 16 nm. The morphological study using
SEM images showed the presence of spherical nanoclusters. The d-spacing value of 0.27
nm obtained using HRTEM analysis matches with (104) crystal plane of Fe,Os. The
antibacterial activity of Fe,O3 against B. subtilis NCIM 2063, S. aureus NCIM 2079, E.
coli 2065, and K. pneumonia NCIM 2327 bacteria was tested. Compared to the other,
Fe,O3; shows enhanced antibacterial activity towards B. subtilis. However, Fe,O; NPs
synthesized by Naz et al. were confirmed to have less antibacterial activity against S.

aureus, P. aeruginosa, E. coli, and B. subitilis bacteria (Naz et al., 2019).

In addition to ZnO and Fe,Os, the novel antibacterial activity of the hydrothermally
synthesized a-Mn,O3 was also reported (Selim et al., 2020). Compared to y-MnOOH and
v-AIOOH, a-Mn,O3 NRs showed greater antibacterial activity against S. aureus
ATCC23235, B. subtilis ATCC23857, E. coli ATCC25922, B. pertussis ATCC9797, and P.
aeruginosa PaolATCC15692 bacteria. The approximate highest zone of inhibition (ZOl)
was determined to be 18 mm on P. aeruginosa bacteria. The morphology of untreated and
nanorod-treated microbial strains was determined using SEM analysis (Figure 16). Except
for C. Albicans, a-Mn,O3 showed massive deterioration, lethal effect, and morphological

changes for all other bacteria. Furthermore, the inhibition of bacterium growth was further
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confirmed by fluorescence microscopy on E. coli (E. coli-GFP). The confocal microscopy
confirms a-Mn,Oj3 to be the highest killing material compared to the other.

Control 0-Mnz03 v-AIOOH v-MnOOH

) e

S. aureus P. aeruginosa

C. albicans

E. Coli-GFP

Figure 16. SEM images of untreated and treated bacterial strains using the prepared NRs;
where (A-D) are for P. aeruginosa, (E—H) for S. aureus, (I-L) for C. Albicans, and
(M—P) for E. coli-GFP as a control (untreated) and treated with a-Mn,03, y-AIOOH, and
v—MnOOH NRs, respectively (Selim et al., 2020).

The antibacterial activity of chemically- and green-synthesized Mn,0O3; was also tested
(Amsaveni et al., 2020). From SEM analysis, the morphology of chemically-synthesized
and green-synthesized Mn,0O3; was determined to be a crystalline cubic structure with 30—
50 nm size and spherical with 20-50 nm size, respectively. The antibacterial activity test
result showed good bacterial growth inhibition on E. coli bacteria compared to S. aureus.

The size-dependent antibacterial mechanism was reported to be due to the release of
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positively charged manganese ions and its electrostatic interaction with the negatively
charged bacterial cell wall.

2.7.3. Antibacterial activity of binary and ternary ZnO based materials

Compared to single metal oxide NMs, optimizing synthesis procedure and forming a
binary, ternary, or more heterojunctions can enhance the surface area to volume ratio and
diminish the recombination of electron/hole pairs due to the synergistic effect. The
heterojunction can be made either with the same or different bandgap metal oxides. It may
either in the n—n or p—n procedure for binary metal oxides or p—n—n or n—n—n approach for
ternary heterojunction (Lei et al., 2018).

(Mayank et al., 2019) synthesized a-Fe,O3/NiO composites using a co-precipitation
method. Compared to pure a-Fe,O3 and NiO, the enhanced antibacterial activities of a-
Fe,O3/NiO binary NCs were confirmed. Compared to NiO, a-Fe,O3; shows a greater
inhibition zone. The antibacterial activity of the composite increases as the concentration
of NiO increases. The results of the disc diffusion assay establish the susceptibility order
of the exposed bacteria against Fe/Ni oxide composite NPs to be E. coli > B. subtilis > S.
aureus > S. typhi. The ZnO-CuO composites materials synthesized by solution
combustion techniques using colotropis gigantea leaf extract also showed good
antibacterial activity against E. coli and S. aureus bacteria. The synthesized spherical and
hexagonal-shaped NMs have a particle size of 10 - 40 nm (Rajith Kumar et al., 2020).
Using Ricinus communis L. plant seedless fruit extract as a green synthesis procedure
Panchal et al. also synthesized a granular nanoflakes morphology of MgO clusters,
irregular morphology of ZnO, and granular nanoflakes shaped MgO/ZnO NC materials
(Panchal et al., 2019). The antibacterial activity conducted on E.coli and Klebsiella
photogenic bacteria show enhanced ZOI for the MgO/ZnO NC compared to single MgO
and ZnO. The obtained highest ZOI on E. coli bacteria was 28 mm.

(Shimada et al., 2020) reported a new mechanical rupture-based antibacterial active
Zn0/SiO, binary material that was safe regarding toxicity for normal cells. The ZnO/SiO,
nanowire was synthesized by bottom-up approaches. Based on the silicon oxides (SiOx)-
based surface, the antibacterial activity of SiO, film substrate and ZnO/SiO, nanowire was

evaluated against bare glass substrate (equation 47). The result showed superior

59



antibacterial activity value for ZnO/SiO, nanowire substrate compared to SiO; film
substrate against E. coli bacteria. From fluorescence images using propidium iodide test
ZnO nanowire showed high cytotoxicity due to zinc ions, while ZnO/SiO, nanowire
showed less cytotoxicity. This cell viability on ZnO/SiO; nanowire is reported to be due to
zinc ions elution suppression by the SiO; shell layer.

R={log(3) ~log (5)} = 108(3) 47

A, B and C are the average counts of colonies formed on the agar medium just after
incubation, after culturing on a bare glass substrate for 24 h, and after culturing on SiO;
film substrate or ZnO/SiO, nanowire substrate for 24 h, respectively.

The nZnO/TiO, coated on the Ti substrate was synthesized by hydrothermal followed by a
low-temperature liquid phase method with different temperate (50, 70, and 90 °C) (Pang et
al., 2019). From SEM analysis the shape of the composites was obtained to be rhombic
prismatic and aligned in nanoarray. Increasing temperature from 50 — 90 °C results in
increased particle size from 50 — 90 nm. Compared to E. coli, the size-dependent
antibacterial activity of the composites is greater for S. aureus. Precious Ayanwale and
Reyes-Lopez synthesized 26 - 34 nm-sized ZrO,—ZnO NPs for deactivation of B. subtilis
ATCC 19163, S. aureus ATCC 25923, S. mutans ATCC 25175, E. coli ATCC 25922, K.
oxytoca 13182, and P. aeruginosa ATCC 27853 bacteria (Precious Ayanwale & Reyes-
Lopez, 2019). Among different percentages of the composites and single metal oxides,
ZnO showed a greater ZOI. The effects of the weight ratio of the metal oxides were also
indicated in (Gordon et al., 2011) study. Different [Zn]/[Fe] weight ratio of 1:9, 3.7, 1:1,
8:2, and 9:1 was prepared for the formation of a mixture of Fe’* and Zn?*. From
TEM/HRTEM morphology, the FCC structure of Fe3O4 and ZnFe,O, was confirmed to
have the same d-spacing value of 0.298 nm. The result indicates the higher the weight
ratio of zinc the higher the antibacterial activity. However, increasing the amount of Fe
ratio shows decreasing the antibacterial activity; this is reported to be due to the formation

of zinc ferrite (ZnFe,0,) that has no significant antibacterial activity.

In addition to binary metal oxide composites, due to continuous charge transfer synergy,

the ternary heterojunction show enhanced antibacterial activity. Anaya-Esparza et al.
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synthesized TiO,-ZnO-MgO NMs by the sol-gel techniques (Anaya-Esparza et al., 2019).
Using SEM analysis, the materials were confirmed to have less than or equal to 100 nm-
sized semi-globular-ovoid shapes. The antibacterial activity of the composites against E.
coli ATCC 87309, S. paratyphi ATCC 9150, S. aureus ATCC 33862, and L. monocytogenes
ATCC 15313 bacteria shows good results. Compared to the composite, TiO, showed poor
antibacterial activity on all bacteria (only 5-9 mm inhibition zone). The highest ZOlI
obtained on S. paratyphi bacteria is 18 mm. The ROS generation and electrostatic force
interaction were suggested to be the probable antibacterial mechanism that led to bacterial
death.

Munawar et al. synthesized ZnO-Yb,03—Pr,05 ternary NC that showed a highly enhanced
antibacterial activity (31 mm) on the S. aureus bacteria (Munawar, Yasmeen, Hasan, et al.,
2020). The ternary ZnO-Pr,0,—-Yb,0O3 NC that was synthesized using a co-precipitation
technique has porous morphology. The high surface area and porous nature of the material
were reported to have good contact with the bacteria. Moreover, the dual-Z-scheme ZnO-
Er,O3-Yb,O3 material synthesized using co-precipitation techniques was also reported to
be highly effective on S. aureus bacteria (Munawar, Yasmeen, Hussain, et al., 2020). Kaur
et al. synthesized ZnO plates/Fe,O3 rods/Ag NPs composites for the antibacterial activity
of E. coli bacteria (Kaur et al., 2019). The antibacterial activity of the Ag/Fe;O3/ZnO
heterostructures studied at different visible light exposure times (30, 60, and 120 min)
presented good results. An increase in the concentrations of Ag/Fe,O3/ZnO NC from 0 to
2000 pg/mL, results in decreasing the concentration of E. coli. The generation of ROS was
suggested to be the mechanism of bacterial deactivation. The TEM image analysis was

used to realize antibacterial interactions with Ag/Fe,03/ZnO NC.

Paul et al. synthesized a spherical ternary CuO-NiO-ZnO NC for antibacterial test against
S. aureus and E. coli bacteria (Paul et al., 2020). The obtained result from growth curve
analysis and colony-forming unit reduction study showed promising antibacterial activity,
specifically an enhanced number of colony counts of bacterial strains reduction on S.
aureus bacteria. FESEM analysis result also shows the effect of CuO-NiO-ZnO NC that

causes rupturing, cracking, and release of intracellular components.

Owonubi et al. investigated the antibacterial activity of CuO, Fe,O3; (FeO), ZnO,
Zn0O/CuO-FeOx and ZnO-CuOFeOy materials (x = 0.1, 0.5 g). The antibacterial activity
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test was conducted against three different bacterial strains. Among them, the synthesized
material was more effective on S.pneumoniae bacteria. The order of antibacterial activity
test were determined to be CuO > ZnOFeOy5CuQqs > CuOFeOq5 > ZnOFeOy1CuOg; >
Fe,O; > ZnOFeOys > ZnO (Owonubi et al., 2020). This indicates that the coupling of
more metal oxides enhances the inhibition of the bacteria. A brief data on the antibacterial
activities of ZnO-based composites have been presented in Table 7.
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Table 6. A set of parameters obtained for antibacterial activities of ZnO-based composites and different optimization.

highest ZI
Methods Bacteria’s Precursors used Morphological analysis (mm) Ref.
Zn Other SEM/TEM/HRTEM/SAED
E. coli, B. subtilis, S. aureus, FeSO,.7H,0 and Crystalline 0.25 [110] a-Fe,O; 25 0n E. (Mayank et al.,
Co-precipitation S. typhi. - (NiNOs3),.6H,0) and 0.207 [200] NiO coli 2019)
Green and E. coli NCIM-5022 and S. Cu(NO3),.3H,0 10-40 nm sized spherical and 9onE. (Rajith Kumar et
combustion aureus NCIM-505 Zn(NQs),.6H,O Calotropis gigantea hexagonal irregular shapes coli al., 2020)
Hydrothermal
bottom-up 71.7 nm sized ZnO/Si0O2 (Shimada et al.,
approaches E. coli DH5«a Zn(AC),.2H,0  Tris(dimethylamino)silane nanowires - 2020)
Hydrothermal and 50 — 90 nm sized nanoarray
low temperature S. aureus (ATCC 25923) and Tetrabutyl titanate and aligned rhombic prismatic
liquid phase E. coli (ATCC 25922) Zn(NOg3),.6H,0 Ti (TA,, China) shape - (Pang et al., 2019)
(Precious
B. subtilis, S. aureus S. Ayanwale &
mutans, E. coli, K. oxytoca, P. ~70nB. Reyes-Lo6pez,
Sol—gel aeruginosa [Zn(NO3), Zr(C4Hy0),4 Cluster of amorphous particles  subtilis 2019)
E. coli ATCC 8739, S.
paratyphi ATCC 9150, S. Titanium-(1V) butoxide,
aureus ATCC 33862, and L. and magnesium di-tert- ~100 nm sized semi globular- 18 on S. (Anaya-Esparza
Sol-gel monocytogenes ATCC 15313  Zn(NOs),.6H,O  butoxide ovoid shape paratyphi  etal., 2019)
Mg(NO3),.6H,0 and Ricinus 28 mmon (Panchal et al.,
Green E. coli, Klebsiella Zn(NQs),.6H,0 communis L. Granular nanoflakes E. coli 2019)
(Munawar,
Co-precipitation Yb(NOs)3.6H,0 and Highly agglomerated porous 3lonS. Yasmeen, Hasan,
technique E. coli and S. aureus Zn(NQ3),.6H,O  Pr(NO3)s.6H,0 materials aureus et al., 2020)
(Munawar,
Yasmeen,
Er(NOs);.6H,0 and Loosely packed porous 21 onE. Hussain, et al.,
Co-precipitation S. aureus and E. coli Zn(NQ3),.6H,O  Yb(NO3);.6H,0 morphology coli 2020)
ZnO nanoplates/a-Fe,0;
nanorods/Ag NPs
Precipitation E. coli Zn(AC),.2H,0  Fe(NOs);.9H,0 heterostructure - (Kaur et al., 2019)
CU(N03)2'3H20 and
Co-precipitation E. coli and S. aureus Zn(NOg3),-6H,0  Ni(NOs),-6H,0 Agglomerated spherical NPs - (Paul et al., 2020)
One-pot low- E. coli (ATCC 25922), A. Zn(NOz3),.6H,0  NiSO,.6H,0 2.0t0 3.0 um in length with 24 on E. (Naskar et al.,
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temperature solution  baumannii (ATCC 19606), S. 150 to 200 nm in diameters coli 2020)

aureus (ATCC 25923), S. nanoroads
epidermidis (ATCC 12228),
E. coli, S. aureus, B. cereus, 27 on B. (Thambidurai et
Co-precipitation and K. pneumoniae Zn(NQs),.6H,0  Ni(NO3),.6H,0 Nanorods are decorated by NPs  cereus al., 2020)
Two-step solution- ZnO cross bridged Se 5cmonS.  (Ahmadetal.,
based technique S. aureus Zn(AC),.2H,0  Sodium selenite heterojunction composite aureus 2020)
E. coli or P. aeruginosa, S. 2 pm sized ZnO Nanoflowers
Sonochemical aureus, and B. subtilis Zn(NOg3),.6H,0 AgNO3 and CTMAB and Ag-NPs decorated ZnO (Ray et al., 2019)
Optimizing the homogenous
Electrospinning loading of Fe-doped ZnO on 190onS. (Sekar et al.,
technique S. aureus and E. coli Zn(NQs),.6H,0  FeCl; PVA aureus 2019)
E. coli (ATCC 25922), P.
aeruginosa (ATCC 27853), B. Mn(AC);-4H,0
subtilis (ATCC 6633), and S. Melastoma malabathricum 15 on B. (Khan etal.,
Green aureus (ATCC 25923). Zn(NQs),.6H,O (L.) Agglomerated spherical NPs subtilis 2020)
E. coli (CCTCC AB 204033) Er(NOs);-5H,0 and (Yang etal.,
sol-gel and S. aureus (ATCC 25923)  Zn(NQs),.6H,O  sodium silicate Porous with an irregular shape - 2020)
Crack filled morphology after
Aqueous microwave E. coli and S. aureus Zn(AC),.2H,0 Mg alloy UV-irradiation - (Sun et al., 2020)
~4 um length and ~50 nm
Electro-deposition S. aureus (MRSA252; ATCC)  Zn(NQs),.6H,O  TiO, nanotubes diameter TiO, nanotubes - (Yao et al., 2018)
self-assembly E. coli Zn(AC),.2H,0  Oleylamine 3 um sized spherical cluster -

AC: acetate; Sger: Specific surface area (m?/g), py. pore volume (cm®/g,, Pq: pore diameter (nm); d: d-spacing (nm); p: crystal plane; ZI(mm): zone of inhibition in millimeter.

64



2.7.4. Effects of different conditions on the antibacterial activity

For enhanced antibacterial activities of metal oxide NMs, optimizing different parameters
such as size of the NMs, concentration/dosage, temperature, capping agent, and reducing
agent ought to be taken into consideration. To indicate, due to the large surface area and
surface energy properties of metal oxides, aggregation/agglomeration occurs. These
aggregation/agglomeration properties lead to the reduction of the generated radioactive
oxygen species and hydroxyl radicals. This is due to the e and h* quenching with the
neighboring aggregate. To avoid this problem, capping of the NPs with a polymer matrix that
acts as a structure-directing agent through forming a non-covalent or/and a covalent bond was
reported to be an effective way (Jassby et al., 2012; Wu & Wu, 2015).

(Yamamoto, 2001) studied the effect of ZnO particle size on the antibacterial activity of S.
aureus (9779) and E. coli (745) bacteria cultured in the Brain Heat Infusion medium. The
different particle sizes of ZnO namely 0.1, 0.2, 0.3, 0.5, and 0.8 um were synthesized by
heating the reagent grade ZnO powder at 1400 °C and the planetary ball milling process. The
antibacterial test of the ZnO powder was conducted by changing the electrical conductivity
with bacterial growth. It was found that as the particle size decreases, the antibacterial
activity increases. The role of ZnO size on the antibacterial activity of E. coli W3110 and S.
aureus ATCC 25923 bacteria was also studied (Nair et al., 2009). From the SEM
morphological analysis, the uniform spherical morphology of ZnO was obtained using
polyethylene glycol and the rod-shaped structure using starch as a capping agent. By varying
the concentration of NaOH, different sizes of the ZnO NPs (40 nm to 1.2 um) were
synthesized. The result indicates the antibacterial activity of ZnO increases as the particle size

decrease from micro to the nano range.

