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ABSTRACT

The application of metal oxides is one of the most promising praaticesliverse field
Zinc oxide (ZnO) is one of the novel metal oxides utilimedarious applicatios such as
sorption, photocatalysis, sensing, and antimicrobldle electrorhole recombination that
occurs due to thaggregation/agglomeratiors the major limitation in employing ZnO for
photocatalysisAmong several efforts made to enhance the chaegesfer capability of
ZnQ, forming a heterojunction isa simple and economat way. The solgel followed by
the auto-combustiormethodwas utilized for synthesizing a high surface areavolume
ratio and porous Zn&hased mel oxide nanocompositeIhe efects of the syntises
techniques, type of precursors, amount of poly (vigbleol) loading, and precursor
percentage were studied and optimizedhe synthesizednanoparicles and
nanocompositesnvere characterized by DTG/DSCUV-vis-DRS, XRD, FIR, BET,
SEM/EDX,XPS, TEM/HRTEM/SAED, and CV/EHEnperometricanalytical techniques.
The characterization results revealed therface area to volume ratigorosity, and
charge transfer property improvement on the ternary nanocomp@sii&e/Mn oxidg
comparedto single ZnO and binaryZn/Fe and Zn/Mn)oxide counterparts.From the
DTG/DSC result, the calcination temperature560 °C was found to bedeal for
degrading impurities angboly (vinyl alcohol)polymer after its role as a capping agent.
Using the XRDpattern and TEM image analysis, theystallite sizeof thenanoparticles
and nanocompositesvas confirmed to be in the nanometer rarfdam- 70 nn). The
porous nature of the optimizednocompositewas understood from the SEM image and
BET analysis; cosistent results were also noted from the HRTEM (IFFT) and SAED
pattern analysisThe EDX, XPSHRTEM analysis confirmed the presence of a predictable
composition of thenanocompositesAs calculated from the BET analysis, thgecific
surface aregd SSA)of the porous ternarpanocompositevas found to b&5 times greater
than that of ZnO.The presence ofyreater charge transfer property for ternary
nanocompositescompared toZnO and binary nanocompositesvere evidenced from
CVIEIS analysisTheelectron tansfer resistance valueas determinedusingNyquist plot
for ZnO/FeOs/Mn,O3, ZnO/Fe0s, ZnO/MnOs, and ZnOwere found to ber7, 25, 4, and
65 VY, r e Bhp a&dsotpiion tegdinynethylene blue dyghowedhe domination o&
chemisorption type of adsorptiof.he Langmuir, Freundlich, DubininRadushkevich,
Temkin, FloryHuggins, and FowlefGuggenheimisotherm models were applied to
understand thedsorption processAmong them, theangmuir andrlory-Hugginsmodels
showed better fittingFrom the Langmuir model, the adsorption efficiency of ternary
nanocomposites/as determined to be 7.75 md.@ompared to the otheranoparticles
and nanocompositesZnO/MnOz; nanocompositeshowed bettephotocatalytic activity
only on theacid orange8 dye.However, he ZnO/Fe0s/Mn,O3 nanocomposites effective
on both Congo red andAcid orange 8 dyeslegradation The ZnO/FeOs/Mn,O3; and
ZnO/Fe03; nanocompositeshowed superior ascorbic acid detection capacitympared
to ZnO, the synthesized binary and ternargnocompositesexhibied an enhanced
antibacterial activity on both Graspositive and Grammegative bacteria. The highest
zone of inhibitiorfor ternary nanocomposités 28 and 29 mm oik. coli and S. aureus
bacteria, respectivelyFrom these resultst is possible to conclude th#éite synthesized
nanocompositeshave good potential for multifunctional applications including
photocatalysissersor, and antibacteriahctivities

Keywords: Porous ZnO basetanocompositesPhotocatalysis, Senso/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 suchcastrollable particle size, low synthesis cost, and
high stability(Nagvenkar et al., 2019The nanosized inorganic particles, whose structure
exhibits unique physical, chemical, and biological properties, have gaixteemeinterest

over the past decadédpplerot 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 scientificcommunity owing to their low cost, easy availability, biocompatibility, and
the possibility of performing surface modifications with different functional gr¢Djpesz
Pascual & Die/icente, 2014)

With the rapid development of industrialcsety, increasing environmentsafety threats

pose the currerglobal 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
waterconsuming and heavily polluting industries.idtestimated that over 500 tons of
various des arebeing discharged into the water bodiaad 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., 208). The methylene blue (MB)Congo red CR), andAcid orange 8
(AOB8) dyes are among the most commonly used substance for different appliddtons

dye isnot strongly poisonous, although, it has harmful effects on human Kélo§sann

et al., 1966Liu et al., 2012; Tan et al., 2008)heCR (Madan et al., 2019; Nayak et al.,
2020)andAOS8 (Elizalde Gonzalez & Garciiaz, 2010; Guaratini & Zanoni, 2008yes

have mutagenic and carcinogenic properties

Previously several physicochemical techniques such as sedimeritiidicculation,
coagulation, molecular sieving, ion exchange, reverse osmosis, membrane filtration,
ozonation, chlorination, chemical precipitation, adsorptiand photocatalysisvere
applied to remove toxic organic and inorganic pollutgitdeleyeet 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., 20HOwever, some of those
techniques are not efficient and adequate on costggnand also lackhe complete
degradation properties of the contamina(RamosDelgado et al., 2016)Among the
advanced oxidatiorprocessesheterogeneous photocatalydsr highly toxic organic
pollutantswas suggested to be simplgyork under ambient conditions, cestfective,
environmentallysafe, anddoesnot give secondary pollutionMoreover, for less toxic
pollutants the adsorption techniqueasvalso suggested to be simple, eefective,
energyefficient, and environmentally saf€hen et al., 2017; Gomd2astora et al., 2017;
Yagub et al., 2014)

The metal oxideshasedheterogeneous photocatalysisd adsorption techniquese the
most promising practices as environmental remedigitimu & Madras, 2010; Yagub et
al., 2014) Nowadays, metal oxides such as 7i@nO, FeOs;, MnOs, ZrO,, V,0s,
Nb,Os, and WQ are applied vigorously foenvironmental waste management, medicine,
food preservatioifAhmed, Rasul, Martens, et al., 2011; Espitia et al., 2012; Yemmireddy
& Hung, 2017) and pollutant sensinflbupoto et al., 2012applications Among these
oxides, ZnO is ideal witHow-cost and less tac properties(Akkari et al., 2018)
Compared to TiQ the production cost of ZnO is approximately 75% lower and hiss
higher absorption efficacy across a large fraction of the solar spe¢ianotti & Van de
Walle, 2009; Ong et al., 2018; Sakthivel et al., 2068)wever,applyingbareZnO as a
photocatalyst faces arl/e" recombination problemand producephoto corrosion in
alkaline solutionunder U/ irradiation (Qamar et al.,, 2016)Recently, efforts such as
doping(Yingming Wang et al., 2020¥orming a heterojunction with equivalerdr/and
different bandgapmaterials(Desong Wang et al., 20Q8)ye sensitizatioiMacak et al.,
200B), noble and nomoble metal depositioifAn et al., 2009) simultaneous doping
sensitization, dopingleposition, and depositiesoupling are practicedto overcome these

drawbacks and improve its structural stabi(igumar & Rao, 2017)

Among these efforts, formingnO-based heterojunction was found to be one of thelho
preferences. Several ZnO based binary related bandgap hettia)s such as TEZnO
(Bozkurt ¢éerak et alandSn@an@ @hiand&d.in,20l3)and t
different bandgapheterojunctios such as Zn@fMn,0O; (Saravaan et al., 2014)and
ZnO/FeO; (Davari et al., 2017; Lachheb et al.,, 2017; Sin et al.,, 20&8¢ been
investigated.In addition the ZnO/FeOs/MnO, (Tedla et al., 2015) SnGQ/ZnO/TiO;
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(Guidong Yang et al., 2012¥nO/AgO/FeO4 (Cai et al., 2015) F&O4/ZnO/CoWQ
(ShekofterGohari & HabibiYangjeh, 2017)and FeO./ZnO/NiWO, (HabibtYangjeh &
ShekoftekGohari, 2017)ternary heterojunctions have also been studldek enhanced
surface area to volume rati®AV), photocatalytic, and antibacterishprovementwas
confirmed for both binaryand ternary heterojunctions, compared toliageeZnO (Lei et

al., 2018; Mayank et al., 2019ue to thesynergistic effec(MayaTrevifio et al., 2015)

the ternaryheterojunctions further improwae separation of photogenerated electron/hole
pairs compared to the binary heterojunctig¢bsi et al., 2018; Xiaojuan Li et al., 2018;
Pirhashemi et al., 2018)There is enoughnformation 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, akhienhance the SAV, porosity, and charge
transfer property concurrently.

The properties such astability, visible light absorption, higliSAV, and low toxicity
offered byiron and manganese oxide make them promising matéBalstaj Lejbini &
Sangpour, 2019; Bigiani et al., 2019; DehghBashtabi et la 2019; Rosa et al., 2019;
Yu et al.,, 2019) Among different crystalline polymorphsof the ntype iron oxide
semiconda t or , t h eFe@piswmecommereledé the most stable pha@dishra

& Chun, 2015) Forming a composite with F®; and protecting ZnO from dissolution
during light irradiation were also reporte@amar et al.,, 2016)Among different
crystalline polymorphs of manganese oxide, khe,O; crystalline polymorphshow a
unique property towards SAV and stability for adsorption, photocatalysis, and
antibac¢erial activityapplications both in the amorphous and crystalline ¢Mtdarreri et
al., 2018; Selim et al., 2020; Guorui Yang et al., 20Bérause of its low charge transfer
resstance and multitudinous defects, manganese oxide can alstvdbenojunctios with
ZnO and enhances the electioole separation rout€Yu et al., 2016)Coupling of the p
type MnOz and ntype FeOs; with ntype ZnO has beenpracticed broag (Ali et al.,
2019; Davari et al., 2017; Hashim et al., 2019; Lachheb et al., 2017 -Mayd#io et al.,
2015; Saavanan et al., 2014Mn,03 possesss poor electronic conductivitgithoughi t 6 s
has apronounced electrochemical redox activityoughMn** to Mn** transition giving

rise to oneelectron transfefNathan et al., 2008)



A small variation in the standard level of ascorbic d&#) creates diseases in human
beings.AA has a significant role in theormd functioning of organisms and also used
asa treatmentfor a different illnesgRice, 2000) Therefae, it is necessario develop
novel methoddo measure the concentratiaf ascorbic acidNowadays, metal oxide
nanomaterialsvere frequently appliedor sensor application8are ZnO showed lower
sensitivity towards ascorbic acid sensitiviflbupoto et al., 2012) Among several
techniques used to improve tbensing 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 transferocess has been reporighan et al., 2016; Yuanying Liu

et al., 2014) FeOs is vital in mediating the final hetegeneouslectrochemical reaction
of the target agent; this is due to its high surface area i@n@nvironmentally
biocompatible propertief€Cao & Wang, 2011)The coupling of MpO; with ZnO alsohas

its own electrochemical and sensor improvenienascorbic acidletection(Saravanan et
al., 2015)

Hospitatacquired infections caused Imicroorganisms are becoming the mpstvalent
problems. In Europe, four million peoptget a hospitalacquired infection per year, of
whom approximately 37000 peopledied (Ozkan et al., 2015Metal oxides NMs have

the potential to enter through the cell membrane and distract cellular parts of the bacteria.
ZnO-basedmetal oxidenanocompositefNCs) havedrawn more attentioas antibacterial
materials with new properseBy the U.S. FDA (21CFR182.8991,is categorized in the

list of antimicrobial agestand safe materislffor food preservation of foodborne diseases
(Espitia et al., 2012; Yemmireddy & Hung, 201The reactive oxygen specieRQS)
generation and antibacterial activities iobn oxide and manganese oxide revealso
confirmed(Pradip Basnet et al., 2013; Selim et al., 20F0)ythermore, drming abinary
(Mayank et al.,, 2019; Panchal et al.,, 2019; Precious Ayanwale & Répez, 2019;

Rajith Kumar et al., 2020; Shimada et al., 2020) ternaryAnayaEsparza eal., 2019;

Kaur et al., 2019; Munawar, Yasmeen, Hasan, et al., 2020; Owonubi et al., 2020; Paul et
al., 2020)heterojunctiorbetween metal oxiddsas been reported for the improvement of
surfaceactive sitesSAV, polarity, and porous nature of the makr(Nagvenkar et al.,

2016) The heterojunction can be madsingthe same orifferent bandgap metal oxides

by developingeither nin or @ n heterojunctionfor binary and either pnin or rinin

heterojunctiorfor ternary metal oxided_ei et al., 2018)



From methods used for the synthesisirairganic NCs the top-down andbottomup
approaches areommon Compared to the formethe latter is more popular and is
considered a promising route to control the growth, morphology, and propertiddof
(Amin et al., 2018; Xin Li et al., 2016.Among many chemical methodsge impregration
(Larina et al., 2019)hydrotherma(Liao et al., 201Q)sotgel (Lachheb et al., 2017¥elf
propagation (Lutukurthi et al., 202Q) sonccoprecipitation (Wang et al., 2018)
solvothermalYu et al., 2019)andultrasoniemicrowave(Yang et al., 2018re practiced
broadly Nowadays, it is recommended to use effective and economically feasible methods
such as segel, ceprecipitation, selpropagation, and impregnatidKkose et al., 2015;
Wang et al., 2018)As suggested b§®sman and Akbulu(Kdse et al., 2015)he solgel
methodwasproved to be the most attractive method towards, @asiness, and reliability.
Besides, the cprecipitation and sefpropagation methods also have positive attributes
towards simplicity and inexpensivengssitukurthi et al., 2020Wang et al., 2018)The
condensed/solid phase and solution phase synthesis approeches tavo classifications

of the selfpropagation technique. Compared to the condensed/solid phase, the solution
phase synthesiapproach is a nov@rocedureif a poly (vinyl alcohol) (PVA)-assisted

nitrate salt precursor is us€thakur et al., 2019\u 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 healthisk 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 plosion score as well as reactivity and stability sc(tdder et al., 2016; Bumajdad

et al., 2018) Therefore, the synthesis procedure that reduces thal stateent risk,
economically visible, and avoids complex preparation procedures should be developed.
Recent research is also adjusting the presengedoprocedure using environmentally
benign water as a solvent and fewer cost ta¢@asliati et al., 2015) suggesting that the
improved organic solvefitee and lower production cost method gives superior
nanostruaired material§Ong et al., 2018)As an examplecompared to different solvents

used to synthesizeanomaterial§NMs), it is evidenced that using water as a solvent can
give equivalent photaatalytically active morphology and crystallite s{Eaimar Jangir et

al., 2017)