The effects of pH and annealing temperature on the particle size of ZnO during synthesis
were effectively studied (Doan Thi et al., 2020). The ZnO NPs that are used to test the
antibacterial activity against S. aureus and E. coli are synthesized using orange fruit peel
extract. The clear spherical-like shape with 10-20 nm-sized ZnO NPs was synthesized at a pH
value of 6. The XRD pattern and FTIR spectra of as-prepared and different temperature

calcined materials are depicted in Figure 17.
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The XRD pattern and TEM image (Figure 18) analysis result indicate that increasing the
annealing temperature results in increasing the intensity of the diffraction peaks and
increasing the crystalline size from 22 nm at 300 °C to 95 nm at 900 °C. This is reported
(Tong et al., 2015) to be due to the reorienting and reducing the number of defects in grain
boundaries. At higher annealing temperatures, the intensity of these peaks gradually
decreased. Furthermore, with increasing annealing temperature, the intensity of the Zn-O
absorption peak increased and the peak shifted to lower wavenumbers (higher energies). This
can be explained by the improvement of the crystalline structure of the ZnO NPs with
increasing annealing temperatures indicated by the XRD results. The dependency of the
antibacterial activity on the pH value was also observed. An increase in pH from 4 to 10
results in enhancing the antibacterial activity of ZnO. This is reported to be due to the ability
of a generation of more ROS as pH increases during the synthesis of ZnO NPs. Compared to
S. aureus, the antibacterial activity against E. coli bacteria was obtained to be greater. The
great effects of pH on the size and antibacterial activity of ZnO NPs were also reported
(Padalia et al., 2017).

The effects of temperature on the size and morphology of ZnO synthesized by pineapple peel
extract and its antibacterial activity were also reported (Hassan Basri et al., 2020). When the
temperature increased from 28 to 60 °C, the size of the ZnO NPs also increased from 8-45
nm to 73-123 nm. FESEM analysis shows a mixture of spherical rod- or flower- rod-shaped
structures of ZnO heated at 28 to 60 °C, respectively. Furthermore, increasing the
temperature results in increasing the agglomeration of NPs. Compared to Salmonella enterica
serovar Choleraesuis Gram-negative bacteria, ZnO-starch material showed enhanced
antibacterial activity on B. subtilis UPMC1175 Gram-positive bacteria. This is reported to be
due to the greater thickness of the cell wall of Gram-negative bacteria that prevents
penetration of ZnO into the cell. As the annealing temperature reduced, the size of the
material reduced. This results in the improvement of the antibacterial activity of the material.
(Mohammadi Arvanag et al., 2019) also synthesized ZnO/extract (particle size ~ 19 nm)
using Silybum marianum L seed and ZnO (particle size ~ 22 nm) NPs using a chemical

method for antibacterial activity of E. coli ATCC 25922. The experiment was conducted in

Muller-Hinton broth media in a concentration range of 0.8 - 0.05 mg mL™1. Both ZnO/extract
and ZnO NPs have the potential on preventing the survival of the E. coli bacteria as well as

completely killing them.
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Figure 17. The X-ray diffraction pattern of synthesized ZnO NPs annealed at temperatures of

300-900 °C (Doan Thi et al., 2020).

Different concentrations of ZnO NPs incorporated in poly (3-hydroxybutyrate-co-3- hydroxy
valerate) (PHBV)/polyethylene oxide (PEO) microfibers were synthesized through the
electrospinning technique (Mahamuni-Badiger et al., 2020). From the toxicological and
biocompatibility point of view of the polymers as active wound dressing materials, the
antibacterial activities of PHBV-PEO-ZnO microfibers against S. aureus NCIM 2654 and P.
aeruginosa NCIM 5032 bacteria were investigated. Compared to the control PHBV-PEO, the
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antibacterial activities of PHBV-PEO-ZnO showed greater ZOI. The tensile strength of the

microfiber increases with an increase in the ZnO amount.

Cﬁ
d"‘

Figure 18. TEM images of ZnO NPs with different annealing temperatures. (a) as-prepared
sample and (b - d) annealed at 400, 700, and 900 °C, respectively (Doan Thi et al., 2020).

The uniqueness of a capping agent towards surface area and antibacterial activity was further
confirmed in (Gutha et al., 2017) study. Compared to single chitosan (CS) and poly(vinyl
alcohol) (PVA), the enhanced antibacterial and wound healing properties of
chitosan/poly(vinyl alcohol)/zinc oxide (CS/PVA/ZnO) beads was found. The 26 values of
separate CS and ZnO, as well as, CS/PVA and CS/PVA/ZnO composites, were precisely



confirmed on the XRD pattern. The smooth, nanoflake, and porous morphology for chitosan,
ZnO, and CS/PVA/ZnO, respectively, were observed on SEM images. The uniformly
distributed ZnO nanorods on the surface of chitosan/poly(vinyl alcohol) were also clearly
observed on the TEM image. The highest antibacterial activity on S. aureus ATCC 29523
bacteria was obtained to be 20 mm on CS/PVA/ZnO material. The effect of various capping
agents such as ethylene glycol, gelatin, polyvinyl alcohol, and polyvinylpyrrolidone on the
antibacterial activity of ZnO NPs was studied by (Akhil et al., 2016). The polydispersed
states of ZnO NPs on the capping agent and its hexagonal shape were characterized by
FESEM and FETEM. On the contrary, the antibacterial test conducted on S. aureus MTCC
3160 and P. aeruginosa MTCC 1688 bacteria show enhanced action for ZnO NPs without a
capping agent.

Using citrus lemon extract in a green synthetic approach, (Prasad et al., 2020) synthesized 11
nm-sized spherical ZnO NPs. Agar well diffusion assay and broth microdilution assay-MIC
and MBC were used for antibacterial activity of ZnO NPs against K. pneumonia MTCC3384,
S. aureus MTCC87, E.coli MTCCA41, and P. mirabilis bacteria. As the amount of ZnO NPs
dosage/concentration increases, the ZOI also increases. Compared to the other, ZnO NPs

showed enhanced antibacterial activity on P. mirabilis bacteria.

The direct contact to the surface of cell walls and entering of the ZnO into the bacterial cells
(E. coli, K. pneumoniae, S. Typhimurium, and S. aureus) by breaking the membrane was
shown on the Bio-TEM images analysis (Wahab et al., 2020). The peanut-shaped
antibacterial active ZnO nanostructures material was synthesized via a chemical process from
a zinc nitrate precursor. Based on their morphological interpretations, cellular cytoplasm
leakage and H,O, generation are proposed to be the sources for inhibition in the microbial
cell membrane. However, bigger particles are not very uniform and have not shown any
effective antibacterial action against the tested pathogens. The structure of the nanomaterial
was confirmed from the lattice fringes result obtained using HRTEM analysis. The d-spacing
value of ~0.526 nm was obtained to be consistent with the wurtzite phase ZnO that develops
in the c-axis of [0001]. Further crystallinity and consistency with the HRTEM image and
XRD pattern were confirmed by the selected area electron diffraction (SEAD) pattern. The
NPs size and pH of the solution dependency on the antibacterial activity were also indicated.
Compared to acidic pH, ZnO NPs synthesized at alkaline pH were obtained to have good

antibacterial activity.
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Using peels of pomegranate (Punica granatum) the hexagonal bottom-neck structured of
ZnO nano pencils was synthesized for antibacterial study (Kaviya et al., 2017). During the
synthesis, different concentrations of Zn(NO3),.6H,0 precursor (2, 3, and 4 g which is coded
as Zn0O-2, Zn0-3, and ZnO-4, respectively) and 1.5 mL of peel extract were used. The
optimum morphology was obtained on a 3 g precursor to 1.5 mL peel extract ratio. Increasing
the precursor amount to 4 g led to the aggregation of the ZnO NPs. The crystallinity of the
material was confirmed by the selected area electron diffraction pattern (SAED). The
obtained highest ZOI on S. aureus bacteria was 21 mm. The synthesized spherical ZnO
nanocrystals immobilized onto silicon wafers by self-assembly techniques were informed as
antibacterial deactivating materials under dual UV irradiation (Jin et al., 2019). Compared to
dual UV irradiation without ZnO, the dual UV irradiation in the presence of ZnO NP’s
showed good E. coli bacterial deactivation within 30 seconds. Furthermore, the spherical
ZnO nanocrystals immobilized onto silicon wafers showed enhanced bacterial deactivation
within 10 seconds. The ROS generation was proposed to be the major disinfection

mechanism against E. coli.

The size-dependent antibacterial activity of ZnO NPs synthesized by taking a different
amount of Mar lvanios leaf extract (10, 20, and 50 ml) was also studied (Rufus et al., 2017).
As the amount of the leaf extract increases the particle size decreases. The smaller the particle
size, the higher the antibacterial activity. The concentration-dependent antibacterial activity
of ZnO NPs against E. coli and S. aureus bacteria shows a good ZOl. As the concentration of
the ZnO NPs increase from 25 - 100 pg/uL the antibacterial activity also increases. The
synthesized smaller particle-sized ZnO (29 nm) at 100 ug/uL showed 17 and 18 mm ZOI on
E. coli and S. aureus bacteria, respectively. Using solution combustion techniques, (Saif et
al., 2019) also synthesized ZnO NPs using different percentages of Cordia myxa leave
extract. The disk diffusion antibacterial test of the synthesized ZnO NPs against S. aureus and
E. coli bacteria showed enhanced activity. Brief information on the antibacterial activities of

single zinc, iron, and manganese oxides was presented in Table 6.
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Table 7. A set of parameters obtained for antibacterial activities of single zinc, iron, and manganese oxides.

highest ZI
Method Bacteria’s used Precursors used Morphological analysis (mm) Ref.
Zn Other SEM/TEM/HRTEM/SAED
S. aureus ATCC23235, B.
subtilis ATCC23857, E. coli
ATCC25922, B. pertussis KMnQ,, AICI3.6H,0, 18 mmon
Hydrothermal and ATCC9797, P.s aeruginosa and sodium dodecyl P. (Selim etal.,
calcination PaolATCC15692 - benzene sulfonates 20 nm mean diameter NRs aeruginosa  2020)
E. coli (ATCC 25922) and Mn(AC),-4H,0 Crystalline spherical and cubes (Amsaveni et al.,
Green and precipitation S. aureus - CTMAB and tea extract ~ NPs with 20-50 nm size - 2020)
Dull appearance of PVA
polymer with dispersed 4-6 nm (Nagvenkar et
One-step sonochemical S. aureus and E. coli Zn(AC),.2H,0 - ZnO NPs - al., 2016)
S. aureus(KCTC No. 3881) ZnO NPs (0001): 60 nm x 10
and K. pneumoniae(KCTC nm spherical ZnO NAs: 10 nm
Soft-solution No. 2246) Zn(AC),.2H,0 - conventional NPS: 30 nm - (Joe et al., 2017)
Ultrasonication and Commercial (Zhang et al.,
milling E. coli (DH5a) ZnO - ZnO nanofluid 2008)
Nucleation-controlled (Gordon et al.,
growth E. coli and S. aureus ZnCl, FeCl,-4H,0 Cubic FCC structure 2011)
Polyethylene Glycol
Commercial and (Zhang et al.,
- E. coli (DH5a) ZnO Polyvinylpyrolidone ZnO nanofluid 2007)
S. aureus KCCM-11335 and Didodecyldimethyl- E.coli>S. (Viswanathan et
- E. coli — DH5a ZnO NPs ammoniumbromide Flake-like aureusand  al., 2020)
oil palm empty fruit ZnO dispersed on cellulose (Lefatshe et al.,
In-situ solution casting E. coli and S. aureus Zn(NQs),.6H,O bunches matrix 2017)
B subtilis (NCIM 2063), S.
aureus (NCIM 2079), E. coli 16 nm-sized spherical Fe,0;
(2065), K. pneumonia with 0.27 nm d value with 16 on B. (Pallela et al.,
Green method (NCIM 2327) - Fe(NO3)3.9H,0 (104) planes subtilis 2019)
S. aureus, P. aeruginosa, FeCl; and Rhus 10 on P.
Green E. coli and Bacillus subitilis - punjabensis ~48 nm sized spherical NPs aeruginosa  (Naz et al., 2019)
Spherical particles that
increases as increasing the E.coli>S. (Doan Thietal.,
Green S. aureus and E. coli Zn(NO3),.6H,0  Orange fruit peel annealing temperature aureus 2020)
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Casting

Green and chemical

method

Electrospinning

Hydrothermal method

Co-precipitation

Green synthetic strategy

Chemical process
Pomegranate peels
(punica granatum)
Green synthesis

(Anacardiumoccidentale)

B. subtilis UPMC1175 and
Salmonella enterica serovar
Choleraesuis

E. coli ATCC (25922)

S. aureus (NCIM 2654) and
P. aeruginosa (NCIM 5032)
S. aureus (ATCC strain
29523) and E. coli (ATCC
strain 29522)

S. aureus and P. aeruginosa
K. pneumoniae
(MTCC3384), S. aureus
(MTCC87), E. coli
(MTCC41), P. mirabilis
E. coli, K. pneumoniae,
S.Typhimurium, S. aureus

E. coli and S. aureus

E. coli and S. aureus

Zn(N03)2.6H20

Zn(N03)2.6H20

Zn (AC)zzHgo

Zn(AC),.2H,0

ZnS0O4

Zn (AC)ZZHZO

Zn(N03)2.6H20

Zn(N03)2.6H20

Starch

Poly (3-

hydroxybutyrate-co-3-
hydroxyvalerate) and

polyethylene oxide

Chitosan and PVA
Ethylene glycol, gelatin,
polyvinyl alcohol, and
polyvinylpyrrolidone

FeC|3

Spherical and rod-shaped
structure

spherical crystalline NPs

2.04-2.2 pm diameter ZnO
reinforced microfibers
uniformly distributed ZnO on
the surface of the CS/PVA
polymer

ZnO NPs dispersed on capping
agent and its hexagonal shape

11 nm sized semi-crystalline
ZnO with 0.19 nm d-spacing
value,

~0.526 in the c-axis [0001]
direction

50 nm hexagonal bottom-neck
nano pencils

26-60 nm sized irregular shape

15 on B.
subtilis

2.2-3.1 um
rod

200n S.
aureus

18 on P.
mirabilis

21 onS.
aureus

(Hassan Basri et
al., 2020)
(Mohammadi
Arvanag et al.,
2019)
(Mahamuni-
Badiger et al.,
2020; Mahamuni
et al., 2019)

(Guthaetal.,
2017)

(Akhil et al.,
2016)

(Prasad et al.,
2020)
(Wahab et al.,
2020)
(Kaviya et al.,
2017)

(Rufus et al.,
2017)

AC: acetate; Sger: Specific surface area (m°/g), py. pore volume (cm®/g,, P4 pore diameter (nm); d: d-spacing (nm); p: crystal plane; ZI(mm): zone of inhibition in millimeter;
CTMARB: Cetyltrimethylammonium Bromide.
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CHAPTER THREE

3. MATERIAL AND METHODS

3.1. Chemicals and Reagents

All the reagents were obtained commercially and were used without further purifications.
zinc nitrate hexahydrate (Zn(NOs),.6H20, > 98%, Sigma-Aldrich); zinc acetate dihydrate
(Zn(CH3CO0,)2-2H,0, > 99.0%, Sigma-Aldrich), iron nitrate nonahydrate (Fe(NOs3)3.9H,0,
99.95%, Sigma-Aldrich); manganese sulfate monohydrate (MnSO4.H,0, 99%, Sigma-
Aldrich); poly(vinyl alcohol) (PVA, Mn 25,000, 99% hydrolyzed, Thermo Fisher
Scientific India Pvt. Ltd); congo red (CR, 35%, Sigma-Aldrich); acid orange-8 (AOS,
65%, Sigma-Aldrich); ascorbic acid (AA, 99%, Sigma-Aldrich); sodium hydroxide
(NaOH, 98%, Oxford Lab Fine Chem LLP), and methylene blue dye (MB, 95%, Sigma-
Aldrich).

3.2. Synthesis of Metal Oxide NPs and NCs

3.2.1. Synthesis of single NPs

The ZnO, Fe,03, and Mn,0O3 NPs were synthesized using a simple and environmentally-
friendly sol-gel method. To synthesize single ZnO NPs, Zn(NO3),.6H,O was added into
100 mL of distilled water while stirring on a magnetic stirrer to form a 0.01 mol L™
solution (at room temperature, for ~15 minutes). The Sol (colloidal particles of metal
hydroxides) formed was aged for two days to form a gel (-M-O-M-) and dried in an oven
at about 110 °C for about 8 hrs. Then, the product was crushed using mortar and pestle.
Finally, the powder was calcined at 500 °C for 3 hrs. The same aforementioned procedure
was followed for synthesizing Fe,O3 and Mn,Os; NPs by using Fe(NOs)3;.9H,0 and

MnSQ,4.H,0 salt precursors, respectively.

3.2.2. Synthesis of binary and ternary metal oxide NCs

The PV A-assisted NCs were also synthesized using a simple and environmentally-friendly

sol-gel method followed by the auto-combustion process. To synthesize the binary NCs;
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first, the PVA polymer was dissolved in distilled water while stirring on a magnetic stirrer
for about 15 minutes (at ~115 °C) (Liu et al., 2016). Then, the Zn(NO3),.6H,O and
Fe(NO3)3.9H,0 salt precursors were added for synthesizing the Zn-Fe oxide NC and the
Zn(NOs3)2.6H,0 and MnSQO4.H,0 precursors for synthesizing the Zn-Mn oxide NC to the
above dissolved and cooled PVA polymer solution. The Sol (colloidal particles of metal
hydroxides) formed was aged for two days to form a gel (-M-O-M-) and dried in an oven
at about 110 °C. Then, the product was crushed using mortar and pestle to reduce the bulk
of the combusted material. Finally, the powder was calcined at 500 °C for 3 hrs. A scheme

showing the synthesis procedure is shown in Figure 19. The same protocol was also
followed for synthesizing the PVA-assisted ternary Zn-Fe-Mn metal oxide NCs by mixing
the Zn(NOs3),.6H,0, Fe(NO3)3.9H,0, and MnSO,4.H,0 metal salt precursors.

(15 min.)
(~115°C)

Figure 19. Scheme showing the co-precipitation and sol-gel-auto-combustion synthesis
procedure of metal oxide nanocomposites.

To synthesize the binary and ternary metal oxides NCs without PVA; except, for the first
procedure used to dissolve the PVA polymer, the same protocol was followed. Besides,
the sol-gel and co-precipitation method was also used for the synthesis of ternary NC
materials. The co-precipitation method was used by dropwise addition of dilute NaOH.
The synthesized binary metal oxide nanocomposites (BMONCs) without PVA were coded
as BMO1 and BMO2 for Zn-Fe and Zn-Mn oxides, respectively. The BMONCs
synthesized using PVA (PVA-BMONCSs) were coded as PVA-BMOL1 and PVA-BMO2,
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for Zn-Fe and Zn-Mn oxides, respectively. The synthesized ternary metal oxide
nanocomposites (TMONCs) using the sol-gel (M1) and co-precipitation (M2) techniques
were coded as TMOML1 and TMOMZ2, respectively.

Using M1, the PVA-assisted ternary NCs were further studied to optimize the SAV and
SSA for zinc nitrate (P1) and zinc acetate (P2) precursors. The synthesized PVA-assisted
TMONCs (PVA-TMONCSs) using P1 and P2 precursors were coded as PVA-TMOP1 and
PVA-TMOP?2, respectively. Further PVA amount and precursor percentages optimization
were conducted for PVA-TMOP1 NC. For percentage optimization, constant amount of
PVA (0.7 g) and different precursors percentage [(30, 50, 70, 90, and 100), (35, 25, 15, 5,
and 0), and (35, 25, 15, 5, and 0)] for zinc, iron, and manganese were used, respectively
and the respective codes are given as 30(0.7), 50(0.7), 70(0.7), 90(0.7), and 100 (0.7). For
PVA amount optimization, constant salt precursor’s percentages [zinc (90%), iron (5%),
manganese (5%)] and different amount of PVA (0, 0.2, 0.4, 0.7, 1.5, and 3 g) were used
and coded as 90(0), 90(0.2), 90(0.4), 90(0.7), 90(1.5), and 90(3), respectively (see Table
12 and 13).

3.3. Batch Adsorption Studies

The adsorption studies are investigated in 100 mL Erlenmeyer flasks. The PVA-TMOP1
NC adsorbent to the MB dye adsorbate solution ratio is 2:2.5 (20 mg of PVA-TMOP1 to
25 mL of 20 mg L™* MB dye solution). Dilute HCI and NaOH solutions were used to
adjust the pH of the solution as required. The equilibration of adsorption experiments is
conducted on a rotary shaker at a speed of 140 rpm. The influence of pH of the solutions
(pH of 2, 4, 6, 8, 10, and 12) and amount of PVA-TMOP1 (dosage of 0.005, 0.01, 0.02,
0.04, 0.08, and 0.16 g) were optimized. The adsorption Kinetics study was conducted using
the adsorbate-adsorbent contact time of 10, 30, 50, 70, 90, 110, 130, and 150 minutes. The
adsorption isotherm tests were conducted using MB dye concentrations of 1, 5, 10, 15, 20,
25, 30, and 35 mg L1,

3.4. Batch Degradation Studies

The photocatalytic experiments were conducted by taking 20 ppm of CR and AO8 dyes in
250 mL aqueous solution with 0.06 g of ZnO NPs and PVA-BMOL1, PVA-BMO2, and
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PVA-TMOP1 NCs photocatalysts. Earlier to illumination, the reaction suspension was
stirred continuously in the dark for 30 min to create the adsorption/desorption equilibrium
of AO8/CR on the NPs/NCs. The degradation experiment was carried out in the 176.6 cm?
circular glass reactor. A medium-pressure mercury vapor lamp (Hg lamp) was used as
light source (Amax = 365 nm, 125 W). The samples were irradiated directly by focusing
light into the reaction mixture at a distance of 20 cm. Magnetic stirring at a speed of 110
rpm was applied to continuously mix the solution. The temperature of the overall reactor
was controlled by water circulation with purging of oxygen during the experiment. Taking
5 mL of the dye solution every 15 minutes, the concentrations at time t were measured by
UV-vis spectrophotometer. The photocatalytic degradation efficiency in percent was
calculated using equation 2. The pseudo-first-order kinetic equation (equation 14) was

used to study reaction dynamics (Kumar et al., 2020; Surendra et al., 2018).

3.5. Fabrication of Working Electrode for Ascorbic Acid Sensor

For the preparation of carbon paste, the graphite powder (< 20 um, 98% purity), silicone
oil (as electrode mechanical strength-enhancing agent), and the synthesized ZnO NPs and
PVA-BMO1, PVA-BMO2, and PVA-TMOP1 NCs with a mass ratio of 70:15:15,
respectively, was blended with a mortar and pestle (~ 30 min.). Then, the synthesized
paste was inserted in a Teflon tube from the bottom with high pressure to ensure better
electrical contact. The electrical connection was made by inserting a copper wire into the
Teflon tube. For a smooth and polished glassy surface generation, a small plug of the paste
was rapidly extruded on a stainless steel rod, and the resulting surface smoothed on wax
paper (Eliana & Bojorge, 2011; Rashmi et al., 2020). For the detection of ascorbic acid,
the ZnO, PVA-BMO1, PVA-BMO2, and PVA-TMOP1 modified electrode, the Ag/AgCl
saturated KCI electrode, and a platinum wire was applied as a working, reference, and

counter electrode, respectively.

3.6. Antibacterial Activity Studies

The in vitro antibacterial activity of ZnO NPs, and PVA-BMO1, PVA-BMO2, and PVA-
TMOP1 NCs were carried out by the disk diffusion method and compared to the
commercial antibiotic Ampicillin. Firstly, as per the manufacturer procedure (13 g L), the

nutrient broth medium was prepared and autoclaved at 121 °C for 15 minutes. The

76



prepared medium nutrient broth was poured into a test tube (4-5 mL/test tube), and are
allowed to cool for 24 hours at room temperature. Then, the pure bacteria strain was
inoculated and incubated at 37 °C for 24 hours. The turbidity of the cultured bacteria
strains was adjusted as 0.5 McFarland standards (a mixture of 0.5 mL of 0.048 mol/L
BaCl, and 99.5 mL of 0.18 mol/L H,SQO,). For the antibacterial susceptibility test, as per
manufacturer procedure, the Muller Hinton agar was prepared (38 g L™) and autoclaved at
121 °C for 15 minutes. The prepared medium was poured into a petri-dish (25-30
mL/plate). After solidification under sterilized conditions, the grown culture was seeded
on the petri-dish overnight after evenly swabbing with the help of a sterilized cotton swab
(Gebreyohannes et al., 2013).

The antibacterial activities of ZnO and PVA-TMONCs were evaluated with three
concentrations of 75, 100, and 125 pg mL™. Depending on the PVA-TMONCs catalyst
amount optimization, the 125 pg mL™ concentration was used for the antibacterial test of
the PVA-BMONCs. The antimicrobial activity was evaluated in terms of zone of
inhibition by measuring with a ruler in millimeters (mm). The bacteria used for the test are
Escherichia coli (E. coli) (ATCC 25922), Staphylococcus aureus (S. aureus) (ATCC
25923), Pseudomonas aeruginosa (P. aeruginosa) (ATCC 27853), and Bacillus subtilis
(B. subtilis) (ATCC 6633) (Gebreyohannes et al., 2013).

3.7. Characterization

3.7.1. Thermogravimetry/differential thermal analyzers and differential scanning

calorimetry

The DTG (Shimadzu DTG-60H) and DSC (Perkin Elmer, DSC 4000, USA) techniques in
a nitrogen atmosphere at 20.0 mL min™ flow rate and 50 °C min~* ramp time were used
to study the thermal stability and degradation behavior of the polymer (PVA), the parent
material of ZnO NPs and PVA-BMO1, PVA-BMO2, and PVA-TMOP1 NCs.

3.7.2. UV-vis diffuse reflectance spectroscopy

The ultraviolet-visible spectroscopic technique [Shimadzu UV-vis, SM-1600 (for solution

analysis) and Shimadzu UV-vis-DRS, UV-2600 (for powder analysis)] in the range of
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200-800 nm were used to study the optical properties of ZnO NPs and binary and ternary

metal oxide NCs.
3.7.3. Fourier transform infrared spectroscopy

Fourier transform-infrared spectroscopy (Perkin Elmer FT-IR, Spectrum 65) using KBr
pellets in the range of 400-4000 cm * was used to study the surface functional groups

behavior of ZnO NPs and binary and ternary metal oxide NCs before and after calcination.
3.7.4. X-ray powder diffraction

The X-ray diffraction (XRD, Shimadzu, XRD-7000) was used to study the
crystallographic structure of PVA, single ZnO, Fe,03, Mn,O3 NPs, and the binary and
ternary metal oxide NCs synthesized with and without PVA.

3.7.5. Scanning electron microscopy with energy dispersive X-ray

The scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-
EDX-EVO 18 with low vacuum facility and ALTO 1000 cryo attachment) was used to
study the morphologies of ZnO NPs and binary and ternary metal oxide NCs.

3.7.6. High-resolution transmission electron microscopy

The morphological studies and composition of the binary and ternary metal oxide NCs
were also further characterized by a high-resolution transmission electron microscopy
(JEOL TEM 2100 HRTEM).

3.7.5. X-ray photoelectron spectroscopy

Further evidence for the composition of the product was inferred from X-ray
photoelectron spectroscopy. XPS is a quantitative spectroscopic method that determines
the elemental composition, empirical formula, chemical state, and electronic state of the
elements present in the sample. XPS analysis was conducted using AXIS ULTRA from

AXIS 165, integrated with Kratos patented magnetic immersion lens, charge neutralization
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system, and spherical mirror analyzer. The peak energies were calibrated based on the
energy of external carbon.

3.7.7. Brunauer-Emmett-Teller surface area analyzer

The Brunauer—-Emmett-Teller (BET) method was utilized to calculate the SSA of the
samples in the relative pressure (P/P,) range of 0.05-0.35. The pore-size distributions of
the samples were determined by the Barrett—Joyner—Halenda (BJH) method. The total
pore volume of the NCs was accumulated at a relative pressure of P/P,=0.99. N, sorption
measurements of all the NPs and NCs were carried out at 77 K using a Quanta chrome

instrument.

3.7.8. Cyclic voltammetry and electrical impedance spectroscopy

For electrochemical properties investigation, the cyclic voltammetric studies were made
using the CHI604E potentiostat (tri-electrode system: the ZnO NPs and binary and ternary
metal oxide NCs modified electrode as a working electrode, platinum wire as a counter
electrode, and Ag/AgCl as a reference electrode with 1M KOH as an electrolyte. The
potential ranges utilized during these studies are ranging between —1.2V and 1V and
adjusted as needed. The scanning rate was carried out from 10 mV/s to 50 mV/s. AC
impedance measurements were carried out in the frequency range of 1 Hz - 1 MHz with an
AC amplitude of S5 mV.
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CHAPTER FOUR

4. RESULTS AND DISCUSSION

4.1. Characterization

4.1.1. Thermal stability analysis

The thermal stability of PVA, ZnO NPs, and PVA-BMO1, PVA-BMO2, and PVA-
TMOP1 NCs before calcination (after drying at ~ 110 °C) was studied by DTG analytical
technique in a nitrogen atmosphere at 20.0 mL min™ flow rate and 50 °C min~? hold time
(Figure 20). The DTG and DSC thermal parameters of NPs and NCs were also given in
Table 8. Thermogravimetric analysis (TGA) is a technique used to measure the change in
mass as a function of temperature and used for selecting an optimum decomposition
temperature of a material. For PVA, four mass loss steps including evaporation of
adsorbed water molecules, slow intramolecular decomposition, dehydration of crystal
water (metal hydroxides decompositions) or/and degradation of amorphous parts of PVA
(side chains), and decomposition of the main chain/intermolecular decomposition of PVA
are observed [Figure 20(a)], and finally, the crystalline part decomposition takes place to
give carbon, hydrocarbons, and ash (> 600 °C) (Dai et al., 2018; Kumar et al., 2019;
Radhamani et al., 2016; Rahmanian et al., 2015). As seen from Figure 20(a), PVA was not
still stable after ~600 °C; this instability indicates the presence of further carbon and
hydrocarbon decomposition into ash. The respective approximate decomposition
temperature ranges of 50 - 160 °C, 160 - 250 °C, 250 - 370 °C, and 370 - 580 °C are for
PVA. Whereas, temperature ranges 40 - 120 °C, 120 - 180 °C, 180 - 220 °C, 220 - 280 °C,
and 280 - 430 °C, were found to be the approximate decomposition temperature ranges for
PVA-TMOP1 NC [Figure 20(b)].
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Figure 20. TGA/DTA plots of (a) PVA polymer, (b) PVA-TMOP1 NC, (c) PVA-BMO1

NC, (d) PVA-BMO2 NC, (e) ZnO NPs; the analysis were conducted after drying the
sample at about 110 °C.

>

For PVA alone, almost 98% of decomposition took place and left with 2% carbon part.
For PVA-TMOP1 NC about 56% decomposition took place and left with ~ 42% of PVA-
TMOP1 metal oxide NC. The 56% is due to the decomposition of the PVA polymer and
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byproducts of the salt left after the 110 °C dying process (Radhamani et al., 2016). In
addition to the indicated steps for PVA, a unique decomposition stages of 180 - 220 °C
and 220 - 280 °C observed on PVA-TMOP1 NC can be attributed to the metal hydroxide
decompositions or loss of water due to constituents such as Zn(OH),, Fe(OH),, and
Mn(OH), [Figure 20(b)] (Singh & Dutta, 2019). For the ZnO NPs synthesized without
PVA, only 0.6% weight loss attributed to the evaporation of adsorbed water molecules and
dehydration of crystal water (metal hydroxides decompositions) has been detected [Figure
20(e)].

Figure 20(c) and (d) also show the DTG analysis for PVA-BMO1 and PVA-BMO2 NCs,
respectively. Except for slight decomposition temperature (< 5 °C) and stability
differences, the PVA-BMO1 NC has almost similar decomposition steps with PVA-
TMOP1 NC. Between the temperature ranges of 500 — 900 °C, the PVA-TMOP1 NC
show better stability compared to the PVA-BMO1 NC, indicating that the presence of
manganese oxide is improving the stability of the ternary NC (Najafi et al., 2018). The
PVA-BMO2 NC decomposition temperature steps has also similarities to the PVA-BMO1
and PVA-TMOP1 NCs, although, there is great stability loss between 500 °C - 900 °C. In
conclusion, the thermal stability order of the materials is found to be as follows: ZnO >
PVA-TMOP1 > PVA-BMOL1 > PVA-BMO2 > PVA.

The total decomposition temperature of PVA, PVA-BMO1, PVA-BMO2, and PVA-
TMOP1 NCs ends at about 570 °C, 430 °C, 425 °C, and 490 °C, respectively. Hence, the
approximate average temperature of 500 °C was selected for the total decomposition
temperature of PVA after serving as a capping agent and impurities that have a boiling
point less than 500 °C. This calcination temperature (500 °C) was also applied for the
subsequent analysis and application tests. PVA alone has a higher DTG decomposition
temperature compared to the NCs. It indicates that metal oxides are acting as a catalyst for
the degradation of PVA. In fact, metal oxides act as catalysts for the degradation of
polymers is common (Shawaphun et al., 2010). The other probability for having a lower
decomposition temperature of the NCs is due to the higher crystalline properties of metal

oxides (crystal structure perfection), compared to the polymers (Ren et al., 2015).
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Figure 21. DSC plots of (a) PVA, (b) PVA-TMOP1 NCs before calcination, and (c) ZnO
NPs before calcination. Inset (c): magnified ZnO DSC plot.
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Table 8. The DTG/DSC thermal parameters of pure PVA polymer and binary and ternary
NCs.

DTG DSC

Tonset Tmaxl Tmaxz Tmax3 Tmax4 TmaxS Am Tg Tm
(°C) 6 (6 (¢ (O ©) &) (¢ (O

S1 290 115 195 424 453 530 97.7 170 290

S2 130 76 148 205 222 379 56.4 144 204
S3 125 65 145 200 219 375 55.26 - -
S4 - 40 150 365 445 570 26.23 - -

S1: PVA, S2: PVA-TMOP1, S3: PVA-BMOL1, S4: PVA-BMO2

The phase behaviors of the selected PVA, ZnO NPs, and PVA-TMOP1 NC were also
characterized by the DSC technique. The first broad peak that appeared at about 100 °C
for PVA is attributed to the loss of absorbed water. The two exothermic DSC peaks that
appeared at around 195 °C and 345 °C are attributed to the degradation of side-chain (the
scission of C-0O) and main chain (the scission of C-C), respectively [Figure 21(a)], a
consistent result was also reported elsewhere in the literature (Sui et al., 2005). Unlike that
of PVA polymer, the byproducts of zinc salt left after the 110 °C drying processes for ZnO
and the PVA-TMOP1 NC have both exothermic and endothermic peaks. The PVA-
TMOP1 NC exhibited two exothermic peaks due to the evaporation of adsorbed volatile
components at 80 °C and the glass transition temperature (Tg) at 144 °C (Table 8). The
third sharp endothermic peak at 210 °C was probably due to the phase transformation of
other forms of iron or/and manganese oxides to the Fe,O3 and Mn,0O3 (Radhamani et al.,
2016). The melting temperature (Ty,) of PVA-TMOP1 NC was found to be 204 °C [Figure
21(b)]. For the DSC plot of zinc oxide, the first decomposition noted at around 125 °C is
due to the loss of water of crystallization. The second endothermic peaks at 185 °C
correspond to the thermal decomposition of the byproducts of the zinc salt left after the
110 °C dying processes (zinc hydroxide/loss of water due to constituents) (Singh & Dultta,
2019) [Figure 21(c)].