Metal oxidenanoparticlegNP9g have large SAV and high surface energgonsequently,
they aggregate/agglomerate easily to one anoflEreinian & Akhbari, 2015) The
aggregation/agglomeration of metal oxide NPs reduces the generation wdathiee
oxygen species and hydroxyl radicalis is due to the quenching of holes and electrons
with neighboring aggregate electrons and holes, respactidalssby et al., 2012)
Aggregationoccurs due to flow motion and net interparticle attractive forddse
aggregation process is dependen theconcentration of the NPs, reaction temperature,
and agitation speeddigh concentration, high temperature, and slow agitation speed
facilitate the aggregation quicklAgglomeration occurs because of the accumulation of
extra molecules on theggegated NPs surfac&he classical nucleation, growth, collision,
and attachment are the steps resultingaggregation. Whereasluster aggregation,
nucleation, and growth are the steps that reswdgglomeratior{(Jassby et al., 2012for

this aggregation/agglomeration problem, nowadays, a polymer matrix has been effectively
applied as a capping and structdieecting agen{Wu & Wu, 2015) By using a polymer,
syrthesizing novel mesoporous materials with vgidfined morphology has been strongly

encouraged for several applicatiq@d.Othman, 2012)

Among numerous polymers, PVA is an doendly, biocompatible, nontoxiclubricant,
biodegradablewatersoluble, and better filfiorming agentHong et al.,2009; Madkour

et al., 2019Zhang et al., 2017)Due to its novel mechanicatrength, PVA is used as a
matrix for the formation of the NO&Zhang et al., 2016Besides, its hydroxyl groups on

the backbone carbon chain act as a source for the formation of hydrogen bonding and
enhance the development of the N®&llakpour & Adnany Sadaty, 2016As indicated

in numerous works concerning PVA polymer or Ryf#&etal oxide composite, an optimum
temperature of 500 °C is suitable degrade the PVA polymer and temove unwanted
impurities (Abd-Elrahman, 2013; Ghafari et al., 2017; Radhamani et al., 204&he
thermal analysis study of PVA, at about00-250 °C the slow intranolecular
decomposition occursyithin the PVA melting pint rangs of 220 °C - 400 °C the
degradation of its amorphous part at 300 °C and the intermolecular decomposition at 385
°C occurred(Abd-Elrahman, 2013Kumar et al.,, 2019)The crystallie part of PVA
decays at 398 °GRadhamani et al., 2016; Rahmanian et al.,, 20B5d complete
decompositiorto yield carbon and hydrocarbons that results in the liberation ofda®

and ash/residuénappens in the temperature range of 4@DO0 °C (Ghafari et al., 2017,
Mallakpour et al., 2015; Radhamani et al., 201d@preover, increasing the aralang
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temperature can also enhance the aggregation/agglomeratioNCaf Therefore,
optimizing the calcination temperatuséPVA that assists the oxidatiaf the oxidesand

removingvolatile impurities such as the polymer matrix is also essential.

Considering all the abovindicated ideashe present workims to synthesizeZnO-based
poly (vinyl alcohol) (PVA)assisted binarand ternary metal oxideNCs using a simple
and green segel followed byautccombustiontechnique The optical, chemical bomtj,
crystallinity, morphological, compositiondggxtural,and electrochemicgropertiesof the
synthesized materials were characterized byWwsvDRS/UV-vis, FT-IR, XRD, SEM and
HRTEM, XPS/EDX, BET, and CV/EIS techniques, respectivelyThe adsorption
effectiveness of the optimized ternargnocomposit¢NC) was evaluated otine less toxic
MB dye. The Langmuir, Freundlich, DubininRadushkevich (ERK), Temkin, Flory
Huggins (FH), and FowleGuggenheim (FGisotherm models are used to understand the
adsorpibn processBesides the pseuddirst-order (PFO), pseudsecondorder (PSO),
Elovich, Bangham and intraparticle diffusion (IPDRinetic modelswere appliedto study
the adsorptionreaction and adsorptiediffusion process. fle degradation efficiencgf
NPs and NCswastestedon CR andAO8 dyes.The potential ofthe synthesized NPs and

NCs towardg¢he sensor and antimicrobial activitiegmsalso studied.

1.1. Statement of the Problems

Environmental pollution, hospitalcquired pathogens infection, apdrticular toxic gas
detectionare countable worldwide probleniaper, textile, cosmetics, plastics, printing,

food processing, pharmaceutical, leather, and dye manufacturing sectors use common dyes
such asMB, AO8, and CR and discharge their waste diseaito the soils and water
bodies without treatments. About2D% of the total world dyes are lost during the dyeing
process, which leads to contaminate the water and causes health profbfeors)
numerous pollutant sources, the textile industries ar@bti® most wateconsuming and

polluting sectors.

Due to the inconsistency between water pollution avatldwide industrial water
requirements, familiarizing novel water treatment and recycling technologies is essential.
In the past decagdeseveral phgicochemical 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 andarganic 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 wunder nabient conditions, costffective, energefficient,
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. Howeer, it has a noticeable drawback including the low SAV and
electronhole recombination. Among several efforts used to reduce these drawbacks,
forming ZnObased binary and ternary heterojunction was found to be one of the novel
preferences. Compared to thieary, 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,O3 and FgO; NPs as a SAV and charge transfer enhancing agent through forming
ZnO-based heterojunctions.

Ascorbic acid has a significant role in the normal functioning of organismslighAt
deviation from the normal level of AA is generally considered a symptosickhesslt is

also crucial for the treatment of different illnesses. Thus, emerging efforts should be
developed for sensing ascorbic acid. Nowadays, conventional methods suchidas UV
spectroscopy, chromatography, fluorescence spectroscopy, fluorimetyd
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 alstamorates the
electrodes due to the irreversible oxidation process of AA, t8dketogluconic acid.
Thus, researchers are modifying the normal electrodendigl oxideNMs as a redox
active electrochemical sensor diteimprove the sensitivity and tov@id multi-selectivity
activities Herein, we also use metal oxide NMs as a realtiive electrochemical sensor

site for the detection of ascorbic acid.

Infections related to multidrugesistant microorganisms also need urgent treatment. By
2050, it isexpected that about 10 million annual deaths happen due to these multidrug
resistant mi croorgani smsé6 pat hogens, whi ch

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 differefitnitations including the development of antibiotic
resistant bacteriaCurrently, the nanotechnologlyased curing agent is beingapticed
broadly. ZnO is categorized in the list of antimicrobial agents and safe materials for food
preservation of foodborne diseasEsrthermore,drming a hybrid between metal oxides
improves the active sites, particle size to volume ratio, polamiy,p@rous nature of the
materials.Among several metal oxidegion and manganese oxides are also received

attention as antibacterial active materials.
1.2.0bjectives
1.2.1. Generabbjective

x  The general objective of this study wasdynthesizeand characterize thsingle,
binary, and ternary Zn€based nanamnaterials for adsorption, photocatalysis,

sensor, and antibacterial activagudies

1.2.2.Specific objectives

The specific objectives were:
X To synthesize singlénO, FeOs, Mn,O3 nanoparticts
X To synthesizéinary ZnMn andZn-Fe oxideshanocomposites
X To synthesizeéernary ZnFe-Mn oxidesnanocomposites
X To characterize thassynthesized NPs and NGsr their thermal stability
analysis by DSC and DTG techniques chemical bondingby FTIR
crystallinity and phase puritypy XRD, optical propertiesby DRSUV-vis,
SSApore size distribution bythe BET method,morphologicalanalysis by
SEM and TEM surface compositionanalysis by EDXXPS andHRTEM-
SAED, andelectrochemicabropertiesby CV and EIS analytical techniques
X To studythe synthesizedhanomaterials efficiencgn:
0 Methylene blualye adsorption
o0 Congo red anécid orange 8 dyedegradation
0 Ascorbic acid ensor, and
o

Antibacterialactivities



1.3. Significance of the Study

Problemsrelated to hazardous waste remediation dngyresistant infections disease
causing microorganismisaveemerged as national and international prioritifferent
research activities are underway using different advanced analytical, biochesnidal
physicochemical methods fdhe elimination of hazardous chemicals and to fightdheg
resistance diseasmusing microorganisméccording to works of literature, the advanced
oxidation proces$AOP) is an alternative way of treating undesirable pollutenaisiding
dyes. Heterogeneous catalysis has been successfully employed for the degradation of
various families of hazardgsumaterials using semiconduct@noparticles as a catalyst, in
which ZnO has been extensively investigated as a heterogeneousatadyst.ZnO-NPs
also exhibit attractivantibacterial propertiedue to increased specific surface area as the
reduced particle size leading to enhanced particle surface reactivity. ZnO issaféio
material that possesses phaotadizing and photocatgsis impacts on chemical and
biological speciesFurthermore, due to thestability, high SAV, andlow toxic properties;

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

Herein we arealsogoing to modify the multifunction matetizinc oxide with Iron (lII)

and Manganese I{) oxides to enhance itadsorption,photccatalytic, antibacterialand
sensorproperties.The bottoraup approach is considered a promising route to control the
growth, morphology, and properties of the matefldis study also uses the bottam
sokgel, coprecipitation, and autoombustion techniquessing environmentally benign
water as a solvent. Thaggregation/agglomeratiaf metal oxide NPs can be avoided by
using polymers as a capping agent. Among plodymers, PVA is an ecdfriendly,
biocompatible, nontoxiclubricant, biodegradablewatersoluble, and better filfforming
agent Thework also proved the capping agent and structdiratcting agent properties of

the PVA polymer.
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CHAPTER TWO

2. LITERATURE REVIEW

2.1.Metal Oxides

Oxide materials in bulland thirfilm form and metal oxide nanostructures exhibit a great
variety of functional properties which make them ideal for applications in gas sensors,
optoelectronic devices, catalysis, corrosiprotection, and environmental protection.
Met al oxidebdbs functional properties are
composition,and native defects, which govern their optical, electrical, chemiaat
mechanical characteristio&Grilli, 2020). In recent years, ZnONPs have drawnthe
attention of many researchers for their unique optical and chebebaviors which can

be easily tuned by changing the morphology. ZnO NRe baen used in various cutting
edge applications like photocatalysis, electronics, adsorption, communication, sensors,
cosmetics, environmental protection, biolpggd thepharmaeuticalindustry(Bala et al.,
2015) It has a similar bandgap with Ti(Q3.2 eV) but possesses greater quantum
efficiency. Compared to Ti§) ZnO has better photoresporegpabilities (Daneshvar et

al., 2004) However, the two most dominant drawbacks tteate 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 narrodand semiconductorspn oxides FegO,) with abundance (6.3 wit.

% as art hods c r uestfrigndly, themnvodynamicathystable, low costhigh
surface area, and magnetic properties have received greater signifieai@eutilizes
efficient absorption of visible light during the formation of heterojunction with ZnO
phaocatalyst. Furthermore, it can absorb approximately 20% of the solar spectrum
(Jiamprasertboon et aR019; Sivula et al., 201M/ang et al., 2019)Depending on the
applied temperaturenang different crystalline polymorphs of J& namely, hematite

( HFe0s) , -Fes, maghemite[(-Fe0s) ,-Fels  a4FalOs ¢ t -ReO; phase is

St

more stable and easy to be fo+a®milol MThws pat

FeOs; Y UFe0;Y UFe0s(Lee & Xu, 2016)

Similarly, manganese oxiddn,QOy) is also confirmed to be a promising matewath its

superior poperties. Among different crystalline polymorphs of manganese oxide
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including MnO, MRO4, MnyO3, MnsOg, and MnQ; Mn,Os is cheap and environmentally
safe(Guorui Yang et al., 2014Both in the amorphous and crystalline statén,Os is

used in a wide range of photocatalytic applicatifMieharreri et al., 2018)Furthermore,
because of its low charge transfer resistance and multitudinous defects, it can form a
heterojunction with ZnO and enhances éhectrorhole separation routeBesidesdue to

the presence of unpairedectrons in the outer electronic orbitals of botke,Oz and| -

Mn,Os, once doped in the ZnO matrix, the atoms can form magnetic materials such as
manganese zinc ferrit€Zhiwen et al., 1997)Hence, the composite acts as a diluted
magnetic semiconduat materialGhosh et al., 2019)urthermore, in the nanosizange,

| -Fe&0s; and| -Mn,O3; can also enhance the adsorption capacity of pollutants during
heterojunction andrealso sensitive to ultraviolet and visible ligithao et al., 2017)The
structures of stable ZnQ,-Mn,0s;, and| -Fe0O; that were developed using VESTA 3D
visualization program software depending on Ameerican mineralogist crystal structure

database (AMCSD3earch resularegiven in Figure 1(ajc), respectivelyfKolm, 2009)

Figure 1. The bdl-andstick stylecrystal structures of (a) Zn@)) FeOs, and (c) MnO3;

(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 ch&lmi¢chemisorption)
interactions. The three common mechanisms that are invatvéhe adsorption process
are(1) pore diffusion, (2) film diffusion, and (3) surface reacti@hang et al., 2018As a

standard, if the magnitude of the heat of adsorption is betwedA B f 1 1, it indicates
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physisorption as the leaud) adsorption progress. Whiléjt is between 46 125E f 1 1,

it indicates the domination of the chemisorption proc&dsou et al.,, 2014)The
adsorption and degradation efficiency was evaluated using equations 1 and 2, respectively
Further understandinghis adsorption process @applying the adsorption isotherm and
adsorption kinetics ignportant This interpretation lagds to an appropriate justification of

the adsorption mechanism and designing an effective adsorption systera. proper
understanding of the adsorption process, the adsorption isotherm models (equ8jions 3
and adsorption iketics models (equations138B) ought to be used. To stuthe reaction

dynamicsduring photocatalysipseudefirst-order kinetic equatiofequation 14)s used
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Where, # & # are the initial andequilibrium concentrations oMB dye ( C ),
respectively;d is the photo decolorization efficiencyy & N are the amounts of
adsorbateaccumulated per gram of adsorbent and its maximum uptakeéC ),
respectively; V is the volume @dsorbatdaken in liter (L), m is the mass of adsorbent
(g); + in Langmuir model is the ratio of adsorption and dpson rate constant
(, I C ); Kgin Freundlich is the distribution coefficiertt/n is empirical constant related
to the heterogeneity of the surfageis the constant related to free energys Dubinin-