4.1.2. XRD analysis

The XRD patterns that confirm the crystallinity and phases of single ZnO, Fe,O3, Mn,0s,
BMONCs and TMONC:s are shown in Figures 22-28. As seen in Figure 22 inset label (c),
the diffraction angles with their respective crystal planes [~32°(100), 34°(002), 36°(101),

47°(102), 57°(110), 63°(103), 66°(200), 68°(112), 69°(201), 73°(004), and 77°(202)]
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corresponds to the hexagonal structure of ZnO NPs (ICSD: 00-036-1451, P63mc (#186-1)
space group) (Gupta et al., 2012; Xinyu Zhang et al., 2015). The diffraction angles with
their respective crystal planes of ~24°(012), 33°(104), 36°(110), 42°(113), 51°(024),
54°(116), 63°(214), and 65°(330) are indexed to hematite, a-Fe,O3 [ICSD: 00-033-0664,
R-3c (#167-1) space group)] [Figure 22 inset label (a)] (Chen et al., 2016). The diffraction
angles with their corresponding crystal planes of ~22°(211), 33°(222), 38(400)°, 49°(431),
56°(440), and 64°(622) are matched with a-Mn,03 (ICSD: 24342, PBCA space group)
[Figure 22 inset label (b)] (Hazarika et al., 2018). In fact, phases of iron oxide (Ketteler et
al., 2001) and manganese oxide (Nathan et al., 2008) in air at a calcination temperature of
500 °C reported to give Fe,O3; and Mn,Os, respectively. Figure 22 inset labels (d) is the
XRD pattern for PVA-TMOP1 NC drawn for comparison. The structure of stable ZnO,
Mn,03, and Fe,Oj3 crystals that was developed using VESTA 3D visualization program
software depending on the AMCSD cif data search result is given in Figure 1(a)-(c),

respectively (Kolm, 2009).
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Figure 22. XRD patterns of ZnO, Fe,O3, Mn,O3 NPs, and PVA-TMOP1 NCs calcined at
500 °C.

The synthesized BMONCSs with and without PVA are given in Figures 23 and 24 (Tables
9 and 10). Compared to the BMONCs synthesized without PVA, the PVA-assisted
BMONCs showed greater SAV. The approximate average crystallite size values for

BMOL1 and PVA-BMO1 were determined to be 53 nm and 29 nm, respectively. Also, the
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approximate average crystallite size values for BMO2 and PVA-BMO2 were found to be
48 nm and 23 nm, respectively. This substantiates the role of PVA polymer as a capping
agent for shielding the NPs from aggregation/agglomeration (Ledn-Silva et al., 2016;
Sudha et al., 2012). In fact, PVA plays a critical role to delay the cations’ mobility and
minimizing unwanted aggregation/agglomeration of the metal oxides (Ciciliati et al.,
2015). In this work, the single ZnO, Fe;O3, and Mn,O3; NPs and binary Zn-Mn oxide
(Khan et al., 2018; Qamar et al., 2017; Saravanan et al., 2014; Wang et al., 2019; Yu et al.,
2016) and binary Zn-Fe oxide NCs (Davari et al., 2017; Lachheb et al., 2017; Sin et al.,
2018) materials were synthesized for comparison as they were also studied in previous

studies.

Table 9. XRD crystallite size analysis results of ZnO and Fe,O3; NPs and Zn-Fe oxides
NCs. For BMO1 and PVA-BMO1 NCs, 90% zinc and 10% iron oxides were used.

BET

Peak area 20 (°) FWHM (radians) Height (a.u) D (nm) (m?g™)
ZnO 2081 34.10 0.14723 11128 59 151
Fe,0s 121 31.01 0.32119 299 27 13.4
BMO1 2772 33.98 0.16273 10561 53 1.93
PVA-BMO1 1579 41.49 0.30647 4203 29 8.85
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Figure 23. XRD patterns of ZnO and Fe,O; NPs and BMO1 and PVA-BMO1 NCs
calcined at 500 °C.
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The XRD data and the respective crystallite size are calculated using Debye-Scherrer’s

formula (equation 48):

B KA A8
D= Feos® (%)

Where A is the wavelength of X-ray radiation (for Cu Ko 0.15418 nm), K is constant, 5 is

the line width at half maximum height, and @ is the diffracting angle.

Table 10. XRD crystallite size analysis results of ZnO and Mn,O3 NPs and Zn-Mn oxides
NCs. For BMO2 and PVA-BMO2 NCs, 90% zinc and 10% iron oxides were used.

BET
Peak area 20 (°) FWHM (radians) Height (a.u) D (nm) (m?g™)
Zn0O 2081 34.10 0.14723 11128 59 151
Mn,O3 303 40.01 0.27986 958 32 2.92
BMO2 2772 33.35 0.18077 12109 48 3.00
PVA-BMO2 1428 33.90 0.37881 3008 23 8.43
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Figure 24. XRD patterns of ZnO and Mn,O3 NPs and BMO2 and PVA-BMO2 NCs
calcined at 500 °C.

The methods (sol-gel and co-precipitation) and precursor type (Figure 25, Table 11),
precursors’ percentage (Figure 26, Table 12), and PVA amount (Figure 27, Table 13) were
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also optimized for TMONCs. The approximate average crystallite size values for TMOM1
and TMOM2 were obtained to be 28 nm and 49 nm, respectively. Hence, by using the
optimized sol-gel (M1) method, the effects of precursor type (i.e., zinc nitrate hexahydrate
and zinc acetate dihydrate) were further studied. Compared to the acetate precursor that
has an approximate average crystallite size value of 21 nm, the nitrate precursor yielded
greater SAV with an approximate average crystallite size value of 10 nm (Table 11). As
understood during the synthesis time, this improved SAV for NCs synthesized using a
nitrate precursor is due to the creation of a higher auto-combustion process that assists
greater porosity (Han et al., 2019). Thus, further PVA amount and precursors percentage
optimization were conducted for the optimized PVA-TMOP1 NC. As seen from Figure 25
of the synthesized TMONC s, the sharpness of the peaks for the NCs synthesized without
PVA show high crystallinity [see Figure 25 inset labels (b) and (c)]. The other TMONCs
synthesized using PVA polymer has a broad and weak peak [Figure 25 inset labels (d) and
(e)]- The broadness of the peaks shows the presence of greater SAV. The approximate
height ratio in the arbitrary unit between ZnO NPs and PVA-TMOP1 NC is approximately
7:1.

Table 11. XRD crystallite size analysis results of ZnO, Fe,O3;, and Mn,O3; NPs and
TMONC:s. For all TMOM1, TMOM2, PVA-TMOML1, and PVA-TMOM1 NCs, 90% zinc,
5% iron, and 5% manganese oxides were used.

BET
Code Peak area 20 (°) FWHM (radians) Height (a.u) D (nm) (m*g?)
ZnO 2081 34.10 0.14723 11128 59 1.51
Fe, 04 121 31.01 0.32119 299 27 13.4
Mn,0O3 303 40.01 0.27986 958 32 2.92
TMOM1 2694 33.64 0.31557 6812 28 4.47
TMOM2 1981 33.54 0.17759 8787 49 4.44
PVA-TMOP1 1968 49.75 0.90002 1696 10 23.9
PVA-TMOP2 1526 34.01 0.41356 2985 21 11.2

TMOML1 and TMOM2 = sol-gel & co-precipitation, PVA-TMOP1 and PVA-TMOP2 =
nitrate and acetate zinc precursor, respectively.
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Figure 25. XRD patterns of ZnO NPs and ternary metal oxide without PVA (TMOM1 and
TMOM?2) and with PVA (PVA-TMOP1 and PVA-TMOP?2) calcined at 500 °C.

As optimized, the SAV of PVA-TMOP1 NC is higher than ZnO NPs, BMONCs, and
other TMONC:s. Therefore, the precursors’ percentage and PVA amount optimization was
considered for PVA-TMOP1 NC. The precursors’ percentage amount optimization was
studied by taking a constant PVA amount of 0.7 g. From the data of the precursor’s
percentage optimization (Figure 26 and Table 12), it was observed that as the percentage
of zinc oxide decreases from 90 — 30%, the crystallite size also decreases from 29 to 9 nm.
It indicates that an increase in the amount of Fe,O3 and Mn,O3 caused improvement in the
SAV of the NCs. Besides, as the percentage of Fe,O3; and Mn,O3 increases, the peak shift
and appearance of Fe,O3 and Mn,Oj3 peaks on the XRD pattern was detected [see Figure
26 inset labels (c) - (g)]. The shift is due to the ZnO crystal distortion that affects the
applications of the NCs, although, this is reported to be due to the development of Fe,O;
and Mn,O3; NPs that have not had boundary contact with ZnO (Hamrouni, Moussa, Di
Paola, et al., 2014; Hamrouni, Moussa, Parrino, et al., 2014; Lachheb et al., 2017; Xu et
al., 2014). Herein, the precursors’ percentage optimization was conducted to prevent the
secondary phase formation by controlling the percentage of Fe,Oz or/and Mn,O3. The
XRD peaks of both ZnO NPs and NCs are consistent with the hexagonal ZnO phase. It is
due to the smaller percentages of iron and manganese oxides. The absence of NCs peaks

shift relative to ZnO (for only 10% of Fe,O3; and Mn,O3) shows the nonappearance of
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structural distortion on the ZnO lattice attributed to Fe** or Mn®* ion inclusion. It means
that Fe,O; or/and Mn,O3 NPs are present as a separate phase by forming local
heterojunctions with ZnO (Lachheb et al., 2017).

Table 12. XRD data for precursor’s percentage optimization.

Precursors XRD data

PVA ZNH INH MSH 26 FWHM  Height D
Code (@ () () @) (O (radians) (a.u)  (nm)
30(0.7) 0.7 30 35 35 40.86 0.93657 103 9
5000 0.0 50 25 25 34.16 0.20103 1978 43
50(0.7) 0.7 50 25 25 42.71 0.86927 171 10
50(1.5) 15 50 25 25 42.56 0.52567 269 17
70(0.7) 0.7 70 15 15 35.34 0.39173 284 22
90(0.7) 0.7 90 5 5 34.16 0.29477 1383 29
100(0) O 100 O 0 34.10 0.14723 11128 59

ZNH = Zn(N03)2.6H20, INH = Fe(N03)3.9H20, and MSH = MnSQO4.H,0
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Figure 26. XRD patterns of PVA-TMOP1 NCs calcined at 500 °C: precursor’s percentage

optimization.
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By taking the 90% zinc precursor that has no structural distortion, the PVA amount
optimization was conducted by taking different PVA amounts (0 — 3 g). Increasing the

PVA amount from 0 to 1.5 g caused decreasing the approximate crystallite size from 59
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nm to 7 nm (Figure 27 and Table 13). Further increasing the amount of PVA to 3 g caused
an increase in the crystallite size to 15 nm, consistent result was also reported earlier
(Karami et al., 2010) and explained to be due to the polarity and solubility of PVA and
precursors. Among these, NC synthesized using 1.5 g PVA showed the smallest
approximate average crystallite size of 7 nm. The full width at half maximum (FWHM)
has a substantial relationship with the size of the crystallite; the broader the FWHM, the
smaller is the size of the crystallite.

Table 13. XRD data for PVA amount optimization.
Code PVA(g) 20(°) FWHM (radians) Height (a.u) D (nm)

100(0) 0.0 34.10 0.14723 11128 59
90(0) 0.0 33.64 0.31557 6812 28
90(0.2) 0.2 34.14 0.26493 1409 33
90(0.4) 0.4 34.14 0.28463 876 30
90(0.7) 0.7 34.16 0.29477 1383 29
90(1.5) 1.5 34.07 1.33877 370 7
90(3) 3.0 34.14 0.58477 887 15
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Figure 27. XRD patterns of PVA-TMOP1 NCs calcined at 500 °C: PVA optimization

using constant 90, 5, and 5% of zinc, iron, and manganese salt precursors.
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Figure 28. XRD patterns of PVA polymer, ZnO NPs and PVA-BMO1, PVA-BMO2, and
PVA-TMOP1 NCs calcined at 500 °C.

The XRD patterns of PVA, ZnO NPs, and optimized binary and ternary metal oxide NCs
are given in Figure 28. The XRD peaks of PVA did not appear on the XRD patterns of
binary and ternary NCs; it corroborates the complete decompositions of PVA at 500 °C as
confirmed from the DTG analysis. The PVA-TMOP1 NC showed enhanced SAV,
compared to ZnO NPs and the two binary metal oxide NCs. In conclusion, the overall
XRD results of NPs and NCs indicated an enhancement in SAV for the NCs materials due

to the presence of PVA as a capping agent and metal oxides as heterojunctions.

4.1.3. BET analysis

For an efficient environmental waste management system, the surface-active sites and
optimized pore volume of the NPs and NCs are significant (Rosman et al., 2019). The
BET method is the most widely used procedure for measuring the SSA and pore size
distribution of the porous materials (Rosman et al., 2019). Based on the Barrett-Joyner—
Halenda and molecular simulation at 77 K, N, gas was employed as an adsorbate for the
characterization of the textural properties of amorphous, semi-crystalline, and crystalline

porous materials. The BET plots of ZnO, Fe,O3;, Mn,O3 NPs, and NCs are depicted in
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Figures 29 - 32(b). The combined BET plots of ZnO NPs, PVA-BMO1, PVA-BMO2, and
PVA-TMOP1 NCs are also presented in Figure 33. The ink-bottled, cylindrical, and slit-
shapes are the three basic pore shape models (ALOthman, 2012; Broekhoff, 1979;
Thommes et al., 2015). As seen in Figures 29 - 32, all the NPs and NCs have a
resemblance to the cylindrical shape model. The BET data is treated according to a BET
adsorption isotherm linear equation (equation 49):

PIP, _C-1 . 1 .
R =P/ ) /R T (49

Where, P, is the saturated vapor pressure of N gas in pa; P is the partial vapor pressure of
N, gas in pa; n is the volume of N, gas adsorbed at standard temperature and pressure
(STP) in mL; ny is the BET monolayer capacity; C is a dimensionless constant related to
the enthalpy of N, gas adsorption on the single, BMONCs, and TMONCSs adsorbent.

The linear plots of equation 49 should yield a straight line in the approximate relative
pressure range of 0.05 to 0.3 (Becker et al., 2011; Boningari et al., 2018; Raghupathi et al.,
2011). To be acceptable, the linear regression value (R?) should be greater than or close to
0.995. Except for Mn,0Os (0.9887), the R? values for the entire NPs and NCs are in
agreement (Figures 30-32(a) and Tables 14 — 16). The non-fitting of R? for Mn,O3 may be
due to significant bulk absorption or small mass changes (Naderi, 2015). From the linear
plots, the slope [(C — 1)/n,,C] and the intercept (1/n,,C) were obtained. n,, is defined

as 1/(slope + intercept). The SSA in m?.g™" is calculated by equation 50:

0 - Nyl 0
S mx 22400

(50)
Where, a, is the BET SSA of the single, BMONCs, and TMONCSs of mass m in grams, L
is Avogadro constant (6.022 x 10 mol™), on is the molecular adsorptive cross-sectional
area occupied by N, gas molecule in the complete monolayer (0.162 nm? for N, gas),
22400 is the volume occupied by 1 mole of N, gas at STP, in mL. The symbols used are
those as per IUPAC manual (Cohen et al., 2007; Mills & Jones, 1990).
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Figure 29 (a) The IUPAC classification (A) and hysteresis loops (B) (P. Kumar et al.,
2016), (b) the combined BET plots of ZnO, Fe;O3, Mn,O3 NPs calcined at 500 °C (Inset:

the respective pore size distributions based on the Barrett—Joyner—Halenda method).

Among six types of adsorption isotherms (Type I-VI) (Kumar et al., 2016), for
mesoporous materials, it should look like a Type Il or/and Type VI isotherms. The
adsorption hysteresis loop shape that arises due to the none-overlying of the adsorption-
desorption arc also has a close correlation with the size distribution, shape, and
connectivity of the pores. The appearances of the synthesized NPs and NCs look like a
typical 1V isotherm with an H3 hysteresis loop. High adsorption capacities and sharp
inflection at a high relative pressure (P/PO > 0.8) indicate the coexistence of mesopores

and macropores size distribution (Liu et al., 2016). The sharp capillary condensation step
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between 0.40 - 0.85 for PVA-TMOP2 shows the presence of mesoporous materials with

narrow pore size distribution (Lei et al., 2020).

)
8) .09
@ R*=0.9998
0.08
——y=0.186-3.976
0.07-
0.6+
o
& 005 PVA-TMOP1
NG
S 0.04
0.03
0.02
0.01
000 T T T T T T
000 008 016 024 032 040 048
plp,
b) 1809 o4 d
—=—(a) ZnO
1604 21 —e— (b) TMOM1
140]+ 18 —— () TMOM?2
B} S 15 —— (d) PVA-TMOP1
o 1204 < —«— (e) PVA-TMOP2
E T 124
& 1004 3= o)
- ©
E 80 6
> 60 3
40 0‘ T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 20
20 4 o
() {r—racacastiassnassaans—ar—ge—r—ipr—ge—fe—fc—Re=R d
00 01 02 03 04 05 06 07 08 09 10

p/p,

Figure 30. (a) The adsorption isotherm linear plot of PVA-TMOP1 NC, (b) the combined
BET plots of ZnO NPs and TMOM1, TMOM2, PVA-TMOP1, and PVA-TMOP2 NCs
calcined at 500 °C (Inset: the respective pore size distributions based on the Barrett—

Joyner—Halenda method).