Radushkevich constant; and\ is saturationcapacity; k is the Temkin equilibrium
constant related to maximum bindiegergy; — is constant related to the heat of

adsorptiorand bTemkin isotherm constanh is the number of ions on adsorption sites, T
is the temperature (K), and R is theiversal gas constant (8.3t4 1 1 0 ); —(1-

# ] # ) is fractional surface coverage; is constant folFlory-Hugginsmode| E is
FowlerGuggenheintonstantp is the energy of interactiotk; is pseudefirst-orderrate
congant; k, is pseudesecondorderrate constank; is theintraparticle diffusionconstant;

C (equation 12)s intercept that gives an idea about boundary layer thicknessid k,
are Bangham constant€;, and C (equation 14) are the initial concentratiohthe dye
solution and its residual concentration after irradiation at a timespectively;k is

pseudséfirst-order kineticconstani{Ayawei et al., 2017)

2.3.Photocatalysis

In recent years, the remediation of hazardous organic contaminants using semiconductor
metal oxide photocatalyst hastractedextensive attention. Next to TiDZnO has been
well-known as a significant photocatalyst mate(iskkari et al., 2018; Janotti & Van de
Walle, 2009) Even though photocatalysis using bare ZnO is useful in pollutant
remediationowing to the presence of differemlefects 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 preferéoeest al., 2018; Xiaojuan Li et

al., 2018) Among different metal oxide semiconductors that form a suitable
heterojunction with ZnO, demding on the ideas of regeneration, surface area, and
stability; this work focuses on iron oxidEe,0O3) and manganese oxid®n,Oz) materials

(Qamar et al., 2016Yu et al., 2016) Different analytical techniques that confirm the
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improvement of bare ZnO towards electfusle recombination, surface area, photo

corrosion, and regeneratianerevised

2.3.1. Presumed mechanism

The band edges position of metal oxigeslependent on the surface charge. To propose
the mechanism of the formation of heterojunction between metal oxides, conducting
photoelectrochemical, spectroelectrochemical, and an electrochemical investigasion
requirement(Beranek, 2011)Using the reported information fropreviously reported
works the generatlectronhole separatiormechanism of a photocatalyst that supports the
acceleration of the lighihduced photocatalytic reaction is givenkigure 2 (Lachheb et

al., 2017;Lin et al., 2015; Pirhdsemi et al., 2018)

As seen fronfigure2(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 generatelectronhole pairs an the CB and VB band of the photocatalyst,
respectively. Due to the reactionaléctronandholewith oxygen and water, respectively,

a strong oxidizing agent was produced. Consequently, the created oxidizing agents led to
the mineralization of pollutant® the nortoxic CO,, H,O, and mineral acids. Thaurved

arrows inFigure2(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 inFigure 2(b)-(d) (Herrmann, 2010)

The electron/hole recombination is the main drawback of bare ZnO without
heterojunction. ® have an efficient photocatalyst, forming a precisectjon between

metal oxides should be the requirement. As showrigare 2(b), among the three main
electronic arrangements of semiconductor metal oxide heterojundti@nstaggering gap

type is recommended as a precise junction for elettotevecombnation hindrancdlt 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 twe as the samé&andgap
(Pirhashemi et al.,, 2018)This can activate thelectrorhole recombination process.

Therefore, proper matching of thandgapbetween metal oxides is a crucial issue.
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Figure 2. (a) The general photocatalgsimechanism, (bthe three main electronic
arrangements afemiconductqr(c) up and down movement of the Fermi level (FL) after
contact, (d) the depletion layer formed produces an electric fieldeléetrohole
separation throughandgap engineering ¢dérnarysemiconductorg¢Lachheb et al., 2017;
Lin et al., 2015; Pirhashemi et al., 2018)

As reported, this matching can blarified in terms of ionic bond strength between metal
ions and oxygerfAbdullah Mirzaie et al., 2012)As an example, the electronegativity
value of Zn, Fe, and O is 1.65, 1.83, and 3.4, respectiVélgrefore, 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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> O. As shown inFigure2(d), during the formatiorof the heterojunction when the Fermi
level (FL) of one rype semiconductor core is in contact with the FL of the othHgpea
semiconductor, by up and down movemdtiglire2(c)], the depletion layer creat@doy,

1995) The acivated electric field drives the drift of the photogeneratledtronandhole

out of the depletion layer and results in the activation of the photocatalytic reaction
(Pirhashemi et al., 2018)

Apart from the binaryNCs recently forming a junction between ternary or multi
component heterstructure resulted in a great improvement in photocatalytic react®on. A
explained in botl{Anandan et al., 201@nd(Irie et al., 2008studiescreating a junction

with low bandgapmaterials 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 ims becomes the best optioAccording tobandgapengineering, increasing the
number of metal oxideandforming a preciseheterojunction led to fastening teéectron
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
photocatalyticability by combining three components was confirmi®d(Chen et al.,

2016) (ZnO/CdS/AgS) and(Li et al., 2015)(AgsPO/ZnFe04/Zn0). The diagram that
represents the electron/hole pair separation in ZnO/CdS/agd AgPOy/ZnFe04/Zn0O
heterojunction is shown irFigure 2(e). Hence, compared to the binarynnor g n
heterojunctions, forming ternary heterojunction ithei @ ni n or ri ni n approach showed

great photocatalytic improvement due to the synergistic efiattrnal electric field)
(Pirhashemi et al., 2018)

2.3.2. Photocatalytic activity ofbare 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 f Zanorods (NRs)

were studied bySingh & Dutta, 2019)The NRs were synthesized using a simple wet
chemical method following the steps listed from equatitkl7. The U\tvis absorption
spectra of ZnO synthesized with a higher concentration of nitrates is showing greater
absorption efficiency. In the FESEM morpholodiaaalysis result, as the concentration of

nitrates increases, a shape change from irregular to rod form was observed. At the

17



optimized nitrate concentration, the pH optimization test is showing the formation of
smaller particle sizeat a higher pH regiarFurthermore, compared to uncalcined ZnO the
redshift on absorption spectra for calcined ZnO indicated to be the complete removal of
unstableZzn(OH), phase.

Zn(NOs),.6H,0 + 2NaOHY Zn(OH), + 2NaNQ; + 6H,0 (15)
Zn(OHy+ 2H,0 Y Zn* +20H +2H,0Y : T/ ( " +2H (16)
- 1/ ('Y ZnO+H,0+20H (17)

The possibilities of enhancing the photocatalytic activities of ZnO by controllisgtsct

ratio, areal density, and specific surface area using ethylene glycol (EG) and water as a
solvent and cadmium ions as additive was confirfigdn et al., 2019) The obtained
optimumconcentration of cadmium ions, volume ratio of EG to water, and the aspect ratio
of mesoporous Zn®Rsthat have the highest photocatalytic activity were 2 mM, 1:5, and
53.85, respectivelyBesides, ZnO witl2 mM Cd"? was confirmed to be a more porous
mateial. This porosity has more surface defects and enhances visible light absorption
efficiency. Furthermore, the study conductedW¥gthdat Vasei et al., 2018@Jso showing

the great effect of fuel to oxidant ratio on phecatalytic activity. As the concentration of
fuels increaseddue to the rapid cooling of the produticreasing thegaseous products

and decreasing the particle size were stated.

By using oleylamine as a surfactant and capping ageutet al., 2018palso confirmed

the complete dependency of the photocatalytic activities of ZnO on the oleylamine ratio.
(Wang et al.,, 2018)also tested the effects gb r e ¢ u rcaneemntraten on the
photocatalyticactivity of phenol. The selected precursors for their study were sulfate
(ZnSQ,.7H,0), nitrate (Zn(NQ)..6H,0), acetate (Zn(Ag)2H,O), and chloride (ZnG).

The obtained FESEM images were indicating the dependency of the morphologies and
diameters of eachicrosphereon 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 syhesized materials, namedpecific surface areas and pore volunies,
confirming a type IV with H hysteresis loops for all microspheres. This indicates the
formation of slitlike mesopores between the nanosheets. Compared to the other metal

oxides, ZnOsynthesized using sulfates as a precursor showed the strongest visible light
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absorption on UWis-DRS spectraand the presence of superior oxygen deficiency region

on XPS measurement.

Furthermore, the highest photocurrent density and smaller arc radNgquist plots are
showing the greater electrdwle separation and smaller charge transfer resistance,
respectively. With the help oflectron paramagnetic resonargmectroscopy and 5,5
dimethyt1-pyrrolineN-oxide as a spin trapping agent, the formatbf/ % and/ (%
radicals was also verified. Using a different stabilizing agent, base, and precursor to base
ratio, (Xie et al., 2011)also synthesized the rgdneedle, rugby, and flowerlike
morphology of ZnO. The result is also showing a pronounced effect of cation that comes
from the alkali m&l 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 abedescussed precursors, conditions, and capping
agent,(Bazazi et al., 20183tudied 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. Howe{€hen et al., 2014¢onfirmed the negative effects

of increasing milling time and speed on size and photocatalytic activity. This indicates

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

Furthermore, the effects of increasing calcination temperature of Zn@oophology,
surface composition, optical property, goldbtocatalytic efficiency were also studied by
(He et al., 2018)The SEM morphology result shows that as the temperatcreases 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 olaai@chpeng
Wang et al.,, 2012)work. Likewise, in (Byzynski et al., 2018)study, the combined
temperature, reaction time, and solveffectson the morphology of Zn@ere confirmed

by FEGSEM imageanalysis. It is also showing that the presence of great impacts on the
optical and photoelectrochical propertiesWith 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 (4@) showsa greater photocurrent valug/ith the help

of photoliminescence and XPS analytical techniqiiggra et al., 2017also confirmed
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temperaturaependent surface oxygen vacancy enhancement and visibladigiated
ZnO towardsnethylene bluelye degradation (Figur®.

By introducirg 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., 2018pynthesized ZnO NRs for the degradation of orange Il dye
and antibacterial activity againdEscherichia colibacteria. The presence of continuous
lattice fringes with 186 nm ifengths and 2@m in diameters washaracterized by SEM,
TEM, and XRD techniques. The damaggd coli bacterial strains @are confirmed by

SEM, AFM, epifluorescence microscopy, and fluorescence spectrostofye contrary,
(Chen et al., 2014¢onfirmed the created defects on the surface acting as electron/hole
recombinationds center, t hus decreasing tF
increasing the calcination temperatties 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 m@ oxygen vacancies on the surface of ZnO that acts as an electron
capturing and electron/ hole recombZhangt i ono s
et al., 2018)study (equation 18), which was proved on EPR and XPS sisalnO 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 2.0035nbtimesized ZnO

powder shows the presence of an unpaired electron trapped in the oxygen vacancies. The

related result was also obtainedliu et al., 2014study.
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Figure 3. (a) normal, (b) expanded -plane and oubf-plane diffusion of oxygen
vacancies in the ZnO wurtzitzystal view of the ZnO wurtzite unit cell structy@ora et
al., 2017)

1/ @ [Zn0:6 19 : 1/ %[Zn0s-6% (18)

Furthermore, enhancing the oxygeaicancy and photocdygtic performance under visible
light through increasing the BET surface area from 6.7 to 34§ was also developed.
Due to the small percentagétbe AgPO, loaded on ZnO, the Zn@JAgsPO, composite

with a small defect on ZnO showed lower activity under visible light irradiation. However,
increasing the defect through forming ZnRsneelAgsPOy composite, the photocatalytic
activity was enhanckedue to the synergistic effect. As seen in the mechanism of charge
transfer synergy in Figure 4, both the VB and CB values gPB8garelower than the VB

of ZnO and ZnO oxygen vacancies. Under visible light irradiation, the electrons are
excited from VB of ZnO and AgPO, to the ZnO vacancies and CB of /R,
respectively Through the synergetic effect, the excited electrons move from ZnO
vacancies to the CB of ABO, andthehole from VB of AgPQO, to the VB of ZnO. This

can reduce the electrdwle recorbination and activate the photocatalytic activity under
visible light irradiation(Jing Wang et al., 2016)

(Miao et al., 2016)synthesized dlower-like 3D ZnO photocatalyst using a simple
hydrothermal methodDuring synthesissodium dodecyl sulfateSPS was used as a
capping agent and urea and hexamine as eolyihg agent.The XRD characterization
result shows the presence oy (COs)(OH)sHbD (equation 22) intermediate during the
formation ofhydrangedike ZnO and Zns(COs),(OH)s intermediate(equation 26) during
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the formation ofroselike ZnO. The SEMEDS @timization result indicates the great
effects of SDS amount and different solvents on the structure of the final product. The
mechanism of transformation of the precursonydrangeaand rosdike ZnO was given

in equations 123 and equations 227, respectively.Using Zrs(OH)s(COs)2 that helps as
releasing gas and generatihgles, (D. Liu et al.,, 2014)also synthesized porous ZnO
nanosheet using the solvotherraainealing method.
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Figure 4. A schematic illustration of the band structure and chémaesfer process of

oxygen defectich ZnO coupled with AgPO, under visiblelight illumination (Jing Wang
et al., 2016)

Hydrangedike ZnO

CO(NH,)2+ 3H,0 0 2NHs.H,0O + CO; (19)
NHs. H,00 . ( +OH (20)
CO;+20HO # [ +Hy0 (21)
47" +60H+# | +Hy00 Zny(COs)(OH)s.H-0 (22)
Zny(CO3)(OH)s.H,0 0 4ZnO+ CO, + 4H,0 (23)

Roselike ZnO
(CH2)sN4 + 6H,00 6HCHO+ 4NHs (24)
NHs.H,00 . ( +OH (25)
5Zrt*+ 100H + 2CQy + 2H,0 0 Zns(CO3)2(OH)s + 4H,0 (26)
Zns(CO3)2(0OH)s© 5Zn0O+ 2C0O; + 3H,0 (27)
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The detailed characterization analysis conducted by thedpP&roscopghows astrong
EPR signa[Figure 5(a)], UV-vis spectroscopic techniques showing a large absorption tail
in the visible regionand the PL spectra that shatvong band defegtlated emission
from 450 to 600 nnjFigure 5(b)]. A sharp emission at 388 nm amdde yellowgreen
emission ad94 nmrepresents the intrinsic emission from zinc oxaghel asingly ionized
surface oxygen vacancyespectively (Guo et al., 2015)vork confirmsthe presence of
oxygendeficient ZnO (ZnQ@,) nanosheets compat to ZnO Figure 5(c)]. Hence,
extending to visibldight absorption and enhancing the photocatalytic degradation of
methyl orange. This defient ZnQ.x was synthesized by using the simple hydrothermal
method in the presence of MHCO; as a CQ creation source. The created £0Qidizes
metal Zn into ZnO. During synthesidye to the creation of crystal lattice distortion, the
electron/holerecombination reduced greatly. Furthermore, thtermittent onroff visible

light cycletest, which is used to test the light sensitivity of the photocatalytic gctalto
shows a noble respondeigure5(d)].

The hydrothermally synthesized high surfazea ZnO (25.74 ffg) microarchitectures
showed great photocatalytic activities towards the degradatioretifyl orangedye. The
synthesized different citrate ion to Zrratio (0- 0.1) was characterized by SEEDX,

XRD, TEM, HRTEM, and PL analytical tboiques. Compared to the other, the 3D
hierarchical ZnO microarchitecture obtained with 0.02 molar ratios of citrate ion shows
enhanced photocatalytic activities. Usindg. Bpectroscopic techniqueshe analysis
conductedon 5 x 10° M terephthalic acid implace ofmethyl orangds confirmingthe
generation of/ ( this can confirm photocatalytic degradation activity to be due to the
generation of (% (Lu et al., 2011)

The summarized details ofhé methods andprecursorsused pollutant applied,
characterization results, parameter optimization, and-tatken for the degradation of the
pollutantare presented in Table 1. However, even though the photocatalytic activities a
single ZnO has nice taavds 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
surfa@ 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
subsections (2.3.3 to 2.3.6 sislections).
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Tablel. The summarized details of the photocatalytic activitiesnsd.

Method Pollutan Precursor Properties Optimization Kinetics Ref.
Zn Sgems Py, Pd D, SEM/TEM, BG TCC) [] m (g) t(min.),
Wet chemical MB & Rh6G Zn(NGy),.6H,0 -, NRs, 2.73.6 500 50 0.5 300 (Singh & Dutta, 2019)
Facile solution process MB Zn(Ac),.2H,0 8.670,-, - x 16, NRs; 350 x 16 0.008 350 (Tian et al., 2019)
Solution combustion MB, MO & RhB Zn(NGy), 141,-, - 8, Honeycamb, 3.18 250 15 0.1 180 (Vahdat Vasei et al., 2019)
Grinding MB ZnO powder - 59 x 300,, - - x 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 extrac Dibenzethiophene Zn(Ac),.2H,0O - x 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 Phenazepyridine ZnCl, 59.59 prismatic, 3.27 80 30 01 150 (Bazazi et al., 2018)
Pyrolysis MO &4-nitrophenol  Zn(Ac),.2H,0 - NRs 3.2 10 0.05 30 (He et al., 2018)
Facile approach MO Zn(Ac),.2H,0 - -, Conicatcolumn, 3.19 - x 7 0.02 100 (Hu et al., 2018)
Hydrothermal RhB ZnSO4.7H20 91, 0.41,17.7 8.9,nanosheets, 300 10 0.02 60 (Wang et al., 2019)
Microwavehydrothermal RhB Zn(Ac),.2H,0 8.46,-, - -, Flower, 3.22 80 2.5 0.002 120 (Byzynski ¢ al., 2018)

MO & 35.0,0.2790; * 25,-,3.2 20
Hydrothermal & microwave phenol Zn(Ac),.2H,0 25.8,0.2147; * 30,-, 3.1 400 50 1 120 (JaramilloPaezet 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(NGs).6H,O - 20i 45, -, - 700 20 0.085 160 (Bhatia & Verma, 2017)

x 3.2&

Hydrothermal MB & phenol Zn(Ac),.2H,0 - 100 x 1800NRs - 250 10 - 240 (Bora et al., 2017)
Spin coating RhB Zn(Ac),.2H,0 - 30,NRs 3.56 200 10 0.08 275 (Kaviyarasu et al., 2017)
SolGel MO Zn(Ac),.2H,0 - x 23,NRs - 400 30 0.01 30 (X. Chen et al., 2017)
Deposition MB Zn(Ac),.2H,0 - 160 NRs - 500 x 4.8 - 240 (Di Mauro et al., 2017)
Ultra-rapid Commercial
solution RhB ZnO 34.5,-, 30 10i 15, nanosheets, 55 10 0.01 90 (Jing Wang et al., 2016)
Hydrothermal RhB Zn(Ac),.2H,0 37.3,-, 3100 -, 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 x 9.6 0.03 42 (Fang et al., 2015)
Solublestarchassisted RhB Zn(NGy),.6H,0  24,-,50 21,-,3.02 500 5 0.5 240 (Saikia et al., 2015)
Hydrothermal MO ZnCl, - -, nanoshets 3.15 500 10 0.05 50 (Guo et al., 2015)
Ball-milling MB ZnO 13,-, - - 350 x 9.6 0.025 40 (Chen et al., 2014)
solvothermalannealing phenol Zn(NGy),.6H20 39.18,-, 5130 10i 30, nanosheets, 500 20 0.025 70 (Liu et al., 2014)

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

Seer: Specific surface area {fg), pv. pore vdume (crﬁ/g), Py pore diameter (nmp: crystallite size (nm)[]: Concentration (mg/L)BG: bandgap.
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2.3.3. Photocatalytic activity of binaryZnO1 Fe;O3

Iron oxides have unique magnetic, catalytic, and biochemical properties thatheake
suitable fordifferent applicationsThe common forms of iron oxide that occur as a mineral
compound present in nature drematite |( -Fe&O3), magnetite (R©.), and maghemite

( -Fe0s). Others synthesized in the laboratory are the BetBefOs) and epsilon (-
Fe0s) forms. The hematite ihe final product of all other thermally decomposed iron
oxide forms| -Fe03 isn-type sensonducting material that is easily synthesized and has
valuable properties including magnetic, sexonductive, high thermal stability, high
corrosion resistance, low cost, and good heterogeneous photoc@itdystala et al.,
2011)

The solar degradation capy of ZnO/F€ and ZnO/FgO; were compared ofMaya
Trevifio et al., 2015vork. The obtained 2,-& degradation result shows the efficiency of
ZnO/F€ to be much higher compateto ZnO/FeOs. On ZnQ F€® photocatalyst, a
continuous transporting of electrons produced on the CB of ZnO to fr@éB~and holes
produced on Fetowards the VB of ZnO were proposed. Due to ehottky barrier
effect, a superiorelectron/holaecombinaibn hindrance was achieved. Iron has two stable
valances, the Féand F&". Compared to Zif (0.74 A), Fé" has bigger ionic radii (0.78
A). During synthesis, incorporation 6&* in ZnO lattice reported the shifting of the XRD
pattern peaks towards aner 2f value. Or else, if it is appeared as ¥.68 A) state,
shifting towards the higherd/alue happened.

By taking the cost and harmful environmental effect of organic solvent into consideration,
(Shooshtari & Ghazi, 201 gpplied thesurfactantfree room temperature synthesis route
for the synthesis oZnO/ -FeO; nanosheets. The synthesized material basdgap
energy of 2.31 eV. The photocatalytic degradation efficiency test conducted within 140
minutes on efixime trinydrate verifies the nobility of the synthesized materials. This
greater degradation caphbty is explained to be due to continuous charge transport
properties. Similar transport properties due to the formation of heterojunction between
ZnO and FgOswerealso reported on thealicylic acid degradatioexperimentAchouri 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 techimgyues
also confirmed the highet (AT /A production capability of ZnOK;Os than ZnO.

The nonstructural distortion of ZnO due to the formation of heterojunction witiOfe

was verifiedin (Lachheb et al., 201%york. This indicates that the composite is free from
Fe’* incorporation. This means ¥®; is present as a separate phasedogning 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 lighgaption 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 piptthe bandgagnergy valueof 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 differat volumes of 0.2 M ZnO solution on the gynthesized thifilm of

FeOs; (Suryavanshi & Rajpure, 2018prepared a distinctiveFe,03/ZnO anode
photoelectrode composite for photocatalytic degradation of benzoic dicidvas
synthesized. Té increased behavior of currerdltage with the negative polarity to the
deposited film confirms R©3/Zn0O is an ntype semiconductor. The relativeydrophilic

nature of the material was also proved by contact angl® (éasuremat. From the
result, it was clarified that thesefulnessf 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 thé Stbiottky plot. The more
negative values of F®:/Zn0O than FgO; indicate the greatezlectron/holerecombination

hindrance capacity of the material.

Via addressing the less usage refiewable natural sunlight as an energy soutoe,
photocatalytic etivities ofZnO coated -Fe,Oz; under daylight illumination were tested by
(Qamar et al.,, 2016)With the hegb of the CV voltammogram, the effect [ofFe;0O3 on
cathodic and anodic dissolution of ZnO during irradiation (equa@@nand 29) was also

studied. From the voltammogram study under illumination, the presence f a(
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peak on ZnO indicates the formation of photo corrosion. While abgsence of a
17 (
corrosion eeFigure 6&) and (b)] This is due to thenhancement of quantum efficiency

peak on ZnO coatefl-Fe,O; composite confirms therevention of photo

and photestability of the photocatalyst.
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Figure 6. The comparison of the CV behavior (a and b), EIS spectra (¢ and d) of ZnO,

ZnO/#Fe 03 in the dark and under illuminatiq@amar et al., 2016)
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Anode: ZnO + £ + H,OO0 : T (solution) + 1/2Q(solution) (28)
Cathode: ZnO € A©O : T (solution) +¢ / (surface) (29)

This photo corrosion protection is reported to be due to the continuous trankfeesof
created on ZnO that causes oxidation to the VB&OE Through the help of the EIS
study [Figure 6(c)- (f)], they also confirmed the presence of greater charge transfer
synergy for ZnO coatgd-Fe,O; than single ZnO. Conducting the magnetically recovering
study, due to the presencelofe 03, the posibility of recovering almost 99 % of the
photocatalyst was obtained. After the"™™and V" cycle regeneration test only a 2%

reduction was observed.

As generalized byXie et al., 2015)the improved photocatalytc act i viFe®; of Zn
compared to bare ZnO is due to (i) the formation of natvamndgap (ii) improved optical

absorption range, (iii) enhanced surface area to volume ratio, (iv) greater adsorption of
reactant and diffusion of product, and (v) fevedectronhole recombination due to the

transfer ofelectronand hole from one to the othefThe summarized forms of the above

discussed and some other additional ZF&0O; works are presented in Table 2.
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Table2. A review in he photocatalytic activity of binanOi FeOs.

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

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

Cefixime (Shooshtari & Ghazi,
Hydrothermal Trihydrate Zn(NG;),.6H,O Fe(N(G)3.9H,0 - 35,-,2.31 25 10.11 041 127 2017)
Facile Synthesis  Salicylic Acid ZnO FeCk.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 | -Fe0s 23,-, - Redshift 25 50 0.83 - 2012)

MB & Benzoic 101 60, 30 &
Soli Gel Acid Zn(Ac).2H0  FgNO,)3-9H,O0 20,-, - Hexagonal, 2.9 550 10 1 120 (Lachheb et al., 2017)
Hydrothermal 601 78, Core
Sintering Ciprofloxacin Zn0O FeSQ.7H,0O 133,-, - Shell,- 450 10 05 - (Li, Zhang, et al., 2017)
Photochemical
Deposition MB ZnCl, FeCk-6H,0O - -, Tubular,- 400 3.2 - 60 (Yanjun Liu et al., 2015)

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

Hydrothermal MB Zn(Ac).2H,0  Fe0s - 3.2 500 - - 60 Vinayagamoorthy, 2017)

Chlorophenol

Derivatives FeSO, - 33, Irregular; 400 50 0.75 300 (Qamar et al., 2016)
Precipitation RhB Zn(NOs),. H,O  FeCk.6H,0 - -~ 3.0 400 5 1 150 (Yang et al., 2018)
Hydrothermal MO Zn(Ac).2H,0  Fe(NQ)3-9H,O - -, Spindle- 25 10 0.03 140 (Yan et al., 2011)
Impregnation
Deposition RhB Zn(Ac),.2H,0  Fe(NQ)s - -, NRs - 400 5 0.02 150 (Yin et al., 2014)

Pentachlore 37.6;, 30 x 1370,
- phenol Zn(NOs),. HLO  Fe(NQ)s. H,O 9.6 Flower, - - 10 0.15 - (Xie et al., 2015)

Seer: Specific surface area {tg), pv: pore volume (crilg), Py pore diameter (nm]: crystallite &ze (nm),[]: Concentration (mg/L)BG: bandgap.
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2.3.4. Photocatalytic activity of binaryZnO1 Fe;O4

Nowadays, reducing nanotoxicity through recycling of the photocatalyst was getting
attention. Mostly this is working by overturning metal oxides to haagnetic properties.
Magnetite (FgO.) that has an inverse spinel structure has unique magnetic and electric
properties(Yan et al., 2009)The significant influences of microwaveasion time and
magnetite percentage on thairophenol pollutant degradation ability of:&8/ZnO NPs

were studied by (Liu et al.,, 2019) The material was synthesized by solvdr@rmal
techniques. The result indicates that, increasing the percentagef ikereases the

magnetic properties and size of thaterials.

As suggested bfAtla et al., 2018)instead of only forming heterojunction betweer(ze

and ZrO, coating of FgO, with SiO, and functionalizing it by (@aminopropyl)
triethoxysilane confirmed the enhancement of crystallinity, diminishing of the
aggregation, and better degradation efficiencynethylene blue The absorption study
indicates that th presence of silica has greater absorption efficiency compared to both
Fe;04/Zn0 and FgO,/ZnO with (3aminopropyl) triethoxysilane.