According to the BET theory, the value of C [(slope/intercept) + 1] has a close relationship

with the shape of the isotherms. If its value is > 80, the isotherm knee becomes sharp. < 50
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indicates the presence of overlap between monolayer and multilayer adsorption, for < 2
the isotherm becomes either Type 111 or Type V. For defining the BET monolayer capacity
of the NCs, the value recommended to be > 80 (Thommes et al., 2015). As seen from
Tables 14 - 16, the C values of ZnO, Mn,O3; NPs and BMO1, BMO2, and PVA-BMO1
NCs are < 80, and the C values for the other NPs and NCs is greater than 80. For PVA-
BMO1, PVA-TMOML, and PVA-TMOP1 NCs their slope is 0, which means not possible

to define the value of C from the (slope/intercept) + 1 formula.
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Figure 31. (a) The adsorption isotherm linear plots of PVA-BMOL1 NC, (b) the combined
BET plots of ZnO and Fe,O3; NPs and BMO1 and PVA-BMO1 NCs calcined at 500 °C

(Inset: the respective pore size distributions).
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Figure 32. (a) adsorption isotherm linear plots of PVA-BMO2 NC, (b) the combined BET
plots of ZnO and Mn,0O3; NPs and BMO2 and PVA-BMO2 NCs calcined at 500 °C (Inset:

the respective pore size distributions).
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Table 14. The BET Textural properties result for single ZnO, Fe,O3 NPs, and Zn-Fe

oxides NCs.

Zn0O Fe,Os BMOl1l PVA-BMO1

Weight (g) 0.0791 0.0732 0.0765 0.0541
dv (cm®) 16.219 15.711 15.800 16.296
Adsorbed 27 35 28 32

Desorbed 24 30 23 25

Slope 24216 0.3232 2.2125 0.4770
Intercept 0.4605 0.0015 0.0382 0.0150
R 0.9943 0.9997 0.9923 0.9995

Vm (cm®g™) 0.3470 3.0806 0.4443 2.0324
as(BET) (m*°g™) | 1.51  13.40 193 885

C 6.26  222.25 58.96 32.82
Pv (cm® g™) 0.0035 0.1434 0.0118 0.0556
dP (nm) 9.296 42.785 24.449 25.120

Table 15. The BET Textural properties result for ZnO, Mn,0O3 NPs, and Zn-Mn oxides
NCs.

Zn0O Mn,O; BMO2 PVA-BMO2

Weight (g) 0.0791 0.0762 0.1190 0.0624
dv (cm®) 16.219 15.145 15.428 15.125
Adsorbed 27 28 29 27
Desorbed 24 24 21 26
Slope 24216 1.4223 1.4115 0.5162
Intercept 0.4605 0.0660 0.038 -

R? 0.9943 0.9887 0.9946 0.9997

Vm (cm*g™) 0.3470 0.6719 0.6899 1.0208
as(BET) (m*g™) | 1.51 292 3.00 843
C 6.258 22.534 38.097 0.000
Pv (cm® g™) 0.0035 0.0099 0.0159 0.0335
dP (nm) 9.296 13.513 21.205 15.909
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Table 16. The BET Textural properties result for ZnO, Fe;03, Mn;O3 NPs, and TMONCs.

PVA- PVA-
Zn0O Fe,Os Mn,0; TMOM1 TMOM2 TMOP1 TMOP2
Weight (g) 0.0791 0.0732 0.0762 0.1060 0.0747 0.0875 0.0724
dv (cm®) 16.219 15.711 15.145 15927 16.820 16.695 15.939
Adsorbed 27 35 28 30 24 27 29
Desorbed 24 30 24 22 22 23 26
Slope 2.4216 0.3232 1.4223 0.9744 0.9728 0.1819 0.3871
Intercept 0.4605 0.0015 0.0660 0.0000 0.0068 0.0000 0.0008
R® 0.9943 0.9997 0.9887 0.9958 0.9988 0.9997 0.9998
Vm (cm®g™) 0.3470 3.0806 0.6719 1.0263  1.0208 5.4975 2.5780
as(BET) (m*g™) | 1.51  13.40 2.92  4.47 4.44 23.90  11.20
C 6.26 222.25 2253 - 143.84 - 501.95
Pv (cm® g?) 0.0035 0.1434 0.0099 0.0248 0.0328  0.1539 0.0326
dP (nm) 9.296 42.785 13.513 22.174 29.492 25.722 11.609
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Figure 33. BET plots of ZnO NPs and PVA-BMO1, PVA-BMO2, PVA-TMOP1, and
PVA-TMOP2 NCs calcined at 500 °C (Inset: the respective BJH pore size distribution
plots).

The relatively large SSA and narrow mesoporous channels provide enough space and
facilitate the rapid adsorption of molecules. The pore size distributions of the NPs and
NCs were expressed in terms of the Barrett-Joyner-Halenda (BJH) curve. According to the

IUPAC classification, NPs or NCs that have a pore size diameter of < 2.0 nm are
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categorized as microporous, in the range between 2.0 to 50.0 nm as mesoporous, and >
50.0 nm as macroporous (ALOthman, 2012; Thommes et al., 2015; Zhao et al., 1996). As
seen in Tables 14 - 16, for all single NPs, BMONCSs, and TMONCSs, the average pore size
distribution is in the range of 9 — 43 nm, which indicates the domination of the

mesoporous pore size distribution.

The appearance of pore size distribution peaks higher than 60 nm indicates the presence of
some macroporous distribution (Figure 29 — 33 inset) (Liu et al., 2016). The narrowly and
insignificant distributed pore size between 1 and 2 nm for PVA-TMOP1 NC corresponds
to micropores. The pore size distribution curves show a relatively wider distribution for
PVA-TMOP1 NC, which is consistent with the SEM results. Therefore, the NPs and NCs
have meso-macroporous size distribution, with the mesoporous structure as dominant.
Compared to single metal oxides, BMONCs, and other TMONCs, the PVA-TMOP1
showed enhanced SSA and optimized pore volume. In conclusion, the SAV and SSA of
single ZnO, Fe;,O3, and Mn;O; NPs and BMONCs and TMONCs materials were
successfully optimized using XRD pattern and BET analysis. Among them, the ternary
PVA-TMOP1 NC was found to exhibit superior SAV and SSA values.

4.1.4. UV-vis and UV-vis-DRS analysis

The UV-vis-DRS spectroscopic analysis was applied to study the optical properties of the
synthesized ZnO NPs and binary and ternary NCs powder. Besides, the UV-vis
spectroscopic analysis was also applied to their suspensions. The optical properties along
with Kubelka—Munk (K—M) plots of ZnO NPs and PVA-BMO1, PVA-BMO?2, and PVA-
TMOP1 NCs are given in Figures 34 and 35. Their percent reflectance versus wavelength
plot shows a characteristic absorption edge near 380 nm (Figure 34). Compared to the
other NCs (PVA-BMOL1, PVA-BMO2, and PVA-TMOP1), pure ZnO NPs show high
reflectance in the visible region. In fact, due to its broader bandgap energies (3.17 eV), it
responds only to UV absorption. However, for the binary and ternary NCs, the reflectance
in the visible region was reduced. The PVA-BMO1 and PVA-TMOP1 NCs have low
reflectance (~45%), compared to ZnO NPs. The order of reflectance was obtained to be as
follows; ZnO > PVA-BMO2 > PVA-BMO1 = PVA-TMOP1. This enhanced optical
absorption for the NCs is due to the increased surface imperfection of the porous nature of
the NCs as confirmed by the SEM and BET analysis (Nsib et al., 2015).
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Figure 34. DRS plots of ZnO NPs and PVA-BMO1, PVA-BMO2, and PVA-TMOP1 NCs
calcined at 500 °C.

In the parabolic band structure, the bandgap energy Eg4 and the absorption coefficient of a
direct bandgap semiconductor ¢ are related through equation 51 (Kumar Jangir et al.,
2017):

(ahv)V/" = A(hv — E,) (51)
Where, h is Planck’s constant, v is the photon’s frequency, and A is the slope in the linear
region. Taking the K—M scattering coefficient S as a constant concerning the wavelength,

and using the remission function in equation 51, the following expression was derived
(equation 52):

(F(Rhv)? = A(hv — E,) (52)

Where, F(R) is equal to K/S, the molar absorption coefficient K is equal to (1-R)? the
scattering factor S is equal to 2R, and R is the reflectance of the NPs and NCs and is
defined as %R/100.

101



As shown in Figure 35(a) and (b), the direct and indirect bandgap energies of ZnO NPs
and PVA-BMO1, PVA-BMO2, and PVA-TMOP1 NCs were measured by the
extrapolation of the linear portion of the direct K-M function plots. Except for PVA-
BMO2 NC of indirect K-M plots, the result showed the presence of non-noticeable
bandgap change. The occurrence of pronounced redshift and obtaining the bandgap of
around 2.0 eV in the presence of Mn,Os is in good agreement with previously reported
values work (Naeem et al., 2015, 2016; Saravanan et al., 2014). Compared to the single
ZnO NPs, the observed slight bandgap tuning (blue shift) for the PVA-TMOP1 NCs
attributed to the quantum confinement effects (Shah et al., 2014).

The non-obvious bandgap change was also further confirmed from the nanopowder
suspension of UV-vis analysis. The analysis was performed during the PVA amount and
precursors percentage crystallite size optimization of PVA-TMOP1 NCs. All samples
show a characteristic absorption maximum (Amax/nm) in the range of 330-350 nm [Figure
36(a) and (b)]. As seen in Figure 37(a) and (b), the direct and indirect bandgap energy of
PVA and precursors percentage optimized PVA-TMOP1 NC was determined using Tauc
plots (Coulter & Birnie, 2018).

Equation 51 also relates the optical absorption and difference between the energy of the
photon and the bandgap (Kumar Jangir et al.,, 2017). The nature of the direct
allowed/direct forbidden and indirect allowed/indirect forbidden electronic transition is
dependent on the 1/n value. 1/2, 3/2, 2, and 3 are the values for direct allowed, direct
forbidden, indirect allowed, and indirect forbidden electronic transition, respectively
(Coulter & Birnie, 2018). The direct allowed transition for PVA and precursors percentage
optimized PVA-TMONCs was determined to be 3.23 and 3.32 eV, and the indirect
allowed transition is 3.03 and 2.99 eV, respectively. As confirmed by the XRD pattern, the
non-existence of noticeable bandgap change on the UV-vis spectra confirms the non-
incorporation of either Fe%Mn° metals or Fe**/Mn*" ions in the ZnO crystalline lattice
(Maya-Trevifio et al., 2015). Furthermore, due to the presence of ionic radius differences
between zinc, iron, and manganese ions, instead of doping, the formation of
heterojunctions is also recommended for high-grade catalyst performance (Yu et al.,
2016).
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Figure 35. The direct (a) and indirect (b) K—-M plots of ZnO NPs and PVA-BMO1, PVA-
BMO2, and PVA-TMOP1 NCs calcined at 500 °C.
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4.1.5. FT-IR analysis

The FTIR spectra that provide information about the functional group features of single
ZnO NPs and BMONCs and TMONCs before calcination (U) and after calcination (C) are
shown in Figures 38 - 40. The combined FTIR plots of ZnO NPs and PVA-BMO1, PVA-
BMO2, and PVA-TMOP1 NCs are given in Figure 41. The broad absorptions band around
~3650 and ~1650 cm™ for Figures 38 - 40 are due to the stretching vibration of

chemisorbed hydroxyl groups and physisorbed water molecules. Semiconductor metal
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oxide exhibits a strong absorption band below 1000 cm™; this is attributed to their
transverse optical stretching modes (Anzlovar et al., 2011; Yang et al., 2010). The FTIR
spectrum of ZnO NPs and NCs showed a characteristic absorption band in the range of
450 - 550 cm*. For the highly crystalline ZnO NPs, the absorption peaks were divided
into two parts. While for the NCs, only one peak at about 450 cm * was observed. These
absorption peaks correlate with the transverse-optical (TO)- and longitudinal-optical (LO)-
phonon frequency (Yang et al., 2010).

The shape, number, and wavenumber position of the bands are dependent on the chemical
composition, morphology, and crystal structure of the NPs and NCs (see Figure 42). If the
morphology of the NPs and NCs changed from spherical (zero) dimension to one, two, or
three-dimensional morphology, the broadness and splitting also increased (Fatehah et al.,
2014; Sigoli et al., 1997). The wavenumber position shifts and peak number differences
were noticed between the ZnO NPs and NCs. The wavenumber shift is dependent on the
strength or weakness of the metal-oxygen bond (Parler et al., 2001; Wachs, 1996). The
shift to the higher wavenumber/frequency for the calcined NCs compared to the
uncalcined was due to the increased rigidity of the metal-oxygen network as condensation
occurs (Lan et al., 1993). As seen in Figures 38 — 40, there are shifts towards lower
wavenumber/frequency stretches for PVA-BMO2 and PVA-TMOP1 (3560 cm™Y),
compared to the ZnO and PVA-BMO1 (3655 cm™%). It was indicating that the introduction
of the Mn,O3; phase was weakening the metal-oxygen bond (Parler et al., 2001). In fact,
the less stable properties of the PVA-BMO2 were confirmed on the DTG analysis.
Besides, the observed shift may also be due to the surface passivation influences of PVA
during synthesis, indicating that the existence of a hydrogen bond between the PVA (O-H
group) and metal oxide’s surface (Hong et al., 2009).

The presence of irregular morphologies for ZnO NPs and spherical morphologies for NCs
has been confirmed from SEM image analysis. Comparing the spectra of calcined
NPs/NCs with uncalcined NCs (Figures 38-40), the obtained distinctive peak for
uncalcined NCs at ~1450 cm* is due to the bending vibration of the PVA CH, group
(Huang et al., 2016; Sudha et al., 2012). The absorption peaks that appeared at ~1640 and
~1400 cm™* are either due to C=C and C-C stretching, respectively, or symmetric and

asymmetric stretching vibration of the C=0/C-O group (Ahmed et al., 2018; Huang et al.,
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2016; Tabrizi Hafez Moghaddas et al., 2019). The absorption bands that appeared at ~940
cm ! is ascribed to the symmetric C-H and bending vibration of the —CH3 group. The
source for the other peaks is from the intermediate impurities created during synthesis

(Anzlovar et al., 2011; Znaidi et al., 2003).
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Figure 38. FT-IR spectra of calcined (C) ZnO NPs, calcined PVA-BMO1 NC, and
uncalcined (U) PVA-BMOL1 NC.
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Figure 39. FT-IR spectra of calcined (C) ZnO NPs, calcined PVA-BMO2 NC and
uncalcined (U) PVA-BMO2 NC.
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Figure 41. FT-IR spectra of ZnO NPs and PVA-BMO1, PVA-BMO2, and PVA-TMOP1
NCs calcined at 500 °C.
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4.1.6. SEM-EDX analysis

The SEM-EDX is an instrument that creates magnified images that reveal microscopic-
scale information on the size, shape, composition, crystallography, and other physical and
chemical properties of a specimen (Goldstein et al., 2018). The SEM images of ZnO NPs
and BMO1, BMO2, TMOM1, TMOMZ2, and PVA-TMOP2 NCs are shown in Figure
42(a)-(f), respectively. The SEM images of PVA-BMO1, PVA-BMO2, and PVA-TMOP1
NCs are also shown in Figure 43(a)-(c). As seen from the SEM images of the BMONCSs
and TMONCs synthesized without PVA, their aggregation/agglomeration behavior is
higher compared to PVA-BMONCs and PVA-TMONCs synthesized using PVA. The
morphology of BMONCs and TMONCs also has higher crystallinity compared to the
PVA-BMONCs and PVA-TMONCSs, which complies with the XRD results. The SEM
images of BMO2 and TMOMZ2 NCs show greater crystallinity [Figure 42(c) and (e)]. The
crystallinity of BMO1 and TMOML1 NCs is less compared to the BMO2 and TMOMZ2;
however, they have a highly agglomerated/aggregated appearance [Figure 42(b) and (d)].
In the agglomeration of BMO1, the particles are present as adhering to each other due to
high surface energy (Moeinian & Akhbari, 2015) creating bigger and heavier aggregates.
The distance between the agglomerated particles is smaller and a remnant magnetization is
observed, also in the off-state condition (Phulé et al., 1999). This internal magnetization of
one aggregate attracts others making materials performance decay faster (Dassisti &
Brunetti, 2020).

For the adsorption of pollutants and photocatalysis (Mazaheri & Kalbasi, 2015; Zhang et
al., 2011), as gas sensors (Du et al., 2007), and as electrodes material (Linglu Yang et al.,
2005); the high porosity and high SSA provide sufficient active sites different from solid
structures. The porous nature of PVA-TMOP1 NC also assists in the creations of fast
charge transport properties and good interaction with electrolyte solutions during the
electrochemical process (Laurenti & Cauda, 2018) [Figure 43(a)]. The SEM images of
PVA-TMOP2 NCs [Figure 42 (f)] and PVA-TMOP1, PVA-BMO1, and PVA-BMO?2
(Figure 43(a) — (c), respectively) have better porosity compared to the other NPs and NCs,

a consistent result was also noted from the BET analysis.
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Figure 42. SEM morphology of (a) ZnO NPs and (b) BMOL, (c) BMO2, (d) TMOML1, (e)
TMOM2, and (f) PVA-TMOP2 NCs calcined at 500 °C.

The SEM images obtained for samples synthesized during precursors’ percentage and
PVA amount optimizations for PVA-TMOP1 NC are shown in Figures 44 and 45,
respectively. The images are taken with similar magnification. As seen from the
percentage optimization SEM images (Figure 44), an increase in the quantity of zinc
precursor percentage from 30 to 90, results in enhancing the porous nature of the NCs. It is
due to an increase in the auto-combustion process as understood during the experiment.
The final image in Figure 44 is the morphology of PVA-TMOPL1 NC at high resolution.
As seen from the image, highly dispersed particles are clearly visible. The image also
showed the porous nature of the material. The inset image is the auto-combusted image
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during synthesis at the final drying process at about 110 °C. As seen from Figure 45 of

ZnO NPs synthesized without PVA [100(0)], it has agglomerated morphology. Loading of

02 g to 15 g of PVA, the morphology was appeared to have a less

agglomerated/aggregated and porous nature. The PVA amount of 1.5 g has a flat type of

morphology. The final 3 g of PVA loaded image show a highly condensed porous

morphology.
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Figure 43. SEM images and the respective EDX spectra of (a and d) PVA-TMOPL, (b
and f) PVA-BMO1, (c and f) PVA-BMO2 NCs, respectively calcined at 500 °C. Inset (b-

f) the EDX compositional analysis.