Fernandezand his ceworkers also synthesizednO/FgO, NC photocatalyst for the
degradation of antibioticE-ernandez et al., 2019\s seen in equation 3€hey verified

the creation of extra (¥ asan additional organic contaminant oxidizing agent. With the
help of orange Il model dye, the creation bf(? h/ (¢ , and hole species by
Fe;04/ZnO NC were confirmed during UVAassisted photodegradation studies. The
genotoxic property of thephotocatalyst was also tested by incubating DNA with
Fe;04/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 havehoteric 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)he surface becomes positively charged and when it is above the

point of zero charges it becomes negatively charged, as seen in egBatamd 32.
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H.0s+ FE" + H'Y Fe* +/ (°+ H,0 (30)
kZn OH+HP kZnOH," (31)
kZn OH+OHP ZnO + H,O (32)

However,(Fernandez et al., 2018)und 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 indicéitesthe PZC value becomes dependent

on groups attached to the oxide materials. The hybri®F2nO NPs synthesized by
(Patel et al., 20173lso showed the great dependency ageZnO, andNC on the pH of

the solution. On the IG®ES analysis, a lower pH value, the dissolution of bothjer

and ZnO was observed. Consequgnthis led to the suppression of photocatalytic
activity. However, as the pH increases, reducing the dissolution rate were observed. The
same justification was also observedia et al., 2011work. Moreover, he 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 awibdosage increases, since

the number of active sites also increases, it is expected that the degradation efficiency to
be enhancedFurther increasing the dosage above the optimum point, diminishing the
photocatalytic activity was observedihis is explined to be due to the formation of
turbidity that prevents light penetration abilitjfter discussing the interpretation of
several researchers on the effects of concentration of the pall(Gafari et al., 2014)
obtainedthe absorption of a large number of water molecules that led to producing
hydroxide radicals at low flatant concentration However, as the concentration of the
pollutant increases, the absorption of water molecules is rediaethermore, by
indicating the scavenging negative effects at higher concentrations, the optimization study
on HO, by (Fernandez et al., 2018pnfirmed theelectron/holerecombination hindrance

abilities andacting 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 precursbhexamethylenetetramine, and ureasexplained

in (Xu et al., 2014)work. Thesynthesized F©,/Zn0O via a onestep synthesis route for
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degradation ofRhodamine B dye indicates,applying a higher percentage of iron
precursors above the ap& can create a complete lattice distortion of the regular
monodispersed microods structure of ZnOAdding hexamethylenetetramine (HMTA)
shows size improvement on both in diameter and length of the {i&pcNRs The
presence of HMTA is also used tatoff the contact between Znions 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. Theredfpit 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, theyncluded that the presence of
Fe;04 can assst for further improvement of active sites that helptf@adsorption of both

inorganic and organic pollutants.

The hydrothermally synthesized #82/ZnO nanosheets bf{Karunakaran et al., 2014)
show the perfect implementation ofsBg in the ZnO shell. As seen in Figure 7(a), unlike
that of ZnO, the magnetic hysteresis curves afOF&ZNnO showthe superparamagnetic
nature of the photocatalyst. Therefore, this enhances the chances to recaofethall
photocatalysts from the dispersed medis.seen in Figure 7(bjhe less charge carrier
resistance properties of &&/ZnO wereverified by solidstate impedance spectroscopic
techniguesvia the Nyquist plotcompared to ZnOFurthermore, the dedpvel emission

that occurs due to extrinsic and intrinsic structural defects and haggigapemission
which arises due telectron/holerecombination was observed on the photoluminescence
spectra. The spectra show the violet, blue, green, and yellovsiemidBlue 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 tatmethylammonium hydroxide (TMAH) and citric
acid (CA) surfactants bond on the surface of the NPs were examin@eeby & Lou,
2015) The SEM images of E@®4/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 8 with TMAH than FeO4 with CA. This means the
more positively charged E®; (TMAH) NPs attracted more towards the negatively

charged [Zn(OH)?, compared tde;0, (CA). Furthermore, the repulsive force between
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the same charge of CA and acetate ftbmprecursor pevents the attraction between the
two. The summarized forms of the above discussed and some other additiorRBEXNO
works are presented in Table 3.
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Figure 7. (a) Magnetic hysteresis curves, (b) sddtdte impedance specwéFe0,/ZnO
and ZnO nanosheets and precursagORPs(Karunakaran et al., 2014)
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Table3. A review in the photocatalytic activity of binaBnOi Fe;O,.

Method Pollutant Precursor Properties Optimization Kinetics Ref.
D, SEM/TEM,
Zn Fe SeeT, P, Py BG T(°C) [] m(g) t(min.)
200-800,
27.52,0.07, Spherical,
SolventThermal  4-Nitrophenol Zn(Ac),.2H,0 FeCk.6H,O 14 3.22 160 30 - 120 (Liu et al., 2019)
- MB Zn(NOs),.6H,O FeCk-6H,O - -, sugar apple, 50 5 0.5 60 (Atla et al., 2018)
Facile Surfactant Escherichia 2001 600,
Free Coli&Phenol Zn(Ac),.2H,0 FeCk-6H,O 43,-, - spherical; 30 10 0.024 180 (Singh et al., 2013)
Zn(NGy); . FeSQ.7H,0O
Co-Pre Cipitation RhB 6H,0 FeCk.6H,O - -, NRs - 60 47.9 0.015 35 (Wang et al., 2015)
FeCk-6H,0 200300, (Fernandez et al.,
- Antibiotics Zn(Ac),.2H,0 FeSQ:-7H,O - spherical; 25 50 0.1 240 2019)
OneStep 100 200, micre
Synthesis Route  RhB Zn(NOs),. 6H,O0 FeCk.6H,O0 - rods,- 500 10 0.03 40 (Xu et al., 2014)
FeCk-6H,0O
Hydrothermal MB Zn(Ac),.2H,0 FeChb-4H,O - -, rod shaped, 140 10 180 (Goyal et al., 2018)
(Karunakaran et al.,
Hydrothermal MB Zn(Ac),.2H,0 FeO, - -, hanosheets, 500 60 2014)
Precipitation MB Zn(Ac),.2H,0 Fe0, - 21.4, cubic, 2.9 25 50 0.51 90 (Patel et al., 2017)
Solvothermal MO Zn(Ac),.2H,0 FeCk-6H,O - -, -, red shift 10 19.64 0.03 60 (Xia et al., 2011)
Methyl TertButyl FeCkL.6H,0O
Precipitation Ether Zn(Ac),.2H,0 FeSQ.7H,O - - - 89.14 1.78 - (Safari et al., 2014)
FeCb.4H,0O 95.6,0.19,
- Phenol Zn(Ac),.2H,0 FeCk.6H,O 5.8 34,-, 3.3 25 20 0.325 150 (Feng & Lou, 2015)
FeCk.6H,0O
Precipitation Phenol Zn(Ac),.2H,0 FeSQ.7H,O - 48, core/shig - 550 100 1 300 (Nikazar et al., 2014

Sser: Specific surface area {fg), py. pore volume (criig,, Ps: pore diameter (nmp: crystallite size (nm); BG: bandgd, Concentration (mg/L)BG: bandgap
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2.3.5. Photocatalyic activity of binary ZnO1 Mn,Oy

A manganese oxide semiconductor also has several favorable properties. It has different
crystalline polymorphs including MnO, M@4, Mn,O3, MnsOg, and MnQ (Guorui Yang

et al., 2014) Among them| -Mn,Osfinds a wide range of photocatalytic applications both

in the amorpous and crystalline stat@sloharreri et al., 2018)Furthermore, because of

its low charge transfer resistance and multitudinous defects, manganese oxides can form a
heterojunction with ZnO and enhances themd H sepaation route In the nanosized
range, | -Mn;O; can enhance the adsorption capacity of the pollutants during
heterojunction(Zhao et al., 2017)There areobviousionic radius differences between

Zn?* (0.074nm) and MH (0.053 nm). Therefore, instead of doping, forming a
heterojunction between MnCand ZnO vas suggestedYu et al.,, 2016) The formed
heterojunction was synthesized using thepoecipitation method. As seen in equation
33-38, due to the high concentration of'Zrthe addition of base can form the Zn(QH)

and [Zn(OH)]?* species. Furthrereaction of these products in the presence J,Han

form a ZnO nucleus. Due to the formation of ZnO, a large numbér (ofeleased and

react with a smaller concentration of Mo form Mn(OH), MnO(OH),, and then Mn@

by applying heat. The perfoance of the synthesized Mp@nO photocatalyst was tested

on the degradation &thodamine Blye.

Zn** + OH© Zn(OH), (33)
Zn(OH), + OH © [Zn(OH)4* (34)
[Zn(OH)4)* + Zn(OH) + H,0,© ZnO nuclei + HO + OH (35)
Mn*?+ OH © Mn(OH), (36)
Mn(OH), + Mn(OH),© MnO(OH), + H,O (37)
MnO(OH), + heat® MnO, + H,O (38)

Using the facile synthesis methdtlyang et al., 2019ynthesized Zn@nO, NC for the
photocatalytic degradation of tetracyclineor@ared to ZnO, the greater absorption
intensity onUV-vis-DRS, greater surface area, and a smaller radius of the EIS ZrmOef
MnO, composite indicates its superior catalytic abilities. The smaller the arc radius of the
EIS spectraindicatesthe faster lte interface charge transfer rateo the improved

photoelectrorh ol e pair 6s separation efficiency. T

further confirmed by comparing the spectral intensity of PL. The smaller intensity for
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ZnO-MnO, relative to ZnO inttates the presence of reasonaldéectrorhole
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/ E indicates the involvement of those species. Moreover, compared to
ZnO, due to the luminous energy absorption ability of e simulated photothermal
conversion (1 hr) result shows a better absorption capacity of theMd@ composite

The summarizé forms of the above discussed and some other additionalMAROy,

works are presented in Table 4.
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Table4. A review in the photocatalytic activity of binaBnOi Mn,O,.

Method Pollutant Precursor Properties Optimization Kinetics Ref.

Szem, P, D, SEMITEM,

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

Coprecipitation RhB Zn(Ac).2H,0 Mn(CH;CO,),:2H,0 - -, NRs 3.06 600 - - 20 (Yu et al., 2016)

17.33 -, (Wang et al.,
Facile Tetracycline Zn(AcC).2H,0O KMnOy4 - -,NRs 3.21 500 10 0.125 80 2019)
Impregnation & 4-Bromo And (Qamar et al.,
Coprecipitation 4Chlorophenol Zn0O Mn(NGQs),-4H,0 - 553 - 50 0.004 240 2017)
Thermal (Saravanan et al.
Decomposition MB & MO Zn(Ac).2H,0 Mn(C2H;0,),. 4H,O 2.8,-,- -, NRs 350 9.59 0.5 210 2014)

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

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

Sser: Specific surface area {fg), pv: pore volume (crilg), Py pore diameter (nmp: crystallite size (nm)j:
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2.3.6. Photocatalytic activity of ZnO based ternarymetal oxides

It is reported that combining thequivalentor different bandgap metal oxides materials
canimprove the surface area and the continuous charge transfer capacity of thalsnater
(Lei et al, 2018)confirmed the ability topreventelectron/holerecombination, wide
visible light absorption, thermal stability enhancement, and so the photocatalytic
improvement through forming a ternary heterojunction between, Je€0;, and ZnO.

The heterojunction was performed on the polyenglbstrate 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
Fe0s/Zn0O/ZnFeO, heterojunction. It was confirmed that, due to the reaction g®Dfe

and ZnO, the formation of Znk®, which has high visibldight absorption ability is
highly dependent on the calcination temperature. As the calcination temperature increases,
the formation of ZnF&, also increases. The growth of ZaBg, which hasapproximate
bandgapenergyof 1.9 eV is highly important fore absorption of abundant visible light

and total separation of the generatelgctron/holepairs. The proposed mechanism
indicates that during degradation electr@me transported from Znk©®, to FeOs; and

then to the ZnQwhereas, the holes move fromy,Beto ZnFeO,. The direct relationship
betweentemperature and formation of Zrased impurityZnTiO3z) was also observed on

the ternarySnQy/ZnO/TiO, compositestudy (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 adtiwty.
summarized drms of the above discussed Zb@sed ternary oxides heterojunctions are

presented in Table 5.
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Table5. A review in thephotocatalytic activity of Zn€based ternargnetal oxides.

Method Pollutant Precursor Propertes Optimization Kinetics Ref.
Ssem B, D,
Zn P2 P3 Py SEM/TEM,BG  T(°C) [] m(g) t(min.)
(Hoseinpour &
Facial RhB ZnCl, Mn(CH,COO), CuSQ.5H,0 - -, Cubic,- 80 30 - 45 Ghaemi, 2018)
155, -, hanosheet,
Solvothermal RhB, Cr(VI) - - - 03,6.1 2091 400 - - 150 (Yu et al., 2019)
(Taufik et al.,
SotGel MB ZnSQ,.7H,0 FesSQ.7H,O CuSQ. 5H,0 - -, spherical, 2.9 100 20 0.03 120 2015)
lon Exchange MO Zn(NGs),:6H,O0 Fe(NG),-6H,O Ce(NG);-6H,O - - ,Spherical, 1.6 550 16.35 0.3 12 (Lei et al., 2018)
53,-,5 600, Shuttle, (Xiaojuan Li et
Hydrothermal = RhB Zn(NG;)2.6H,O Fe(NG)s;.9H,O - 20 2.33 500 20 0.03 60 al., 2018)
Multistep FeSQ.7H,0 (Bian et al.,
Precipitation RhB Zn(Ac).2H,0  FeCk.6H,0O Si(OGHs)4 160,-,- 300, chestnut, 25 6.17 0.015 80 2015)
44.8, (Yang et al.,
Precipitation MO Mn(NGQs), FeCk-6H,0 Si(OGHs)4 0.12,10 -, Coréshel,- 300 20 0.1 60 2015)
OneStep MB & (Tedla et al.,
Impregnation Sewa@ ZnN(NQOs),-6H,O0 Fe(NGy),-6H,O0 MnO, - - - 2.75 400 10 0.125 120 2015)
CO to
N719 Methanol ZnN(NOs),-6H,O0 Fe(NG)s-9H,O TiCy, 178 -, Flower, 2.62 800 - - 180 (Xia et al., 2016)
Oxidation of 166, (Yuxian Wang et
- phenol ZnCl, FeCk KMnO4/MnO, 0.161,- -, Flower,- 60 20 0.1 al., 2014)
-, solid (Guidong Yang
Soli Gel MO Zn(Ac),.2H,0  SnCl,-5H,0 Ci6Ha004Ti - particle 2.95 400 10 0.15 300 et al., 2012)
16.0,-, (Wang et al.,
Co-Precipitation MB Zn(Ac),.2H,0  FeCk Rectorite - 6i 35, 5 0.9 150 2018)

Seer: Specific surface area ffg), pv: pore volume (crﬁg), Py: pore diameter (nmp): crystallite size (nm)j]: 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,
cosmetis, plastics, drugs, electronjcand 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 ljcunoirsvater

from washing operations contain dye in the hydrolyzed and unfixed form. Nearly 10% of
the dyes are discharged into tH#éweent as a result of this proce€anventional treatment

of wastevater resull in 70/ 80% of pollutant degradatianHowever, maintaining the
organic carbon load in thdfluentneeds attentiarBiodegradation methods aréective

in reducing the biological oxygen demand of tH# uent, but reducing the chemical
oxygen demand and toxicity to permissible levelslg a challeging task. Hence, the

role ofheterogeneous advanced oxidation proceissée dgradation of dye wasteters

is very critical(Vinu & Madras, 201Q)

There are many ways to classify dyes in terms of method ofcapph, colo, and
structure. But the application classification isften favorable due to the extent and
complexty of the nomenclature afolor from the system of chemical structui2yes are
usually categorized according to the charge of the particle upon dissolutiomgueous
solution such as anionic (acid, reactive, and direct dyes), cationic (all basicaheson

ionic (dispersed dyespBased on the functional group that constitutes the dyes, dyes are
classified as azoicanthraquinongheteropolyaromatic, aryl methane, xanthene, indigo,

acridine, nitro, nitroso, cyaninand stilben€dAhmed, 2016; Yagub et al., 2014)

The degradation of a dye can be characterized in two ways: percent decolorization and
percent mineralization. Decolorization refers te tieduction inthe concentration of the
parent dye molecule under consideratibiisacharacteristic wavelengtiut does not refer

to the complete removal of the organic carbon content. This is due to the formation of
colored dye intermediates, which absoat 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 blug(Ci6H1sCIN3S, MB) is a commonlyused substance fatying garments
such ascotton, wool and silk (Tan et al., 2008) The IUPAC name of MBis [7-
(dimethylamino) phenothiazi8-ylideneldimethylammoniumchloride. The molealar
structure of methylene blue is given in Figure 8(agan cause eye burns which may be
responsible for permanent injury to the eyes of husraam animalsDue to its known
strong adsorption onto solids, MB often serves as a model compound for mgnageis
and organic contaminants from aqueous solutigtemeedet al., 2007) Although not
strongly poisonous, MB can have some harngfifiécts on human beingSheng et al.,
2009) Inhalation of MB dye can givese to short periods of rapid or difficult breathing
while ingestion through the mouth producebuaning £nsation and may cause nausea,
vomiting, profuse sweatingnental confusionand methemoglobinemigdofmann et al.,
1966; Tan et al., 2008)Therefore,the treatment of effluent containing such dye is of

interest due tats harmtil impacts on receivipwaters.

2.42. Congo red dye

The congo red (Cs2H2:NeNaS,0s, CR) is an anionic secondary organic diazo dye with
complex aromatic structures, whiclkake the dye more stable andnbiodegradableand
hence the removal process is quite difficult. ThéAC name of CR id-nafhthalene
sulfonic acid, 3, 44, 4 biphenylenebis (azo)) bis (4amino disodium) (Nayak et al.,
2020) The molecular structure @R is given in Figure 8(b)lt is highly soluble in water

and exists asa brownishred crystal. It is stablen air with a solubility of 1 ¢g0 mL in
water and even a small concentration of it is carcinogenic to aquatic life. It creates
problems in the skin, respiratory system, eyas reproductive system as wéMittal et

al., 2009) Therefore, & control the hazardous effects of CR dyes on human hé¢hadth,
environment and aquatic life, it is essential toinimize or remove the traces of CR dye

concentration from dye contaminatedterbeforetheir discharge

2.43. Acid orange-8 dye

Acid orange 8 Ci7HisN2NaO,S, AO8) also belongs to the azo dye familyhich is a

highly soluble pollutant found in textile wastewater and &dsigh resistance to pheto

42


https://pubchem.ncbi.nlm.nih.gov/#query=C17H13N2NaO4S

oxidation. The IUPAC name of AOS8 issodium; 4-[(2-hydroxy naphthalee-1-yl)

diazenyl}3-methyl benzenesulfonatd he molecular structure acid orange 8s given in

Figure 8(c).taccounts for

over

50 %

of

t he

worl dobés

of dye It exists in their hydrazone tautomeric forms, which exhibit good stability. AOS8 is

resistant to photoxidation and chemical oxidation. The aromatic aminesha@tincipal

products of cleavage of the azo group, and these are potentially mutagenic and

carcinogenidElizaldeGonzalez & Garcidiaz, 2010; Guaratini & Zanoni, 2000)s a

strong electrolyteAO8 dissociates completely and is used in the dyeing proa&&was

ore of the terdetected dyes in water samples from municipal and industasiewater

treatment plants in Northern Italy in 2002, together with phenols, carboxylic acids,

aromatic sulfonates, aromatic amines, pharmaceutaadssurfactantéElizalde Gonzélez

& GarciaDiaz, 2010; Loos et al., 2003)

Hs clr

a) c CH,
rll S. I\ll
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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 appbeapoint of view to study the
dependence of substrate concentration on the photocatalytic reacticDatatlgst dosage

and concentration of pollutant optimization have similar plot flow propesigshe initial
concentration of the dye increases, #fficacy 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 bdye increases, there will be insufficient sites for the dye molecules

to adsorb, so decreases the removal effici€Ropati et al., 2016 Beddes 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 activesstre the photocatalyst and result in a
reduction in the degradation ratt 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 ifst-order kinetics(Ahmed, Rasul, Brown, et al., 2011;
Herrmann, 1999)

2.5.2. Effectof catalyst dosage

During the photocatalytic degradation experiment, the amount of photocatalyst is
dependent on the type and dimensions of the reactor as well as tlntlypencentration

of pollutants.The initial rates of reaction were found to be directly proportional to the
massm of the catalyst, which is known as the true heterogeneous catalytic regime. Above
a certain value o, the point at which all the partideare illuminated, the reaction rate
levels off and becomes independentnaf This limit depends on the geometry and the
working conditions of the photoreactaque et al., 2006).oading of the catalyst above

the optima also leads to the scregnigffect of excess particlesr nonuniform light
intensity distribution which covers the photosensitive pa#lso, loading abovethe
optima results in th@gglomeration/agglomeration between the NWhjch resultsin a
reductionof surfaceactive sitedor light absorptiorand hence a drop in the photocwtial
degradation ratfAdesina, 2004Herrmann, 1999)
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During the optimizatiorof 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 conceation of the pollutant(Herrmann, 2010) This is due to the

availability of freeactive sites yon the surface, which is calculated by equation 39:

I i 23 oA (39)

where $er is the specific surface area of the catalyst and the areal density of the sites

whose maximum val ue i%mYeBaelimnB66gHbwetrenq anb e

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

suifaces is the pH of the soluticgince it dictates the surface charge properties of the
photocatalystandthe size of aggregates it fornfislaque et al., 2006) The pH has been
considered an important factor affecting the transformation of pollutartiseinatural

environment. Solution pH can not only change the speciation and cheimcatteristics

of pollutantsbut also affect the characteristics and existing forms of surface functional

groups of reaction medi#his is explained to be due to ttleange of pH has a significant

effect onthe absorbancef dissolved organic matte{&ao et al., 2015]in et al., 2017)

Characteristics of organic pollutants in wastewater differ greatly in several parameters,

particularly in their spectan behavior, solubility in waterand hydrophobicity. At pH

below its pKa value, an organic compound exista msutral state. Above this pKa value,

the organic compound attains a negative charge. Some compounds can exist in positive,

neutral, and negae forms in aqueous solutions. This variation can also significantly

influence their photocatalytic degradatiobehavior. The surface charge of the

photocatalyst and the ionization or speciation (pKa) of an organic pollutant can be

profoundly affected byhe solution pHAhmed, Rasul, Martenst al., 2011)
The interpretation othe pH effect on the photocatalytic process is a difficult task because

of its multiple roles, such adeetrostatic interaction between a semiconductor surface,
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solvent molecules, substratnd charged radicals fmed during photocatalytic oxidation.
Besides, theprotonation and deprotonation of the organic pollutants can take place
depending on the solutibnpH. Sometimes protonated products are mablstunder UV
radiation than theimain structure§Ahmed, Rasul, Brown, et al., 201Therefore 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
(k -/ () under acidicconditiors and deprotonatedk(- / under alkaline
conditions(Haque et al., 2006)urthermore, the adsorption of a water molecule on the
surface of metal oxides results in the formation of hydrodmiers k - /[ (.
Depending on this theoretical assumption, optimizing the pH of the solution in which it
forms the required interaction with targeted pollutastsnportant Due to the large photo
adsorption coeffi@nt values of dye pollutants, may not be possible to sloa turnover

of the photocatalyst, therefore standardization of the ghatdtyst using dye may not work
(Bendjabeur et al., 2017; Ohtani, 2010)

Besides, hie presence okxternal oxidizing agent&lectron acceptordike KBrOs,
(NH4)2$,0s, and HO, canimprove the photocatalytic degradation of orgaztoenpounds
attributed to he increasingof the OH' concentrationand other oxidizing species to
accelerate the degradation efficiency of intermediate compo{hgisyen et al., 2020;
Rajeshwar et al., 2008; Vinu & Madras, 201This is because the formation of these
radicals can inhibit the electron/hole recombinatigradding other (reversible) electron
aceptorsto the reactiorand improve photegradation efficiencyhroughthe following

equationgHaque et al., 2006)

" O/ can generat¢ O% and" O depending on the number of mole Af AT @&
(equatios 40 and 41)

"0l A c(o"OF (1 (40)
"0/ @A @( O "OMI/"®"O o(/ (41)

3/ can generate salfe radical anion8 £ both thermally and photolytically ian
aqueous solutior8 £ then reats with HO to produce Oﬁradicals(equatiors 42 and

43),
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3/ A o 3F 3] (42)
3F (1 0 3] I (& ( (43)

( / canalso generate dkadicalsby reacting withsuperoxideons (equaton 44.
(/ JE o | (B | ( / (44)

When the concentration of,B- is abovethe optimum the quenching of the hydroxyl
radicals results and decreases the degradatior(eqtmtios 45 and 46) This indicates
that careful optindation of oxidant concentrations is necessary for enhancing
photcatalytic activity(Vinu & Madras, 2010)

(/ | (Eoa(l (1F (45)
(1 FE 1 (o o(/ | (46)

2.6. Ascorbic Acid Sensousing Metal oxides

Ascorbic acid plays a vital role in the metabolic process and helps in the tneate
different illnessegLu Yang et al., 2014)A small variation in the standard level of A&
generally a symptom of sicknef¥in et al., 2016) AA acts as arantioxidant, enzyme
cofactor, and neuromodulator in the bréiRice, 2000) and it also indicates the human
immunodeficiency virugHan et al., 2017)The UM vis spectroscopy, chromatography,
fluorescence spectroscopy, fluorimetry, and electroatemmethods are the conventional
methods used for the determination of the level of AA. Among them, the electrochemical
technique received interest in accuracy, stability, sensitivity, andZbst et al., 2013)
However, AA detection by bare conventional electrodes fouls the electrodes due to the
irreversible oxidation process of AA to 2dketogluconic acidJiang & Du, 2014; Peik

See et al.,, 2014)Nowadays, researchers are modifying the normal electrodesetal

oxide NMs as a redoactive electrochemical sensor diteimprove the sensitivity and to
avoid the multiselectivity activitiegAlam et al., 2020Khan et al., 2016)
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Among the metal oxides, ZnO NPs has been broadly used as biosensor due to its diverse
decent propertieg¢Saravanan et al., 20153lthough,it showed not satigttory sensing
capability (Bai et al., 2020; Ibupoto et al., 2012Among severatechniques used to
improve the reliability and toxicartiomoleculesdetection properties of ZnO, creating
NCs via nn or np junctions were employed. This junction produces a depletion layer in
the interface and assists electron and hole flow withoatmbmation (Alam et al., 208;
Ghanbari & Bonyadi, 2018; Huang et al., 20kBian et al., 2016; Murugan et ,a2019)

Also, modifying the synthesized materials to have a mesoporous property allows a rapid
charge transfer proceg&han et al., 2015Khan et al., 2016; Yuanying Liu et al., 2014)
FeO; is vital in mediating the final heterogeneous chemical redox reaction of the target
agent due to its higBAV and environmentally biocomapible propertiegCao & Wang,

2011) The coupling of MpOs; with ZnO has its own electrochemical andnser
improvement towards ascorbic a¢i8aravanan et al., 2015)he hydrotherma{Nadargi

et al., 2020) solgel autecombustion (Han, 2020 Tikare et al.,, 2020) self
propagation/combustioriZou et al., 2017) co-precipitationhydrothermal(Bai et al.,

2020) and the ultrasonimicrowave(Nadargi et al., 2020jnethods are also frequently
applied for synthesizing NMs for sensor application. Among themsdhgel and sebel
autocombustion procedures are reported as efficient andoeaically feasible(Dey &
Sarkar, 2020Han, 2020)

2.7. Antibacterial Activity of Metal Oxides

Metal oxideNMs areone of the preferences as antibacterial active matébaldi et al.,

2019) Due to its distinctive electronic configuration and suitable properties, ZnO is one of
the novel antibacterial active materigfzavithra et al., 2020Nowadays, researchers are
making a serious effort tamprove the antibacterial activities of ZnO by forming a
composite with the same/different bandgap semiconductor matfhiats/aEsparza et

al., 2019; Munawar, Yasmeen, Hussain, et al., 202@plying capping agents such as
polymers and plant extract that control the morphology and size oNMs and
optimizing different conditions also enhance the antibacterial activity. Formi@sand

doping reduces the electron/hole recombination, increases the surface area to volume ratio,
and also improves the stability towards dissolution and corrosion. The eetdas
antimicrobial ions, electrostatic interaction, reactive oxygen species (ROS) generations are

the crucial antibacterial activity mechanisfispitia 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, dapg, and optimizing different conditions. The morphological analysis
using scanningelectron microscopy, field emissiwtanning electron microscopy, field
emission transmission electron microscopy, fluorescence microscopy, and confocal
microscopy canconfrm the antibacterial activity and also supports developing a

satisfactory mechanism.
2.7.1. Mechanisns of antibacterial activities of NPs

Metal oxides readily undergo redox reactions catalyzed by light radiation. This is due to
their distinctive eleronic 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 ad VB, respectively. The produced electrons and holes have the probability of
recombining in picoseconds or react with other species such asdd0+4O adsorbed on

the surface of the metal oxides. Through different chain redox reactions, the generated
ROS((hydroxyl radical(/ (%, hydrogen peroxide (#0.), and superoxide/  )) believed

to degrade the bacterial cell into &®,0, and other nontoxic mineral¥emmireddy &

Hung, 2017)see Figure P
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Figure 9. Schematic illustration of he 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 mgative than the redox potential of H> (0 V compared with NHE),
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and the top of the VB must be more positive than the redox potentia¥ld$@ (1.23V

compared with NHE)(Hoffmann et al., 1995Mills & Le Hunte, 1997) From the
thermodynamic requirementhe oxidation potential of (% (E°(H.0/ (% = 2.8 V vs