111



15Ky %70

s 200 M
SED PC-std.= 10KV, x70

s 200 M
SED: PC-std. = 10 kV x70 1210212020

Figure 44. SEM images of PVA-TMOP1 NCs during precursors percentage optimization
using constant PVA amount. These images have 200 um scales with x70 magnification for

normal and 20 um scales with X750 magnification for the inset.
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Figure 45. SEM images of PVA-TMOP1 NC during PVA optimization using constant
precursors percentage, respectively. These images have 200 um scales with x70

magnification for normal and 20 um scales with x750 magnification for the inset.

The compositional analysis by EDX technique showed the presence of the expected Zn,
Mn, Fe, S, and O elemental compositions in all BMONCs and TMONCs [Figure 43(d) -
(H]. For PVA-TMOP1, PVA-BMOL, and PVA-BMO2 the major peaks at 1, 0.5, and 6.5
keV were identified for Zn, Mn, and Fe, respectively (Adil et al., 2017; Khurram et al.,
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2021). However, S on PVA-TMOP1; Cl and N on PVA-BMO1; C and S on PVA-BMO2
as impurities were observed. The source for these impurities is most probably from the
MnSQO,4.H,0 precursor during synthesis and standards used during analysis.

4.1.7. TEM analysis

The TEM, SAED, and d-spacing analyses conducted for PVA-TMOP1, PVA-BMO1, and
PVA-BMO2 NCs are given in Figure 46(a)-(c). From the TEM images, the sizes of the
synthesized NCs were found to be in the nanometer range (~10 — 70 nm); this complies
with the XRD analysis. From the TEM images, it is also possible to visualize the presence
of twins separated by boundaries (oriented attachment) between metal oxides (Penn,
1998). During oriented attachment, due to fission as a driving force, the particles share a
common crystallographic orientation (Penn, 1998; Xue et al., 2014; Jing Zhang et al.,
2010). The introduction of capping ligands has been reported to play multiple roles,
including i) promoting or inhibiting aggregation and thus influencing oriented attachment
growth, or ii) hindering Ostwald ripening from occurring and thus facilitating oriented
attachment (Xue et al., 2014). It leads to the formation of heterojunctions between the
metal oxides that assists in continuous charge transfer capability (Mufioz-Rojas et al.,
2008; Zeng et al., 2017). The HRTEM image analysis was performed using Gatan
microscopy suit software [Figure 46(d)-(f)]. For PVA-TMOP1 NC, the obtained d-spacing
value of 0.28 nm is consistent with the (002) plane of ZnO NPs and 0.34 nm is matching
to (221) plane of a-Mn,03 [Figure 46(d)] (Liu et al., 2016; Zhao et al., 2018). The lattice
fringe with an adjacent d-spacing value of 0.368 nm corresponds to the (012) atomic plane
of a-Fe,0O3 (Yan et al., 2011). Yet, the lattice fringes of a-Fe,O3 were not found on the
HRTEM image of PVA-BMO1 NC, which is possibly due to the highly dispersed state of it
or because of a random selection of the crystallite during resolution [Figure 46(e)]. Besides,
as seen in Figure 46(f), the d-spacing value of ~0.343 nm is corresponding to the (221)
atomic plane of a-Mn,03 (Zhao et al., 2018). Herein also, the lattice fringes of ZnO were
not detected on the HRTEM image of PVA-BMO2 NC, which is because of a random

selection of the crystallite during resolution.
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Figure 46. (a-c) TEM images of PVA-TMOP1, PVA-BMO1, and PVA-BMO2 NCs,

respectively (inset: the respective SEAD rings and XRD pattern), (d-f) the respective

HRTEM image [Inset: 1 (magnified)]. IFFT: Inverse fast Fourier transmission.

The stacking faults (type surface defects) on the inverse fast Fourier transmission (IFFT)
analysis of the HRTEM image indicate the porous/semi-crystalline nature of the NCs (see
IFFT images of Figure 46(d)-(f) inset). The measured interplanar spacing of diffraction

rings on fast Fourier transform selected-area electron diffraction (SAED) patterns of
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0.2864, 0.2543, 0.1969, 0.1663, 0.1520, 0.1419, 0.1278, and 0.1104 nm for PVA-TMOP1
NC matches with the hexagonal wurtzite ZnO structure as detected on the XRD pattern
(Figure 46(a) inset). The SAED patterns for PVA-BMO2 NC (0.2860, 0.2707, 0.1996,
0.1717, 0.1559, 0.1445, and 0.1150 nm) (Figure 46(c) inset) also matches with the
hexagonal wurtzite ZnO structure. The SAED patterns of 0.2900, 0.2540, 0.2042, 0.1671,
0.1609, 0.1652, 0.1297, 0.1500, and 1070 nm for PVA-BMO1 NC (Figure 46(b) inset)
also in close relationship with ZnO structure. Yet, the additional uneven spots were
observed on the PVA-TMOP1 and PVA-BMOP1 NCs, these spots are most probably for
Mn,0O; or/and Fe,;Os3. The diffraction spots present exactly on the SAED rings indicate the
crystallinity of ZnO NPs. The spots present outside of the ring are for Fe,O3 or/and Mn,03
(Zhai et al., 2012). None of the spots were detected in PVA-TMOP1 NC, this diffuse rings
pattern on the PVA-TMOP1 NC indicates the less crystalline properties of the sample.
Besides, unlike that of PVA-TMOP1 and PVA-BMO1 NCs (Figure 46(a) and (b),
respectively), the presence of two different crystallites for PVA-BMO2 [Figure 46(c)];

shows the presence of two distinct metal oxides.

4.1.8. XPS analysis

On the XRD and TEM analysis, there are certain doubts on distinguishing the metal oxide
phases (oxidation state and chemical composition). These doubts were further clarified on
the XPS analysis. Figures 47 and 48 are the XPS analysis results of ZnO NPs and PVA-
BMO1, PVA-BMO2, and PVA-TMOP1 NCs. The inset plots are the high-resolution
spectrum of the elements. The zinc (Zn 2p, 3s, 3p), iron (Fe 2p, 3p), manganese (Mn 2p,
3p), and oxygen (O 1s, 2s) are expected from the composition of ZnO, Fe,03, and Mn,0s.
The typical survey spectrum of the ZnO NPs was depicted in Figure 47(a), which shows
the presence of Zn 2p, O 1s, and C 1s elements [Figure 47(a) inset (i - iii)]. As seen in
Figure 47(a) inset (iii), the high resolution ZnO NPs peaks at ~1022.0 eV and 1045.2 eV
correspond to Zn 2pz» and 2py,, respectively (Mao, 2019).

The typical wide scan survey spectrum of the PVA-BMO1 NC is depicted in Figure 47(b),
which shows the presence of Zn 2p, Fe 2p, O 1s [(Figure 47(b) inset (i - iii)], and C 1s
chemical states. The high-resolution spectrum of Fe is given in Figure 47(b) inset (ii), the
electron binding energy of Fe (2psp, ~711 eV and 2pip, ~725 eV) is consistent with that
of Fe,O3 and is in good agreement with the literature (Wu et al., 2010). Besides, the 2ps,
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and 2p;;, are accompanied by satellite structures on their high binding-energy side,

indicated by arrows at the respective 720 eV and 730 eV, which are the fingerprints of the
electronic structures of Fe** (Fe,03) (Yu Liu et al., 2012; Wu et al., 2010). The binding

energies at ~1022.2 eV and 1045.4 eV are consistent with the electronic states of Zn 2ps,

and 2pi,, respectively.
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Figure 47. XPS plots of (a) ZnO, (b) PVA-BMOL1 calcined at 500 °C. Insets are the high-

resolution XPS spectrum.
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The wide scan survey spectrum of the PVA-BMO2 NC is depicted in Figure 48(a), which
shows the presence of Zn 2p, Mn 2p, O1s [Figure 48(a) inset (i - iii)], and C 1s chemical
states. The high-resolution Mn 2p orbital region shows the binding energies of Mn 2ps,
and Mn 2p, peaks exist at binding energies of 641.1 eV and 653.2 eV [Figure 48(a) inset
(i)] is also in good agreement with the literature (Saravanan et al., 2015). The

approximate splitting energy of 12.1 eV between Mn 2ps, and Mn 2py, is a typical value
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for Mn** (Mn,03) (Guorui Yang et al., 2014). Figure 48(a) inset (iii) displays a high-
resolution spectrum of Zn, the peaks at 1022.7 eV and 1045.8 eV correspond to Zn 2ps/,
and 2py2, respectively. Figure 48(b) confirms the presence of Zn 2p, Mn 2p, Fe 2p, O 1s
[Figure 48(b) inset (i - iv)], and C 1s chemical states in the PVA-TMOP1 NC. As seen in
Figure 48(b) inset (i), the Mn 2ps;, and Mn 2p;/, peaks exist at binding energies of 641.1
eV and 653.7 eV; whereas, the Fe 2ps;, and Mn 2py; peaks exist at binding energies of
711.3 eV and 722.3 eV. The binding energy of Zn 2p in the PVA-BMO1, PVA-BMO2,
and PVA-TMOP1 NCs show a positive shift compared to that of pure ZnO (1022.0 eV).
This shift is reported to be due to the electron transfer from the Fermi level of ZnO to the
Fermi level of Fe,O3 or/and Mn,O3 (Hu et al., 2011; Yu Liu et al., 2012; Jun Zhang et al.,
2011).

4.1.9. CV and EIS analysis

The electrochemical properties of ZnO NPs and PVA-BMO1, PVA-BMO2, and PVA-
TMOP1 NCs were investigated by EIS and CV analytical techniques. The CV plots of
these NPs and NCs at different scan rates are given in Figures 49 - 51 (a) and (b). For ZnO
NPs [Figure 49(a)], an increase in the scan rates, a slight increase in the redox peak current
was observed, yet, the oxidation-reduction peaks were not found. Figure 49(a) inset (i) is
the magnified plot of ZnO NPs modified electrode and Figure 49(a) inset (ii) is for the un-
modified electrode. For PVA-TMOPL1 [Figure 49 (b)], an increase in the scan rate caused a
slight increase in the redox peak current. Unlike that of ZnO NPs, a pair of fast and
reversible redox reaction was noticed for PVA-TMOP1 NC [see Figure 49(c)]. This quick
and reversible redox reactions is clarified to be due to the porous nature of the NCs that
allows rapid proton intercalation and de-intercalation processes without affecting the
performance of the electrode (Liu et al., 2019). This is also in compliance with the BET,
XRD, SEM, and EIS characterizations results. The obtained peak potential difference
(AEac) between anodic peak potential peak (Epa) (+0.401V) and cathodic peak potential
peak (Epc) (+0.323V) is 0.078 V. This smaller AE,. (0.078 V) value also indicates the
capability of the PVA-TMOP1 NC to be more reversible.
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Figure 49. CV plots of (a) ZnO NPs, (b) PVA-TMOP1 NC electrode, (c) CV plot of PVA-
TMOP1 NC @ 40 mV/s, and (d) PVA-TMOP1 NC linear plot.

Figure 50(a) and (b) show the CV plots of ZnO NPs and PVA-BMO1 NC at different scan
rates, respectively. For PVA-BMO1 NC, an increase in the scan rate caused a slight
increase in the redox peak current. Unlike that of ZnO, a pair of redox peaks was also
noticed for PVA-BMOL1 NC [Figure 50(c)]. The obtained peak potential difference (AE,)
between anodic peak potential (Epa) (+0.391V) and cathodic peak potential (Epc)
(+0.370V) is 0.021 V. This smaller AE, ¢ value, also indicates the capability of the PVA-
BMO1 NC to be fast and more reversible. This enhanced current reduction and oxidation
responses for the PVA-TMOP1 and PVA-BMO1 NCs verifies the presence of improved
electron transport between the electrolyte medium and the modified NCs electrode
(Gopinathan et al., 2015). It is most probably due to the porous nature of the NCs,
revealing the presence of a non-restricted pathway for electron transfer. Furthermore, this
obvious electron transport potential for the NCs also shows the formation of

heterojunctions between metal oxides (Jun Zhang et al., 2011). It is also consistent with
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the BET, XRD, SEM, and electrochemical impedance spectroscopic (EIS) analysis results.
In addition to the porosity and formations of heterojunctions between the metal oxides,
these reversible redox peaks, which have not appeared on the ZnO NPs may also be

resulting from the conversion of Fe?* and Fe*" (equation 53) (Yan Wang et al., 2018).

Fe(OH), + OH™ <> FeOOH + H,0 + e~ (53)
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Figure 50. CV plots of (a) ZnO NPs and (b) PVA-BMO1 NC electrode at different scan
rates, (c) CV plot of PVA-BMO1 @ 40 mV/s, and (d) PVA-BMO1 NC linear plot.

From the CV plots at different scan rates for PVA-BMO?2, the oxidation-reduction peaks
were also observed (see Figure 51(b) inset). The probable mechanism of these redox peaks
is mainly attributed to the reaction of Mn*/Mn*" (equation 54) involving OH~
chemisorption/intercalation into Mn,Oj3 structure (Han et al., 2020; Nathan et al., 2008; Xu

et al., 2017). The effect of the scan rate on the increment of the redox peak current was
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also detected. The linear relationship plotted between the oxide peak current (I,) versus the
scan rate (v) is shown in Figures 49 and 50(d) and Figure 51(c) for PVA-TMOP1, PVA-
BMO1, and PVA-BMO2 NCs,
determination (R?) value, for PVA-TMOP1 and PVA-BMO?2, good linearity between the
scan rate and ip, Was obtained within the range of 10 to 50 mV/s. The fitting of their linear

respectively. Depending on the coefficient of

curve confirms the presence of a surface-confined process on the modified electrode
surface (Tang et al., 2008) and the domination of adsorption controlled electrocatalytic
process. The non-fitting of the PVA-BMOL linear plot justifies the diffusion-dependent
electrocatalytic process (Suresh et al., 2014; Tang et al., 2008).

Mn [Mn] O3 + OH™ <> Mn*~ + [Mn3"] OH™ O3 + e~ (54)
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Figure 51. CV plots of (a) ZnO NPs, (b) PVA-BMO2 NCs electrode at different scan
rates, and (c) PVA-BMO2 NC linear plot.
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For further understanding of the electrochemical properties of the ZnO NPs and NCs, the
electrochemical impedance spectroscopic (EIS) test was conducted. Figure 52(a) — (c)
shows the EIS plots of PVA-TMOP1, PVA-BMO1, and PVA-BMO2 NCs, respectively in
comparison to ZnO NPs. The Nyquist plot was used to understand the resistance
properties of the NPs and NCs. The semicircular portion at a higher frequency is equal to
the charge transfer resistance (R.) at the contact interface of the electrode and electrolyte
solution (Li et al., 2011; Xie et al., 2014). As seen from the combined EIS plots in Figure
53, the semicircular diameter of PVA-TMOP1 NC is much smaller than the ZnO NPs and
two binary NCs. It indicates that PVA-TMOP1 NC has much lower resistance/higher
charge transfer ability and probably a higher photoelectron-hole pair’s separation

efficiency.

The R values of ZnO NPs and PVA-BMO1, PVA-BMO2, and PVA-TMOP1 NCs were
obtained to be 65, 25, 61, and 7Q, respectively. These results show that the charge transfer
capability is in the order of PVA-TMOP1 > PVA-BMO1 > PVA-BMO2 > Zn0O. This
enhanced conductivity for the NCs can be attributed to the formation of a heterojunction
between metal oxides and their porous nature (Khan et al., 2015; Khan et al., 2016;
Yuanying Liu et al., 2014). Besides, increasing the heterojunction to the ternary (PVA-
TMOP1) shows enhanced charge transfer capability. As reported (Suryavanshi & Rajpure,
2018), this is attributed to the more negative band position values of the NCs, compared to
ZnO NPs alone, indicating greater electron/hole recombination hindrance capacity. The
linear portion at lower frequencies is known as the Warburg resistance, which is related to
ion transport/ions diffusion from the electrolyte to the surface of the electrode (Kasap et
al., 2019).
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their magnified EIS plots).

4.2. Adsorption Studies

Adsorption is a surface phenomenon in which adsorbate molecules bind to a solid surface.
The three common adsorption steps include film diffusion, pore diffusion, and surface
reaction) (Lin & Wang, 2008). Besides, 1) the diffusion of the reactants from the bulk
phase (boundary layer) to the external surface of the catalyst pellet, 2) diffusion of the
reactant from the pore mouth through the catalyst pores to the immediate vicinity of the
internal catalytic surface; the point where the chemical transformation occurs, 3)
adsorption of reactants on the inner catalytic surface, 4) reaction at specific active sites on
the catalyst surface, 5) desorption of the products from the inner surface, 6) diffusion of
the products from the interior of the pellet to the pore mouth at the external surface, and 7)
diffusion of the products from the external pellet surface to the bulk fluid are the seven
classical steps involved in the adsorption process [Figure 55(a)]. If external transport is
greater than internal transport, the rate is governed by particle diffusion. If external
transport is less than internal transport, the rate is governed by film diffusion and if
external transport approximately equal to internal transport, the transport of adsorbate ions

to the boundary may not be possible at a significant rate thus, the formation of a liquid
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film surrounding the adsorbent particles takes place through the proper concentration
gradient (Klaewkla et al., 2011).

During all the above-mentioned processes, two main types of interaction, namely, physical
and chemical, are possible between adsorbent and adsorbate; the former is known as
physisorption, and the latter is chemisorption. Physisorption is a result of attractive forces
between sorbent and adsorbate molecules, whereas chemisorption provides a stronger
bond as it involves the transfer or sharing of electrons between adsorbent and adsorbate
species (Zhou et al., 2014). It is reported that (Lei et al., 2017), the porous materials can
simultaneously possess a high SAV and high settling velocity in aqueous media, and have
outstanding adsorption capacity. Herein, the optimized PVA-TMOP1 NC that has high
SAV and SSA compared to all the other NPs and NCs was used to study the adsorption
process of MB dye.