NHE) andthe reluction potential of # (E%(O.// #) = 028 V vs NHE) should lie with
the bandgap of the catalyst. The VB and CB of some metal oxides suda®@a<n0O, and
ZrO, full fill the requirement and generate the (2and/ % radicals orthe suface 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 dfiMs can be performed using different methods such
as broth dilution followed by colony count, agar dilution method, disk diffusion assay,
microtiter platebased method, flow cytometry viability assays, and conductometric assay
(Espitia et al., 2012)The antimicrobial activity of ZnO NPs has been tested against both
Grampositive bacteria such & subtilisandS. aureusand Graranegative bacteria such
asP. aeruginosa, C. jejungndE. cdi. 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 RRSsell, 2003)On the contrary, the

cell menbrane of Granpositive has a less negative charge that allows penetration of
negatively charged ROGordon et al., 2011)Z2nO $iows good antibacterial properties

on both Granpositive and Grarmegative bacteriayet, the antibacterial activity of ZnO

is highly dependent oarystallite size. It was reported that decreasing the particle size
results in enhancing the antibacterial activity of Z(i@emanathan et al., 2011)o
indicate, Jones et al. compared the antibacterial activities of MgQ, AIgD;, CuO,

Ce(, and ZnO againsB. aureus RN6390acteria. Among them, ZnO NPs showed
significant growth inhibition. To cluk the effects of ZnO particle size on the antibacterial
activities, differently sized ZnO materials, namely >th, 8 nm, and 500 nm were
studied. Compared to the other, the antibacterial activities of-simatl 8 nm ZnO are

found to be superigidones et al., 2008)
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For the antibacterial activities of ZnO, several mechanisms have been proposed. As seen
in Figure 10, the antimicrobialctivity mechanism of NPs may follow three mechanisms
including the release of antimicrobial iofEspitia et al., 2012; Kasemets et al., 2008¢
interaction of NPs with microorganisr8hang et al., 2008xnd the formation of ROS by

the effect of light radiatior{Jalal et al., 2010)As reported(Espitia et al., 2012)the

release of antimicrobial ion/solubility of metal oxides is dependent on different dactor
such as the concentration of metal oxides, time of interaction, and the nature of

microorganisms.

\ / Formation of ROS species
Electrostatic interactions \‘%
4
v J.‘J Q\
Q%@

. t®
( \.)Zn"\) )
2 zan

Release of antimicrobial ions

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

gray sphereq)Espitia et al., 2012)

i. The release of antimicrobial ions

(Joe et al., 2017)evealed the release of antimicrobial’Zions under dark conditions.
The level of free Zfi ions was evaluated hy | -selective twephoton fluaescent turn
on probe (AZn2) micrscopy. Compared to the contrdFigure 11 (a and k)] the
approximate mean twphoton excited fluorescence intensities of“mere obtained to be
12 and 6 times higher f@. aureusand K. pneumoniadacteria, respectivl The result

confirmed the source for Zfto be from the dissolution of ZnO.
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Control

Intensity

Intensity

Figure 11. Two-photon fluorescence microscopy and brifatd images of AZnZ2abeled
(a'j) S. aureusand (k) K. pneumoniaeBoth species were teed with ZnO NPs (NA,
NP, and CN) and Znglbf 0.35 mM. Twephoton images were collected at 5620 nm
upon 780 nm excitation with femtosecond pulgks et al., 2017)

Teichoic acid on the peptidoglycan layer of Grpositive 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 ZwmOfuather
dissolution of it. The active and dead cells (calo&i (green fluorescence) and PI (red
fluorescence), respectively) were confidngy double immunofluorescenceifure 2(ai

e and Ko)]. Theindirect relatioship of the size of the ZnO NPs widntibacterial activity

was confirmed. Howevethe number of oxygen defect sites the surface of the Zn
NPshas not showa relation with its anticlerical activitie€Compared to nanassemblies

and nanoplates, the conventional ZnO NPs showed theshighébacterial activity on
bothS. aureus KCTC No. 38&hdK. pneumonia KCTC No. 224fcteria. The transport

of Zn'? ions into the cytoplasmic inner membrane is believed to be through various

membrane metalloproteirfglood & Skaar, 2012; Lawrence et al., 1998; Da Wang et al.,
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2012) The release of antimicrobi@in®* ions in the medium containing microorganisms
was also suggested as a reasonable hypothesis about the toxicity of ZnO &gainst
cerevisiag Kasemets et al., 2009)

Control Control (+UV) NA (+UV) NP (+UV) CN (+UV) ZnCl, (+UV)
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Figure 12. Dual immunofluorescence and ROS staining imageSfaureugai j) andK.

S. aureus N

ROS

pneumoniadkit) treated with nan@assemblies, NPs, conventional NPs, and ZTB5
mM) under dark condition§loe et al., 2017)

ii. The direct interaction of NPswith 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 asllEdo been suggested to be the
other mechanisnfZhang 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, gnd 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 groupgStoimenov et al., 200nd ZnO has positively charged properties at
the zeta potential of +24 m{Zhang et al., 2008) The interaction/electrostatic force that
occurred between negatively charged bacterial cells and positively charged Zs@lead

disruption of the cell whand damage occiby entering into the cell.
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The ZnO nanofluid synthesized hang et al., 200Ayas also reported for direct contact
antibacderial activity onE. coli DH5 bacterialt was synthesized by ultrasonication of the
commercially obtained agglomerated ZnO powdacreasing the concentration of ZnO

NPs from 0.1 to 0.25 g/l and decreasing its particle size led to an increheeéath 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 usindeetrochemical measurements by adal dioleoy
phosphatidylcholine monolayer. Polyethylene glycol and polyvinylpyrrolidone were also
used as effective stabilizing agemis reported, the presence of these capping agents does
not have much effect on the antibacterial activity of ZnO Harus.

(Thakur et al., 2019proposed the direct and indirect mechanism for the interaction of
cerium oxide NPs with the bacteria cell. As seerfrigure 13 the direct interaction of
cerium oxide NPs led to damago 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 meatiams finally led to cell death by affecting the DNA,

ribosomes, and proteins of the bacteria.

Antibacterial activity of
namoceria

Direct contact Indirect contact

L | .
Cerium oxide 00 [~ ] ) Y @ Cerlum oxide

nanoparticles @ @ nanoparticles

Membrane
Proteingy=" "~
0 o s

/e0°
®e0 o : —
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Cell wall l — ) ,J ) Flagella
damaged I~ *&‘ * / //
\ Nucleold > /,,--"’
Ribosomes —~— @ (DNA) / //
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Denatured DNA
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Figure 13. Antibacterial activity mechanism of cerium oxide NPs a. Direct contact, b
Indirect contac{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 radiati@sreportedin several
studiesas bacteriostatic and bactericigabperties Among the otheROS ( (Fand/ £ ),

due to the negatively charged properties of the surface of the bacterial cell, oniOthe H
reported entering through the c@Bordon et al., 2011; Jalal et al., 2010he earlier work
(Nagvenkar et al., 2016Fonfirmed the creation of ROS using ESR techniques and their
effective antibacterial activity. The novel eseep sonochemicgbrocess was used to
synthesize the ZNn®VA composite. The antibacterial activity agairist coli and S.
aureuswas conducted using colotigrming units per milliliter method. Compared to ZnO
without PVA ¢ 80-100 nm), the ZnO NPs synthesized using PVA espmping agent (4-

6 nm) showed enhanced antibacterial activity on botbolt andS. aureusdacteria. This
confirms the dependency of antibacterial activity on the size of the particles. Using
propidium iodide fluorescent dye, the dead celéd (fluoresenceg and live cells (green
fluorescenckewere identified by confocal laser scanning microscopic images, as seen in
Figure X. To confirm the ROS generation, the ESR measurements were also carried out
using 5,5Dimethyt1-pyrroline N-oxide (DMPO) that givdDMPOi OH the final product

after trapping bottt (fand/ ¥ radicals.As seen irFigure15b, the ESR spectra show the
less amount of DMPDH signal (*) produced from the breakdown of the DMRO®H
adducts which comes froth¥® radical Therefore,/ (% is reported tobe the major

contributor toROS generabin.
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E. coli

Figure 14. Fluorescence microscopy imageskofcoliandS. aureudreated (A) without
and (B) with Zn@PVA NPs Green fluorescence is characteristic of live cells, whereas

red fluorescence is due to dead c@llagvenkar et al., 2016)

(a) (b)

Figure 15. ESR spectra demomating (a) relative concentration of ROS production by
pure ZnO (black line) and Zrn®VA nanofluid (red line), (b) ROS formation by ZhO
PVA suspension (red line) uporeaitment with DMSO (green lindNagvenkar et al.,
2016)

Using didodecyl dimethylammonium bromide (DDAB) as a surface modifying agent,
(Viswanathan et al., 202@ynthesizedyreatly 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, surfaceodified ZnO showedetter antibacterial activity against bogh
aureus KCCM11335andE . c o | bactebidd Bug 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 therface charge, the higher the é)gleneration capacity
(Arakha et al.2015) Compared to single ZnO and cellulose, the enhanced antibacterial
activity of ZnO/celluloseNC was also reported and explained to be due to the smaller
crystal size of ZnO in the composifeefatshe et al., 2017)rhe agglomerated irregular

disc, sheet, and dispersed ZnO on cellulose matrix SEM micrographs wereedbferv

ZnO, cellulose, and ZnO/nano cellulose composite materials, respectively.

B. Antibacterial activities of Fe0O3; and Mn,0O3

The novel antibacterial activity of [8; was also recently verifieth different works
(Haseena et al., 2020; Naz et al., 20P&llela et al., 2019)(Pallela et al., 2019)
synthesized F©; with an average particle size of 16 nm. The morphological study using
SEM images showed the presence of sphenaabclusters. The-spacing value of 0.27

nm obtained using HRTEM analysis matches with (104) crystal plane x0%.F€he
antibacterial activity of F£3 againstB. subtilis NCIM 2063, S. aureus NCIM 2079, E.
coli 2065, and K. pneumonia NCIM 232bacteriawas tested. Compared to the other,
FeOs; shows enhanced antibacterial activity towaRissubtilis. However, Fe,0O; NPs
synthesized by Naz et alere confirmed to have less antibacterial activity agai@st

aureus, P. aeruginosa, E. calindB. subitilisbacteria(Naz et al., 2019)

In addition to ZnO and E©s, the novel antibacterial activity of the hydrothermally
sy nt h e-Mr,Q; wasb alddreported(Selim et al., 2020) Co mp a-MeOOH and o
2-A |l OOH-Mn,O) NRs showed greater antibacterial activity agaiSst aureus
ATCC23235, BsubtilisATCC23857E. coli ATCC25922B. pertussiATCC9797 andP.
aeruginosaPaolATCC1569dacteria. The approximate highest zone ofhition (ZOI)

was determined to be 18 mm Bnaeruginosaacteria. The morphology of untreated and
nanorodtreatedmicrobial strains was deternad using SEM analysis (Figure)l&xcept

for C. Albicans -Md,Os; showed massive deterioration, lethal effesstd morphological

changes for all other bacteria. Furthermore, the inhibition of bacterium growth was further
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confirmed by fluorescence microscopy Encoli (E. colrGFP). The confocal microscopy
c o n f i-Mnp®s to ke the highest killing material conmgd to the other.
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Figure 16. SEM images of untreated and treated bacterial strains using the prepared NRs;
wher e ( AT B)aerwinosa f(oET 8.)aurdup r ( | T @ Albidars,rand

( MT P)E. doleGFPasacontrol unt r eat ed) am; iACOH,tamdd wi t h
o9 MNOOH NRs, respectivelfSelim et al., 2020)

The antibacterial activity of chemicallyand greersynthesized MyO; was also tested
(Amsaveni et al., 2020From SEM analysis, the morphology of chemicaiythesized
and grensynthesized MyO3; was determined to be a crystalline cubic structure with 30
50 nm size and spherical withiZD nm size, respectively. The antibacterial activity test
result showed good bacterial growth inhibitionBncoli bacteria compared t8. aueus

The sizedependent antibacterial mechanism was reported to be due to the release of
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positively charged manganese soand its electrostatic interaction with the negatively
charged bacterial cell wall.

2.7.3. Antibacterial activity of binary and tern ary ZnO based materials

Compared to single metal oxidéMs, optimizing synthesis procedure aforming a

binary, ternary, or more heterojunctions can enhance the surface area to volume ratio and
diminish the recombination of electron/hole pairs due t® $inergistic effect. The
heterojunction can be made either with the same or different bandgap metal oxides. It may
either in the nn or @ n procedure for binary metal oxidespi ni n or ri ni n approach for
ternary heterojunctio(Lei et al., 2018)

(Mayank et al., 2019% y nt h e -$6Qz/Ni@ cotdposites using a qurecipitation

met hod. Comp&#e®dnd oNipQyr et e enhanced- antib
FeOs/NiO binaryNCswer e confir med. -F&® shpvesraegrbatet 0 N (
inhibition zone. The antibactiat 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 NPsEodmdi > B. subtilis> S.

aureus > S. typhi. The ZnGCuO composites materials synthesized by solution
combustion techniques usingolotropis gigantealeaf extract also showed good
antibacterial activity againg. coliandS. aureusacteria. The synthesized spherical and
hexagonakhaped\NMs have a particle size of 1040 nm(Rajith Kumar et al., 2020)

Using Ricinus communi&. 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 MgON@Onaterials

(Panchal et al.,, 2019)The antibacterial activity conducted dhcoli and Klebsidla

photogenic bacteria shoenhanced ZOI for the MgO/ZnBC compared to single MgO

and ZnO. The obtained highest ZOIl Bncolibacteria was 28 mm.

(Shimada et al., 2020)eported a new mechanical ruptdrased antibacterial active
ZnO/SiO, binary materialthat was safe regding toxicity for normal cellsThe ZnO/SiQ
nanowire was synthesized by bottam approaches. Based on the silicon oxides (SiOx)
based surface, the antibacterial activity of Silbn substrate and ZnO/Sihanowire was

evaluated against bare glass stdie (equation47). The result showed superior
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antibacterial activity value for ZnO/SjOnanowire substrate compared to Si@lm
substrate againgE. coli bacteria. From fluorescence images using propidium iodide test
ZnO nanowire showed high cytotoxigitdue to zinc ions, while ZnO/SiOnanowire
showed less cytotoxicity. This cell viability on ZnO/Si@anowire is reported to be due to
zinc ions elution suppression by the sgbell layer.

R=I1T€ 171¢ 11 € 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/SiEKnanowire substrat®r 24 h, respectively.

The nZnO/TiQ coated on the Ti substrate was synthesized by hydrothermal followed by a
low-temperature liquid phase method with different temperate (50, 70, and @P&itg) et

al., 2019) From SEM analysis the shape of the composites was obtained to be rhombic
prismatic and aligned in nanoarray. Increasing temperature froin @D °C results in
increased particle size from 50 90 nm. Compared tde. coli, the sizedependent
antibacterial activity of the composites is greater Soraureus Precious Ayanwale and
ReyeslLopez synthesized 2634 nmsized ZrQi ZnO NPs for deactivation @. subtilis

ATCC 19163, S. aureus ATCC 259383,mutans ATCC 25175, E. coli ATCC 25922, K.
oxytoca 13182andP. aeruginosa ATCC 27833acteria (Precious Ayanwale & Reyes
Lépez, 2019) Among different percentages of the composites and single metal oxides,
ZnO showed a greater ZOIl. The effects of the weight ratio of the metal oxides were also
indicatad in (Gordon et al., 20113tudy. Different [Zn]/[Fe] weight ratio of 1:9, 3:7, 1:1,

8:2, and 9:1was prepared for the formation of mixture of Fé" and Zi*. From
TEM/HRTEM morphology, the FCC structure of;BPg and ZnFeO, was confirmed to

have the same-gpacing value of 0.298 nnihe 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 agtivhis is reported to be due to the formation

of zinc ferrite ZnFe0,) that has no significant antibacterial activity.

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

the ternary heterojunction show enhancedibanterial activity. Anayd&sparza et al.

60



synthesized Ti©@ZnO-MgO NMs by the solgel technique¢AnayaEsparza et al., 2019)

Using SEM analysishe materials were confirmed to have less than or equ@lQmz

sized semglobularovoid shapes. The antibacterial activity of the composites adainst

coli ATCC 8739, S. patyphi ATCC 9150, S. aureus ATCC 338&2¢dL. monocytogenes
ATCC 15313dacteria shows good resultCompared to the composite, Bi€howed poor
antibacterial activity on all bacteria (onlyy & mm inhibition zone). The highest ZOI
obtained orS. paratyph bacteria is 18 mm. The ROS generation and electrostatic force
interaction were suggested to be the probable antibacterial mechanism that led to bacterial
death.

Munawaret al. synthesized Zn®b,0si Pr,O3; ternaryNC that shoveda highly enhanced
antibacterial activity (31 mm) on th8. aureusacteria(Munawar, Yasmeen, Hasan, et al.,
2020) The tenary ZnOPr0O, Yb,O3 NC that was synthesized using a-e@cipitation
technique has porous morphology. The high surface area and porous nature of the material
were reported to have good contact with the bacteria. Moreovelptt&-scheme Zn©
Er,Os-Yb,0O3 material synthesized usirgp-precipitation techniques was also reported to

be highly effective ors. aureudacteria(Munawar, Yasmeen, Hussain, et al., 202Qur

et al. synthesized ZnO plates{Be rods/Ag NPs composites for thetdnacterial activity

of E. coli bacteria(Kaur et al., 2019) The antibacterial aiwity of the Ag/FeOs/ZnO
heterostructures studied at different visible light exposurestif®@, 60, and 120 min)
presented good results. An increase in the concentrations of8g/EeO NC from 0 to

2000t g/mL, results in decreasing the concentratbi. 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 AgF£7nO NC.

Paul et al. synthesized a spherical terr@mpD-NiO-ZnO NC for antitacterial test against
S. aureusandE. coli bacteria(Paul et al., 2020)The obtained result from growth curve
analysis anaolony-forming unit reduction studyhowed promising antibacterial activity,
specifically an enhanced number of colony counts of bacterial strains reductiSn on
aureusbacteria. FESEM analysis result also shows the effe@uO-NiO-ZnO NC that

causs rupturing, crackg, and release of intracellular components.

Owonubi et al. investigated the antibacterial activity GuO, FgOs; (FeO), ZnO,
ZnO/CuOFeQ and ZnOGCuOFeQ materials (x = 0.1, 0.5 g). The antibacterial activity
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test was conducted against three differteantterial strains. Among them, the synthesized
material was more effective dipneumoniabacteria. The order of antibacterial activity
test were determined to be CuO > ZnOFgluQy s > CuOFe@s > ZnOFe@.1CuQy 1 >
FeOs; > ZnOFe@s > ZnO (Owonubi et al.,, 2020)This indicates that the coupling of
more metal oxides enhances the inhibition of the bact&rimief data on the antibacterial
activities of ZnGbased compositesatiebeen presenteid Table 7.
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Table 6. A set of parameters obtained for antibacterial activitiegn@-based composites and different optimization

highest ZI
Methods Bacteriads Precursors used Morphological analysis (mm) Ref.
Zn Other SBEM/TEM/HRTEM/SAED
E. coli, B. subtilis S aureus FeSQ.7H,0 and Crystalli nlEgO9 . 25o0nE. (Mayank et al.,
Co-precipitation S. typhi. - (NiNO3),.6H,0) and 0.207 [200] NiO coli 2019)
Green and E. coli NCIM-5022 and S. Cu(NG;),.3H,0 10i 40 nm sized spherical and 9onE. (Rajith Kumar et
combustion aureus NCIM505 Zn(NGs),.6H,O Calotropis gigantea hexagonal irregular shapes  coli al., 2020)
Hydrothermal
bottomup 71.7 nm sized ZnO/SiO2 (Shimada et al.,
approaches E. coli DH5 Zn(AC),.2H,0  Tris(dimethylamino)silane  nanowires - 2020)
Hydrothermal and 507 90 nm sized nanoalya
low temperature S. aureus (ATCC 25923) and Tetrabutyl titanate and aligned rhombic prismatic
liquid phase E. coli (ATCC 25922) Zn(NGs),.6H,O Ti (TA,, China) shape - (Pang et al., 2019
(Precious
B. subtilis, S. aureus S. Ayanwale &
mutans, E. coli, K. oxytoca, F x 7onB. ReyeslLoépez,
Sol 1Tgel aeruginosa [Zn(NOs), Zr(C4HyO)4 Cluster of amorphous particle: subtilis 2019)
E. coli ATCC 8739, S.
paratyphi ATCC 9150, S. Titanium-(1V) butoxide,
aureus ATCC 33862, and L. and magnesium dert- x 100 nm sized semi globular 18 onS. (AnayaEsparza
Solgel monocytogenes ATCC 1531% Zn(NGs),.6H,O butoxide ovoid shape paratyphi et al., 2019)
Mg(NOs),.6H,O ard Ricinus 28 mmon (Panchal et a|
Green E. coli, Klebsiella Zn(NOs),.6H,O communis L. Granular nanoflakes E. coli 2019)
(Munawar,
Co-precipitation Yb(NOs):.6H,O and Highly agglomerated porous 31 onS. Yasmeen, Hasan,
technique E. coli and S. aureus ZN(NOs),.6H,O Pr(NG)s.6H,0 materials aureus et al., 2020)
(Munawar,
Yasmeen,
Er(NG;);.6H,0 and Loosely packed porous 21 onE. Hussain, et al.,
Co-precipitation S. aureusndE. coli ZN(NGOs),.6H,O Yb(NO3)3.6H,0O morphology coli 2020)
ZnO nanoplates-Fe0s
nanorods/Ag NPs
Precipitation E. coli Zn(AC).2H,0 Fe(NG)s.9H,0 heterostructure - (Kaur et al., 2019)
CU(N03)23H20 and
Co-precipitation E. coli and S. aureus Zn(NGy),-6H,O  Ni(NO3),-6H,0 Agglomerated spherical NPs - (Paul et al., 2020)
Onepot low E. coli (ATCC 25922), A. Zn(NGs),.6H,0O  NiSO,.6H,0O 2.0 t0 3.0 min length with 24onE. (Naskar et al.,
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temperature solutior baumannii (ATCC 19606), S.
aureus (ATCC 25923), S.
epidermidis (ATCC 12228),
E. coli, S. aureus, B. cereus,
and K. pneumoniae

Co-precipitation
Two-step solution
based technique
Sonochemical

Electrospinning
technique

Green
sokgel
Aqueous microwave

Electrodeposition
selfassembly

E. coli or P. aeruginosa, S.
aureus, and B. subtilis

S. aureus and E. coli

E. coli (ATCC 25922)P.
aeruginosa(ATCC 27853), B.
subtilis (ATCC 6633), and S.
aureus(ATCC 25923).

E. coli (CCTCC AB 204033)
and S. aureus (ATCC 25923)

E. coli and S. aureus

S. aureus (MRSA252; ATCC

Zn(NOy),.6H,0
Zn(AC),.2H,0

Zn(NOs),.6H,0

Zn(NOs),.6H,0

Zn(NO3),.6H,0
Zn(NO3),.6H,0
Zn(AC),.2H,0

Zn(NOs),.6H,0
Zn(AC),.2H,0

Ni(NO3),.6H,O
Sodium selenite

AgNO3 and CTMAB

FeCk

Mn(AC),-4H,0

Melastoma malabathricum

(L)
Er(NG;);s-5H,0 and
sodium silicate

Mg alloy

TiO, nanotubes
Oleylamine

150 to 200 nm in diameters

Nanorods are decorated N{Ps
ZnO cross bridged Se
heterojunction composite

and AgNPs decorated ZnO
Optimizing the homogenous
loading of Fedoped ZnO on

Agglomerated spherical NPs

Porous with an irregular shapt
Crack filled morphology after
UV-irradiation

demgthandD50 nm
diameterTiO, nanotubes

coli

27 on B.
cereus
5cmon S.
aureus

19 on S.
aureus

15 onB.
subtilis

spl-

2020)

(Thambidurai et
al., 2020)
(Ahmad et al.,
2020)

(Ray et al., 2019)
(Sekar et al.,

2019)

(Khanet al.,
2020)
(Yang et al.,
2020)

(Sun et al., 2020)

(Yao et al., 2018)

AC: acetate; & Specific surface area (fg), py. pore volume (criig,, Py: pore diameter (nmy: d-spacing (nm); p: crystal plane; ZI(mm): zone of inhibition in millimeter.
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2.7.4. Effects of different conditions on tk antibacterial activity

For enhanced antibacterial activities of metal oXiMs, optimizing different parameters

such as size of thBIMs, concentration/dosage, temperature, capping agent, and reducing
agent ought to be taken into consideration. Tocau#i, due to the large surface area and
surface energy properties of metal oxides, aggregation/agglomeration oddwese
aggregation/agglomeration properties lead to the reduction of the generated radioactive
oxygen species and hydroxyl radicals. Thisdise to the eand H quenching with the
neighboring aggregate. To avoid this problem, capping of the NPs with a polymer matrix that
acts as a structwdirecting agent through forming a neovalent or/and a covalent bond was
reported to be an effectiveay(Jassby et al., 2012yu & Wu, 2015)

(Yamamoto, 2001}ktudied the effect of ZnO particléze on the antibacterial activityf S.
aureus(9779) andk. 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 (d8wvere synthesized by
heating the reagent grade ZnO powde1400 °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 increass. The role of ZnO size on the antibacterial activitfeottoli W3110andS.

aureus ATCC 25923 bacteria was also studiefNair et al.,, 2009) From the SEM
morphological analysis, the uniform spherical morphology of ZnO was obtained using
polyethylene glycol and the regshaped structure using starch as a capping agent. By varying
the concentration of NaOH, different sizes of the ZnO NPs (40 nm td m)2were
synthesized. The result indicates the antibacterial activity of ZnO increases as the particle size

decrease from micro to the nano range.

The effects ofpH and annealing temperature on the particle size of ZnO during synthesis
were effectivelystudied (Doan Thi et al., 2020)The ZnO NPs that are used to test the
antibacderial activity againstS. aureusand E. coli are synthesized usingrange fruit peel
extract.The clear sphericdike shape with 120 nmsized ZnO NPs was synthesized at a pH
value of 6.The XRD pattern and FTIR spectra of@epared and different temature

calcined materials are depictedFigure 17
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The XRD pattern and TEM imagédigure 18)analysis result indicate thatcreasing the
annealing temperature results in increasthg intensity of the diffraction peaks and
increasing the crystallinsize from 22 nm at 300 °C to 95 nm at 900 °C. This is reported
(Tong et al., 2015)0 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. Ftlrermore, with increasing annealing temperature, the intensity of th® Zn
absorption peak increased and the peafkezhto 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 reduits.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 the dbility

of a generation of more ROS as pH increases during the synthesis of ZnO NPs. Compared to
S. aureusthe antibacterial activity againgt coli bacteria was obtained to be greater. The
great effects of pH on the size and antibacterial actwityynO 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 activityewealso reporteqHassan Basri et al., 2020)hen the
temperature increased from 28 to 60 °C, the size of the ZnO NPs also increased4som 8
nm to73i 123 nm. FESEM analysis shows a mixture of spherical eodlower rod-shaped
structures of ZnO heated at 28 to 60 °C, respectively. Furthermore, increasing the
temperature results in increasing the agglomeration of NPs. Comp&Batirionella entere
serovar CholeraesuisGramnegative bacteria, Zn&tarch material showed enhanced
antibacterial activity om. subtilis UPMC117%rampositive bacteria. This is reported to be

due to the greater thickness of the cell wall of Gragative bacteria that gwents
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)so synthesized ZnO/extract (particle sizel9 nm)

using Silybum marianum L seed and ZnO (particle %iz2 nm) NPs using a chemical

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

Muller-Hinton broth media in a concentration range of-0805i ¢ , . Both ZnO/extract
and ZnO NPs have the potential on preventing the survival d& tloeli bacteria as well as

completely killing them.
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Figure 17. The X-ray diffraction pattern of synthesized ZnO NPs annealed at tempesatf
300/ 900°C (Doan Thi et al., 2020)

Different concentrations of ZnO NRncorporated in poly (Bydroxybutyrateco-3- hydroxy
valerate) (PHBV)/polyethylene oxide (PEO) microfibers were synthesized through the
electrospinning techniqguéMahamuniBadiger et al., 2020) From the toxicological and
biocompatibility point of view of the polymers as active wound dressing materials, the
antibacterial activities of PHBYYEOZnO microfibers agains. aureudNCIM 2654and P.
aeruginosaNCIM 5032bacteria were wmestigated. Compared to the control PHB¥O, the
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