4.2.1. Optimization

Figure 54(a) shows the calibration curve used during the initial MB dye optimization
process. As seen in Figure 54(b) of PVA-TMOP1 adsorbent dosage optimization, the
adsorption of MB increases rapidly as the dosage increases from 0.005 to 0.02 g. This is
due to the presence of unoccupied active sites of the adsorbent (Xia et al., 2011).
However, after the saturation site of 0.02 g, a further increase in dosage does not result in
increasing the removal efficiency plateaus, consistent result was also achieved (Lan
Huong et al., 2018). Therefore, 0.02 g is taken as an optimum PVA-TMOP1 adsorbent

amount for further MB dye adsorption experiments.

The degree of ionization of MB dye adsorbate and the surface charge of the PVA-TMOP1
NC adsorbent is dependent on the pH of the solution. In the acidic pH range, due to the
presence of H™ ions, the surface site of the PVA-TMOP1 NC functional group will be
protonated. While, in alkaline pH due to the OH" ions, the surface occupies a negative
charge. Due to the presence of electrostatic repulsion between positively charged PVA-
TMOP1 adsorbent and cationic MB dye, at acidic pH, the adsorption efficiency decreases
[Figure 54(c)]. At the alkaline pH, the electrostatic attraction between the deprotonated
negatively charged PVA-TMOP1 with cationic MB dye occurred, so did enhancement of

the adsorption process. As seen in the proposed mechanism of the adsorption of MB on
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PVA-TMOP1 [Figure 55(b)], at alkaline pH, the positively charged nitrogen atom from
MB dye can form a hydrogen bond with the hydroxide groups from the PVA-TMOP1

adsorbent.
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Figure 54. (a) Calibration curve obtained during concentration optimization test, (b)
adsorbent dosage optimization, (c) pH of the solution optimization, (d) initial
concentration optimization of MB dye adsorption on the PVA-TMOP1 NC.

Figure 54(d) shows the influence of initial MB dye concentration on the removal
efficiency of the PVA-TMOP1 NC. An increase at initial MB dye concentration leads to
an increase in the adsorption capacity. This is because the ratio of the initial number of
moles of MB dye to the available surface sites of PVA-TMOP1 NC is large and
subsequently the fractional adsorption becomes independent of MB dye initial
concentration and consequently higher adsorption yields were obtained. However, at

higher concentrations, most of the PVA-TMOP1 NC adsorption sites are occupied by ions,
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and the available sites of adsorption would become fewer, hence the percentage removal
of MB dye become constant.
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Figure 55. a) Individual steps of a simple, heterogeneous catalytic fluid—solid reaction Al
— A2 carried out on a porous catalyst (Klaewkla et al., 2011), b) proposed possible
adsorption mechanisms of MB dye on PVA-TMOP1 NC.

4.2.2. Adsorption kinetics studies

Among the three adsorption process of adsorption Kinetics, viz., (i) external surface
adsorption, (ii) intraparticle diffusion (IPD), and (iii) equilibrium adsorption (Cui et al.,
2015), the first, fast external adsorption process, occurred up to 70 minutes, the second,
IPD, occurred up to 90 minutes, and the third, equilibrium adsorption process, starts at 110
minutes [Figure 56(a)] (Lan Huong et al., 2018). For further time-dependent experimental
data interpretation, the PFO, PSO, Elovich, IPD, and Bangham linear equations (equations
9 - 13) have been applied, as seen in Figure 56(b)-(f). The respective adsorption

coefficient and constant values are given in Table 17.
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Figure 56. (a) Adsorption Kinetics plot of MB dye adsorption on PVA-TMOP1 NC, (b)

pseudo first order, (c) pseudo second order, (d) Elovich, (e) intra-particle diffusion (f)

Bangham kinetics models. (@ dosage = 0.02 g, pH = 8.2, concentration = 20 mg L™,

agitation speed = 140 rpm).

Comparing the R? values of the adsorption kinetics models, the PSO adsorption-reaction

model [Figure 56(c)] and the Bangham model [Figure 56(f)] relatively fit well. The well-
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fitting of the PSO model indicates the chemisorption type of adsorption process to be the
rate-determining step. This adsorption process occurs through the transfer of electrons or a
chemical reaction between MB dye adsorbate and PVA-TMOP1 NC adsorbent (Cui et al.,
2015; Mohammadi et al., 2014). However, to state that the PFO [Figure 56(b)] and PSO
models fit well, their theoretical and experimental values should also be close to each
other. Frequently, the obtained theoretical value becomes less than yet close to the
experimentally obtained value (Mohammadi et al., 2014). The theoretical (9.43 mg g~1)
and experimentally obtained (3.64 mgg~!) values of PFO have not had a close
relationship, while the theoretical (9.43 mg g~1) and experimental (9.91 mg g~1) values of
PSO have a close relation.

As seen in Figure 56(e), the IPD model failed to show good fitting, and its linear line also
does not pass through the origin. Hence, the adsorption process is not under the control of
the adsorption-diffusion process. Therefore, the MB dye adsorption on the PVA-TMOP1
NC is dominantly dependent on the adsorption-reaction type. The Elovich model that is
commonly applied in chemisorption systems (Bernal et al., 2020) also showed relatively
better fitting [Figure 56(d)]. Actually, it also has confirmation from the CV Ip versus v
linear plot, which suggests that the electrocatalytic process is adsorption controlled for
PVA-TMOP1 NC [see Figure 49(d)]. However, the well-fitting of the Bangham model
indicates the presence of pore diffusion in the adsorption process [Figure 56(f)] (Edet &
Ifelebuegu, 2020). The presence of this pore diffusion is also consistent with the BET and
SEM interpretations of PVA-TMOP1 NC porous property.
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Table 17. Kinetics coefficient and constant values of MB dye adsorption on PVA-TMOP1 NC.

PFO PSO Elovich IPD Bangham
Qe Qe Qe
(mgg™?t K (mgg™) R Ki (mgg™?) R B R’ C Kig R’ m  ky R?
9.43 0.037 3.64 0.82524 1.85 9.91 0.9991 0.95 0.9368 0.049 2.83 0.9097 2.22 -0.42 0.9595

* is the theoretical equilibrium absorption capacity
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4.2.3. Adsorption isotherms studies

The adsorption isotherm models give physicochemical information about the adsorption
process, adsorbate-adsorbent interaction, adsorption characteristics, and adsorption
efficiency of PVA-TMOP1 NC adsorbent (Ng et al, 2002). The concentration
optimization data conducted using different initial MB dye concentrations [Figure 54(d)]
were fitted with adsorption isotherm models (Figure 57). The respective absorption
coefficient and constant values of the adsorption process are given in Table 18. Depending
on the R? value of the adsorption isotherm models (equations 3 - 8), the Langmuir and FH
models show better fitting. From the Langmuir plot [Figure 57(a)], the R_ value lies
between 0 and 1 (0.05), indicating the favorability of the adsorption process (Su et al.,
2018). The fitting of the Langmuir model shows the presence of monolayer MB dye
adsorbate coverage on the surface of the PVA-TMOP1 NC adsorbent, which is consistent
with the PSO model interpretation. The maximum adsorption capacity of the adsorbent
determined from the Langmuir isotherm model is 7.75 mg g~1. Several studies showed
greater adsorption capacity (Chen et al., 2011; Dutta et al., 2011), although, lesser
adsorption capacity (Al-Khateeb & Mahmood, 2016; Subbareddy et al., 2020), compared
to our materials. Therefore, our material has a moderate adsorption capacity towards the

adsorption of methylene blue dye.

The Freundlich [Figure 57(b)], D-RK [Figure 57(c)], Temkin [Figure 57(d)], and FG
[Figure 57(f)] isotherm models are responsible for the heterogeneity of the adsorbent sites,
adsorption mean free energy, adsorbate/adsorbate interactions, and surface characteristics
of the adsorbate, respectively (Ayawei et al., 2017). Among them, Freundlich and
Temkin’s models do relatively fit well. The Freundlich isotherm model is responsible for
the heterogeneity of the adsorbent sites. Generally, if the value of constant n is between 1
and 10, the adsorption process becomes acceptable (Ng et al., 2002). The obtained n
values from the Freundlich model is in between 1 and 10 (1.59) for this work, indicating
the favorability of the adsorption process. As confirmed by the Langmuir isotherm model,
the value of 1/n is closer to 1 shows the homogeneous nature of the PVA-TMOP1 NC

adsorbent surface.
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Figure 57. Adsorption isotherm plots of MB dye adsorption on PVA-TMOP1 NC (a)
Langmuir, (b) Freundlich, (c¢) Dubinin-Radushkevich, (d) Temkin, (e) Flory-Huggins, (f)
Fowler-Guggenheim models. (@ dosage = 0.02 g, pH = 8.2, agitation speed = 140 rpm,

contact time = 90 min.).

The Temkin adsorption isotherm medal, which explains the adsorption system to be based

on heat (Ng et al., 2002), fits well with the equilibrium binding constant kt values of 1.002
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L mg~1. The Temkin isotherm constant b value of 2.16 kJ mol™ shows the adsorption
process seems to involve a chemisorption type of adsorption process (Hu et al., 2011). The
indication of the characteristic surface coverage and spontaneity of the reaction (—3.8
kJ mol~1) is obtained from the FH model equation [Figure 57(e)]. The obtained negative
heat of adsorption (w) value of —17.838 kJ mol™! from the FG model confirmed the
presence of repulsive interaction between adsorbed MB dye molecules
(adsorbate/adsorbate interactions). It confirms the Langmuir monolayer coverage
interpolation.
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Table 18. Adsorption isotherm coefficient and constants for adsorption of MB dye onto PVA-TMOP1 NC.

Langmuir Freundlich D-RK Temkin FH FG
Om KL E b AG w
(mg g~ ) (Lmg YR i 1n  (kJ mol™) B (k] mol™) k; n (k] mol™1) Ken ke (k] mol™1)
7.75 0.94 0.05 0.21 0.6298.5 0.033 2.16 1.002 -496 —3.80 0.216 7.58e-5 —17.838
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4.3. Photocatalytic Activities and Mechanism

The porous NCs have more surface defects that improve light absorption efficiency and
increase photocatalytic degradation activity (Xin Li et al., 2016; Prabakaran & Pillay,
2019; Tian et al., 2019). It’s well-known that irradiation of ZnO photocatalyst with
suitable energy produces electron (e) and hole (h") pairs on the surface of the
photocatalyst. On the reduction half-reaction, e” reacts with dissolved oxygen and creates
superoxide radical (057) and the hydroxide radicals (OH"). Whereas, on the oxidation half-
reaction, the h* reacts with water and form additional OH’. The occurrence of these two
reactions is dependent on the band potential of the photocatalyst. The OH" oxidizing agent
reacts with adsorbed toxic pollutants and produces a nontoxic byproduct. However,
applying single ZnO as a photocatalyst may face an e /h* recombination problem. This
recombination problem, particularly in the nanosized range, leads to the diminution of
their quantum efficiency. It is also understood from the past studies that, sometimes the
e /h* recombination may also initiate highly desirable reactions and consequences in the
dissipation of radiant energy (Lachheb et al., 2017).

Among several strategies developed for the improvement of the charge transfer
capabilities of the photocatalysts, the formation of an interface between two or more metal
oxide semiconductors is one of the viable schemes (Mohd Adnan et al., 2016). The design
and fabrication of an interface significantly assist the process of continuous transfer of
electrons from the more negative conduction band (CB) potential to the lower CB
potential and holes from less negative valence band (VB) potential to the more negative
VB (Jiamprasertboon et al., 2019). Furthermore, forming a hybrid also enhances the active

sites, polarity, porous nature, and broad bandgap properties of the materials.

Except for PVA-BMO2 NC on the indirect Kubelka—Munk plot, the Uv-vis-DRS (Figure
35) analysis confirms the non-existence of noticeable bandgap change between ZnO NPs
and NCs. This can be explained by the fact that, the non-incorporation of either Fe** or
Mn®* ions in the ZnO crystalline lattice, which further indicates the presence of only local
heterojunction between ZnO and Fe,O3; or/and Mn,O3; (Lachheb et al., 2017; Maya-
Trevifio et al., 2015). Therefore, the UV lamp was used for this study as an irradiation
source. The photodegradation experiment was conducted using the CR and AO8 dyes at a

maximum absorption wavelength of 494 and 484 nm, respectively.
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The photodegradation activity of the ZnO, PVA-BMO1, PVA-BMO2 was shown in
Figure 58(a) — (). The proposed possible photodegradation mechanism of PVA-BMO1 and
PVA-BMO2 NCs were given in Figure 59(a) and (b), respectively. The ZnO and PVA-
BMO2 showed decent photocatalytic activities on AO8 dye with 9.85% and 10.6%
degradation for the first 15 minutes, respectively, with a maximum degradation of 62.2%
for ZnO and 74.35% for PVA-BMO?2. The obtained rate constant k value for ZnO and
PVA-BMO2 was 0.005819 min.™ and 0.008646 min.”, respectively. The ZnO NPs also
showed good photocatalytic activities on the CR dye with the rate constant k value of
0.005622 min.™. The good photocatalytic activities of ZnO NPs may be due to the
presence of some defects (vacancy or/and interstitial) that prevent the e /h* recombination.

The superior photocatalytic activities of PVA-BMO2 on AO8 dye, even better than PVA-
TMOP1 NC, is probably due to the formation of a suitable staggered type heterojunction
[Figure 59(b)]. In the staggered gap type of heterojunction, the electrons transferred from
the more negative CB potential of ZnO to the lower CB potential of Mn,Os. The holes
transferred from the more positive VB potential of Mn,O3 to the less positive VB potential
of ZnO (Jiamprasertboon et al., 2019). Herein, the electrons and holes separation
improved, and improvement in the photocatalytic efficiency arisen (Marschall, 2014). In
fact, the PVA-BMO2 NC also showed redshift on the indirect Kubelka—Munk plot (Figure
35), which assists for broad-spectrum light absorption efficiency (Hu & Yang, 2017).
However, the photocatalytic activity of PVA-BMO?2 on the CR dye is not good. Actually,
the typical anionic diazo CR dye has a highly stable structure, which makes it difficult to
degrade (Lei et al., 2017).

The photocatalytic activities of PVA-BMO1 NC on both CR and AO8 dyes are poor. This
reflects the enhancement in the electron-hole recombination, probably due to the
formation of a straddling gap type of heterojunction [Figure 59(a)] (Hu & Yang, 2017; Xu
et al., 2018). In the straddling gap type of heterojunction, the electrons transferred from
the more negative CB potential of ZnO to the lower CB potential of Fe,O3. The holes also
transferred from the less negative VB potential of ZnO to the more negative VB potential
of Fe O3 (Jiamprasertboon et al., 2019). Thus, the electrons and holes collected and
recombine on the Fe,Os3; and the weakening of the photocatalytic efficiency occurred
(Marschall, 2014).
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Figure 58. Absorbance vs. wavelength photocatalytic activities plots of ZnO (a and b),
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Figure 59. Three types of proposed band alignment for semiconductor heterojunction,
including (a) straddling gap (type 1), (b) staggered gap (type 11), and (c) broken gap (type
1) (Hu & Yang, 2017).

As confirmed from the characterization techniques, the PVA-TMOP1 NC exhibited
enhanced SAV and better charge transfer capability compared to ZnO NPs and the two
binary NCs. The PVA-TMOP1 NC has good photodegradation activity on both stable CR
and AO8 dyes, unlike that of ZnO NPs and the two binary NCs. In fact, simultaneous
degradation of a mixture of dyes would have been more prone to real case applications as
textile dyes are mixtures. The absorbance (a.u.) versus wavelength (nm) plots of CR and
AO8 dyes for PVA-TMOP1 NC was given in Figure 60(a) and (b). From the
%degradation versus time (min) plot, in the first 15 minutes, approximately 17 % and 15
% of degradation took place for the CR and AO8 dyes, respectively. The maximum
degradation of 68 % for CR dye and 70 % for AO8 dye was observed [Figure 60(c) and
(d)]. The obtained rate constant k value for CR and AO8 dyes was 0.007141 min.™ and
0.005627 min.™, respectively. The half-life (time required for degradation of the AO8 and
CR dyes to half of its initial amount) is the point at which the C/C,and 1 — (C/C,) curves
intersect (Akhil et al., 2016). The obtained degradation half-life value was approximately
105 minutes for CR and 119 minutes for AO8 dye [Figure 60(e) and (f)].
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Figure 60. Photocatalytic activities of the PVA-TMOP1 NC: (a and b) absorbance Vs.
wavelength, (c and d) % degradation, (e and f) 1-C/C, Vs. t and C/C, Vs. t plots of CR and
A8, respectively.

Metal oxides have unique electronic configuration/bandgap features resulting in the
absorbance of a characteristic wavelength of light. However, the band edges position of
metal oxides is dependent on the surface charge (Beranek, 2011). For an efficient

photocatalytic reaction, the bottom of the CB needs to be more negative than the reduction
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potential of H*/H,, and the top of the VB needs to be more positive than the reduction
potential of O,/H,O (Hoffmann et al., 1995; Mills & Le Hunte, 1997). Also, it is beneficial
for the oxidation potential of the hydroxyl radicals and the reduction potential of peroxide
radicals to be in between the bandgap of the catalyst from the thermodynamic point of
view (Vinu & Madras, 2010). Depending on the electronegativity values of metal oxides
(Abdullah Mirzaie et al., 2012), the redox potential of n-type ZnO, n-type Fe,O3; (Ganguly
et al., 2015), and p-type Mn,O3; (Naeem et al., 2016; Saravanan et al., 2014; Zhao et al.,
2018) before heterojunction was reported being as seen in Figure 61(a).

Hence, for confirming the presence of an appropriate heterojunction and proper charge
transfer synergy, analysis using electrochemical techniques such as CV and EIS is
significant (Beranek, 2011). As seen in Figures 49 and 53 of the respective CV and EIS
analysis, the PVA-TMOP1 NC shows a quick and reversible redox reaction that indicates
the presence of relatively better charge transfer properties. The presence of good charge
transfer property shows the formations of heterojunctions/local contact between metal
oxides, which has a prominent effect on reducing the electron/hole recombination. Based
on the analysis results and reviews (Lachheb et al., 2017; Tama et al., 2019; Jun Zhang et
al., 2011), a possible proposed photocatalytic mechanism was proposed as shown in Figure

61(a) before heterojunctions and Figure 61(b) after heterojunctions.
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Figure 61. (a) The proposed a possible Bandgap energy and band edge positions of ZnO,
Fe,O3 and, Mn,O3 NPs before heterojunction, and (b) the proposed a possible mechanism

after heterojunctions.
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During heterojunction, the Fermi level of metal oxides needs to become in its stable
equilibrium stage. For equilibration, their energy band starts to move up and down by
transferring electrons. This electron drifts, until the Fermi level equalizes, took place due
to the presence of difference in the work function between the metal oxides (Lachheb et
al., 2017; Tama et al., 2019). Then, a depletion layer that has a significant role in the
electron transfer capability developed at the interface of the heterojunctions (Jun Zhang et
al., 2011). ZnO NPs has a higher charge carrier concentration compared to the Fe,Os;
therefore, the gap between the CB and Fermi level for Fe;O3 is higher compared to ZnO.
This lead to reducing the CB of ZnO compared to the CB of Fe,O3 after heterojunctions.
Also, important to note that, the Fermi level of p-type Mn,Os3 existing near the VB. Hence,
during UV irradiation, the photogenerated electrons either localize on the ZnO CB or
diffuse to the VB or/and defects of the Mn,O3. The holes move to the VB of Fe;Os.
Therefore, the recombination of the electrons and holes diminishes resulting in the
enhancement of photocatalytic activity (Lachheb et al., 2017). The main steps involved in
the reaction process of photocatalytic degradation under UV light irradiation are given in
Figure 61(b).

4.4. Sensor Activities and Mechanism

Using CV and amperometric measurements, the sensing capacity of the PVA-TMOP1 NC
were tested on ascorbic acid [Figure 62(a) and (b)]. As seen in Figure 62(a) CV plot and
Figure 62(b) amperometry plot, the potential of the synthesized PVA-TMOP1 NC for
ascorbic acid sensing has been confirmed. The PVA-TMOP1 NC exhibited superior
ascorbic acid detecting capabilities with a higher peak current at a lower potential of 0.223
V. An increase in the concentration of ascorbic acid caused an increase in current. The
sensing cycle on the amperometry analysis also finished within a few seconds, indicating
that the synthesized NC detects the ascorbic acid in very little time [Figure 62(b)]. From
the linear dependence of the anodic peak current (Ip) on the ascorbic concentration [Figure
62(c)], it can be concluded that the oxidation process is a type of adsorption-controlled one
(Suresh et al., 2014).
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Figure 62. Ascorbic acid sensing by PVA-TMOP1 NC (a) CV plot at different
concentrations, (b) amperometric plot at different concentrations, (c) variation of anodic

peak current with ascorbic concentration.
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The CV plots executed at different scan rates conducted for ascorbic acid detecting
capabilities of ZnO NPs and PVA-BMO1 and PVA-BMO2 NCs are also given in Figures
63-65. The bare-ZnO NPs showed a naught oxidation peak because of the inert
electrochemical response toward ascorbic acid [Figure 63]. The PVA-BMOL1 and PVA-
BMO2 NCs exhibited higher ascorbic acid detecting capabilities. The PVA-BMO1
exhibited greater ascorbic acid detecting capabilities with a higher peak current at a lower
potential of 0.214 V. However, compared to the two binary NCs [Figures 64 and 65]; the
PVA-TMOP1 NC exhibited relatively better ascorbic acid detecting capabilities. This
relative greater sensing capability for the ternary materials is because of the combined
effects of manganese oxide and iron oxides. Moreover, the good ascorbic acid detection
properties of the NCs at lower potential is explained to be due to the formation of
heterojunction, porosity, and high SAV of the NCs that offer more active sites (Khan et
al., 2016; Murugan et al., 2019).
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Figure 63. Electrochemical properties of ZnO NPs: CV ascorbic acid sensing curve at

different concentrations.

Besides, owning to the mesoporous property of the synthesized materials, it allows a rapid
charge transfer process (Khan et al., 2015; Yuanying Liu et al., 2014). It further shows the
presence of novel electron transfer Kinetics between the NCs and ascorbic acid molecules.
In fact, this free electron transfer due to the formation of proper heterojunction (Alam et
al., 2020; Ghanbari & Bonyadi, 2018; Huang et al., 2013; Khan et al., 2016; Murugan et
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al., 2019) and the porous nature of the materials (Khan et al., 2015; Khan et al., 2016;
Yuanying Liu et al., 2014) was explained in the previous studies. A possible two electrons
transfer electrochemical oxidation mechanism of ascorbic acid to dehydroascorbic acid is

given in Figure 66 (Fabregat et al., 2014; Murugan et al., 2019).
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Figure 64. Electrochemical properties of PVA-BMO1 NC: CV ascorbic acid sensing

curve at different concentrations.
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Figure 65. Electrochemical properties of PVA-BMO2 NC: CV ascorbic acid sensing

curve at different concentrations.
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Figure 66. The proposed mechanism of electrochemical oxidation reactions for
electrocatalytic oxidation of AA to dehydro-ascorbic acid at the NCs sensor (Murugan et
al., 2019).

4.5. Antibacterial Activity Studies

The antibacterial activities of ZnO NPs and PVA-TMOPL1 synthesized using different
PVA amounts and precursor percentages are examined against E. coli and S. aureus
bacterial strains [Figures 67(a) — (d) and 68(a) — (b)]. As seen in Figures 67 and 68 and
Table 19, ZnO NPs do not show antibacterial activity for both Gram-negative and Gram-
positive bacteria. It is due to its higher crystallite size/smaller SAV value, compared to the
NCs. As reported, the antibacterial activity of ZnO NPs is dependent on its crystallite size;
the smaller the size, the higher the antibacterial activity (Raghupathi et al., 2011).
However, all the other ZnO-based binary and ternary NCs showed better antibacterial
activities. As confirmed from the XRD, HRTEM, and BET analysis, this enhanced
antibacterial activity for the NCs is due to their small crystallite sizes and porosity, which
provide superior contact with the surface of the bacteria. The approximate average
crystallite size for PVA-TMONCSs was found to be in the range between 10 and 30 nm,
whereas the size for ZnO remained at 60 nm. The amount of PVA and percentages of
metal oxide precursor optimization and the respective zone of inhibition values are given
in Table 19. The bactericidal effect of NPs was found to be the same yet slightly higher for
Gram-negative bacteria compared to the Gram-positive bacteria. It is due to the difference
in the structural composition of Gram-positive and Gram-negative bacteria
(Santhoshkumar et al., 2017).

Compared to gram-positive bacteria, the cell wall of gram-negative bacteria is more
complex, which acts as a permeability barrier for the absorption of ROS. Moreover, the

membrane of gram-positive bacteria has a less negative charge compared to gram-negative
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bacteria that increase the absorption of negatively charged ROS species (Gordon et al.,
2011; Russell, 2003). As seen from the result (Table 19), by increasing the zinc precursor
percentage from 10 to 50%, the antibacterial activity increases. However, further
increasing its percentage to 90% caused decreasing the antibacterial activity. The
maximum diameter of the zone of inhibition for 50% PVA-TMONC at 125 pg/mL
concentration was determined to be 28 mm and 29 mm for E. coli and S. aureus bacteria,
respectively. Based on these results, it is possible to conclude that, the synthesized PVA-
TMONCs exhibited significant antibacterial action on both Gram-positive and Gram-
negative bacteria.

2,

10/125

8

N

Figure 67. The antibacterial activity for PVA amount and precursors percentage
optimization; (a and b) S. aureus and (c and d) E. coli.
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Figure 68. The antibacterial activity of optimized PVA-TMONC towards (a) S. aureus (b)

E. coli.

Table 19. The zone of inhibition (ZI/mm) of PVA optimization against bacteria for PVA-
TMOP1 NC.

Concentration E. coli S. aureus Concentration E. coli S. aureus
Code (ug/mL) (Zl/mm) (ZI/mm) | Code (ug/mL) (Zl/mm)  (ZI/mm)
75 6 6 10 75 6 9
100 6 6 100 11 12
0 125 6 6 125 18 20
75 16 12 30 75 13 15
100 20 16 100 20 21
0.4 125 21 18 125 28 23
75 6 6 50 75 13 17
100 6 6 100 20 22
1.5 125 8 10 125 28.25 29
Ampicillin 125 22 20

Z| = zone of inhibition

Depending on the antibacterial activity experiment conducted for ZnO NPs and PVA-
TMONCs; the 50% and 90% zinc precursor percentage amounts are selected for PVA-
BMONC:Ss antibacterial test. As seen in Figure 69(a)-(d) and Table 20, the PVA-BMONCs
have shown better antibacterial activity, compared to ZnO NPs. As the percentage of ZnO
in the NCs reduced from 90 to 50, an enhancement in the antibacterial activity was
observed, which is similar to the work reported earlier (Gordon et al., 2011). The
bactericidal activity of the NCs is similar for both Gram-negative and Gram-positive
bacteria. It indicates that both the direct and indirect ROS generation is possible
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mechanisms towards bacterial death (Thakur et al., 2019). Compared to the other ZnO
NPs and NCs (Table 20), PVA-BMO2-50 NC has a relatively high zone of inhabitations
for all bacteria. Yet, the highest zone of inhibition was detected on PVA-BMO1-50 (SS4)
NC on E. coli bacteria (24 mm). However, compared to the binary NCs, the ternary NCs

materials have showed better antibacterial activity.

Figure 69. Antibacterial activity of Ampicillin (center (a-d)), ZnO NPs, and PVA-
BMONC s towards (a) E. coli, (b) S. aureus, (c) P. aeruginosa, (d) B. subtills bacteria.

Table 20. The zone of inhibition (ZI/mm) for Ampicillin, ZnO, and PVA-BMONCs
against E. coli, S. aureus, P. aeruginosa, and B. subtills bacteria using 125 pg mL™

concentrations.

Code E.coli S.aureus P.aeruginosa B. subtills
Zn0O(S0) 6 6 6 6
PVA-BMO1-90(S4) 14 13 13 12
PVA-BMO1-50(SS4) 24 18 22 20
PVA-BMO02-90(S5) 19 16 16 16
PVA-BMO0O2-50(SS5) 23 20 22 22
Ampicillin 10 12 6 19
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Antibacterial activities of NPs act only when in contact with bacterial cell walls, various
means of promoting NPs-bacterial contacts such as electrostatic attraction, Vander Waals
forces, and receptor—ligand and hydrophobic interactions have been known. Once inside
cells, NPs interact with the microbial cellular machinery to inhibit enzymes, deactivate
proteins, induce oxidative stress and electrolyte imbalance, and modify gene expression
levels. The electrostatic force of attraction depends on the surface area available for
interaction, this interaction leads to membrane disruption, and this disruption, in turn,
increases permeability, eventually pulling more NPs into the microbial system with
simultaneous leakage of cellular contents. Once NPs enter into the cell generate ROS
(Jagadeeshan & Parsanathan, 2019).

Generally, the antibacterial activity occurs due to the interaction of negatively charged
bacterial cells (through dissociation of carboxylic groups) and positively charged metal
oxides NPs (Stoimenov et al., 2002). The direct and indirect ways are the two mechanisms
by which metal oxide NPs cause bacterial death. In the direct mechanism, the interaction
of the positively charged NPs with negatively charged microorganisms leads to the
disruption of the cell wall (the above path in Figure 70). It leads to the generation of
intracellular ROS through the damaging of bacterial enzymes (Zholobak et al., 2016). The
generated ROS further damages the DNA, RNA, and protein, which leads to bacterial cell
death. The indirect mechanism that mostly occurred in gram-negative bacteria (which has
an outer membrane/polysaccharide layer) is due to the interaction of the NPs with the
intercellular space. Due to this interaction, the generated ROS outside the cell (the lower
path in Figure 70) leads to the damaging of the bacterial cell (Kannan & Sundrarajan,
2014).

The interaction of NPs with microorganisms (Zhang et al., 2008) and the formation of
ROS by the effect of light radiation and without light radiation (Jalal et al., 2010) was
suggested as the main mechanisms towards bacterial death. The release of antimicrobial
ions through the solubility of metal oxides and the formation of ROS is also reported to be
the other mechanism of the NPs (Das et al., 2017; Espitia et al., 2012; Kasemets et al.,
2009). However, the release of these ions may have toxic effects during discarding after
the experiment. As confirmed from the XRD pattern and UV-vis-DRS spectra analysis,
the non-appearance of any band position shift indicates the absence of any structural

distortion in ZnO NPs attributed to the incorporation of Fe**/Mn**. Therefore, the release
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of ions is not the probable antibacterial mechanism in this work. This may also indicate
the high stability/insolubility of these metal oxides in the media used during the
antibacterial activity. The proposed mechanism of degradation developed is believed to be
due to the direct interaction, which means the damaging of the outer cell wall through
electrostatic contact between NPs and bacteria, leading to the generation of intracellular
ROS and the indirect ways of contact which means interaction of the NPs with the
environment (intercellular space) around the bacteria and extracellular generation of ROS
(Zholobak et al., 2016) leads to the protein oxidation, nucleic acid degradation, and
disruption of biochemical processes by penetrating through the cell membranes of the
bacteria (Nair et al., 2009).

7

1

€ S Generation of

reactive oxygen
species
(ROS)

Figure 70. The direct and indirect antibacterial activity mechanisms, after interaction with
the target cells, metal nanoparticles can induce loss of membrane integrity, oxidative
stress, and injury to proteins and DNA (Rai & Shegokar, 2017).

Three features play a role in the generation of ROS: active redox cycling; pro-oxidant
functional groups on the MeO-NP surface; and cell-particle interactions (Nel, 2006). The
change in electronic properties and reduction in particle size produces reactive groups on
the surface of the particles. These reactive sites are the center of interaction between
molecular oxygen and electron donor/acceptor active sites and result in the formation of
05~. This 05~ will further produce more ROS through Fenton-type reactions (the catalytic

process that converts hydrogen peroxide, a product of mitochondrial oxidative respiration,
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into a highly toxic hydroxyl free radical). It is the reaction of ferrous iron (Fe**) and
hydrogen peroxide (H2O). In this reaction, ferric iron (Fe**) and hydroxyl radical are
produced. O5~. The generated O3~ damaged iron-sulfur (Fe-S) clusters in the electron
transport chain, releasing more ferrous ions thus decreasing ATP production. These
ferrous ions are oxidized by the Fenton reaction, generating more OHe (Jagadeeshan &
Parsanathan, 2019; Raghunath & Perumal, 2017).
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5. CONCLUSIONS AND RECOMMENDATIONS

The development of advanced materials is the current necessity for environmental
protection, improvised electronic devices, and nanomedicine applications. The present
work reports the synthesis and characterization of single, binary, and ternary ZnO-based
nanomaterials for adsorption, photocatalysis, sensor, and antibacterial activity studies. The
sol-gel technique followed by the auto-combustion procedure was developed for the
synthesis of porous binary and ternary NCs. Compared to the co-precipitation, the sol-gel
method presented a better SAV for the synthesized NCs. The zinc nitrate precursor
exhibited good auto-combustion progression than the zinc acetate salt precursor. The
porous nature of the NCs is confirmed from the SEM image, SAED ring, and BET
analysis. The thermal stability study conducted using DTG/DSC techniques showed the
activation of PVA polymer degradation by metal oxides. The optimized calcination
temperature of 500 °C was found from DTG analysis and used for consecutive
characterization and application tests. Using the XRD pattern and TEM analysis, the
crystallite size of the synthesized NPs and NCs was confirmed to be in the nanometer
(7nm - 70 nm) range. The crystallite size of the synthesized PVA-TMOP1 NC has six
times lower than that of ZnO NPs. The porosity PVA-TMOP1 NC also exhibited fifteen
times greater SSA than ZnO NPs. The EDX, XPS, and HRTEM analyses were applied for
the compositional investigation of the NCs, respectively. The CV and EIS techniques were
applied to verify the charge transfer synergy improvements from ZnO NPs to binary and
to the ternary NCs. The adsorption efficiency of PVA-TMOP1 NC that exhibited optimum
SAV and SSA value was tested on the MB dye. Among the applied adsorption isotherm
models, the Langmuir and FH models were found relatively well-fitting with 7.75 mg g™*
removal efficiency. The PSO adsorption-reaction Kkinetics model fits well. These
adsorption investigations showed the domination of the monolayer/chemisorption type of
adsorption. The efficiency of ZnO NPs and PVA-BMO1, PVA-BMO2, and PVA-TMOP1
NCs further tested on the CR and AO 8 dyes degradation, AA sensing, and antibacterial
activity. The PVA-BMO2 showed relatively better activity only on AO8 dye. However,
the PVA-TMOP1 NC showed good activity on both CR and AO8 dyes. Compared to ZnO
NPs; the PVA-BMONCs and PVA-TMONCs have superior ascorbic acid sensing and
antibacterial activities. The highest antibacterial zone of inhibition for PVA-BMONCs and
PVA-TMONCs was determined to be 24 and 28 mm, respectively on E. coli bacteria. In
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conclusion, the synthesized NCs exhibited good performance towards adsorption,

photocatalysis, electrochemical, sensor, and antibacterial activity applications.

The following points are recommended for future work:

o

o

Further characterization of the selected composites by PL and Zeta potential
Optimization of parameters such as the pH of the solutions, calcination
temperature, calcination time and aging time, precursors type, zinc precursors
percentage (< 10%), solvents used during synthesis.

Checking the effects of scavengers and EPR characterization to determine the
dominant reactive species in the degradation process, simultaneous degradation of
mixed dyes, and conducting the degradation process considering real dye effluents.
Estimating the flat band potentials from banggap measurement by CV and UV-Vis.
Further sensor investigation including for single Fe,O3;, Mn,0O3, and other various
biomolecules.

Applying microscopy techniques and optimizing the concentrations of the catalyst

during the antibacterial activity study.
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