AdvancedTechniques inWastewaterTreatment: AComprehensiveReview

Abstract: The growing global need for uncontaminated water in the face of escalating pollution levels
hasemphasized the urgent requirement for efficient wastewater treatment. This comprehensive review
exploresadvancedtechniquesinwastewatertreatment,addressingthenecessityforeffectivewastewatermanagem
entdue to increasing water scarcity and pollution from various sources such as households, industries,
andagriculture. Despite their widespread use, conventional wastewater treatment methods frequently fail
toadequately address complex and emergent contaminants. This review covers innovative approaches such
asmembranefiltration processes,advanced oxidation
processes(AOPSs),electrochemicaltreatments,andadsorptionusingnovelmaterialssuchascarbonnanotubes. The
seadvancedtechniquesdemonstratesuperiorcapabilities in removing complex contaminants including metals,
organic and inorganic chemicals,
andpathogens.ltalsohighlightstheenvironmentalbenefitsandpotentialforresourcerecoveryandconservationoff
ered by these advanced methods. Furthermore it underscores the potential of these advanced
techniquestoimprovetreatmentefficiency,reduceoperationalcosts,andachievehigherwaterqualitystandards,the
rebycontributingto sustainablewatermanagement practices.
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INTRODUCTION

Wastewater is defined as water that has had specific substances added to it that have altered its
physical,chemical,orbiologicalcharacteristicsandmadeitunfittodrink. Thedailyactivitiesofhumansareprimaril
yreliant on water, and as a result, they discharge "waste" into the water. “Body wastes (feces and urine),
hairshampoo, hair, food scraps, fat, laundry powder, fabric conditioners, toilet paper, chemicals,
detergent,household cleansers, dirt, and microorganisms (germs) are among the substances that can cause
illness andharm the environment. It is widely recognized that a significant portion of the water that is
supplied
isdisposedoffaseffluent,whichunderscoresthesignificanceofitstreatment”(Amoateyetal.2011).‘Wastewater
treatment refers to the systematic use of processes and technologies aimed at eliminating themajority of
pollutants present in wastewater, with the ultimate goal of safeguarding the environment
andpromotingpublichealth”(MetcalfandEddy1991).“Theprimaryobjectiveofwastewatertreatmentistoextractp
ollutants,removecoarseparticles,eradicatetoxicants,andkillpotentialpathogens. Thisprocessisintendedto allow
the remaining cleanwater, whichis referredto aseffluent,to be discharged back into theenvironment for a
variety of purposes” (Alaghaet al. 2020). According to World Vision, over 770 millionindividuals
worldwide lack access to clean and secure water for domestic and drinking purposes
(Villarinetal.2020).Wastewatertreatmentisalsodesignedtoincreasetheavailabilityofwaterforhumanconsumpti
onandalleviatethestrainonnaturalwaterresources.Wastewatertreatmentisoneofthemostviablealternatives



for improving water sustainability as water scarcity intensifies due to increased demand and
encroachingdrought conditions (Tortajada 2020). According to Al-Juaidiet al. (2014) “the increasing
human populationwill continue to place a greater burden on natural resources, such as pure water, for
industrial and domesticpurposes. The world is at risk of experiencing acute water shortages and diseases
associated with pollutedwater in the absence of a sustainable water source. There are numerous sources of
water
contamination,includinghouseholds,industry,mines,andirrigation”.However,thelargestsourceofwatercontam
inationisthe extensive use of water by industry (Hai et al. 2007). The types of treatment of wastewater rely
on itsnatureand therequired quality of waterafter thetreatment.

In general, the process of wastewater treatment consists of five successive stages: (1) preliminary/pre-
treatment (physical and mechanical); (2) primary treatment (physicochemical and chemical); (3)
secondarytreatmentorpurification(chemical &biological);(4)tertiaryorfinaltreatment(physicalandchemical);a
nd(5) treatment of the sludge formed (supervised tipping, recycling or incineration). Generally, “the initial
twostagesarereferredtoasthepre-treatmentorpreliminarystep,contingentuponthecircumstances”(Anjaneyulu
et al. 2005; Crini and Badot2010). “Pre-treatment is crucial in removing solid particles
andsuspendedsubstancesfromeffluentbeforesecondarytreatment,asparticulatepollutioncanhinderefficiencyor
damagedecontaminationequipment.Primarychemicaltreatment,suchasoxidation,reductionofCr(VI),pH
adjustment, and pre-reduction of high organic load, may also be necessary” (Pokhrel and
Viraraghavan2004; Sharma 2015).“Prior to its release into the environment or its reuse, the pre-treated
effluent mustundergo a secondary purification treatment utilizing the most suitable biological, physical, or
chemicalmethods to eliminate the chemical contamination. In specific instances, a final or tertiary
treatment may
benecessarytoeliminatetheresidualcontaminantsorthecompoundsgeneratedduringthesecondarypurificationpr
ocess(suchastheeliminationofsaltsformedbythemineralizationoforganicmaterial)”(Criniand Lichtfouse2018).
Whiletherearedifferenttypesofconventionaltechnologiesthathavebeenacknowledged for the purpose of
treating water in homes and industries, these approaches have theirlimitations, as indicated by research
(Olleret al. 2011; Gil et al. 2009; Gavrilescu 2004; Fomina and Gadd2014; Gleick and Palaniappan 2010).
“Conventional methods exhibit a relatively high degree of automation.Typically, they necessitate power
and stimulation. These systems necessitate specialized labour for theiroperation and maintenance. Further,
the use of traditional methods has become restricted due to variouschallenges. These challenges include a
growing public awareness of the negative effects of water
pollution,ademandforhigherqualitywater,adecreaseinwaterresourcesduetorapidpopulationgrowthandindustri
aldevelopment,andadvancementsinmanufacturingindustriesthatoffermoreadvancedwastewatertreatmentproc
esses.Eliminatingcontaminantssuchasdiversemetals,organicandinorganicchemicals,andpathogensfrom water
is more challenging. Therefore, researchers have introduced a range of innovative methods,including
membrane filtration processes, Advanced oxidation Processes (AOPs), UV irradiation,
carbonnanotubes(CNTSs),magnetictechniques,andnumerousothers.Waterisacriticalnaturalresource;conseque
ntly, it must be safeguarded. It is imperative to prevent contamination by organic and
inorganiccontaminants in order to preserve the reserve's prevailing flora and fauna. Nevertheless, the
environment isfurther polluted by the discharge of secondary contaminants or byproducts by certain
technologies that
areemployedforthispurpose”(Bartolomeuetal.2018).Consequently,thereisanimperativeneedforwastewatertre
atmenttechnologiesthatarebothcost-
effectiveandefficient(Buenoetal.2017).Waterscarcityisaglobalissuethatunderscorestheurgentnecessityforyea
r-

roundfoodproductiontocombatstarvation,deprivation,andmalnutrition. Thisnecessitatesthereuseofwastewater
forirrigationpurposes(Inyinboretal.2019). Asindividuals,communities,andindustriesseektoensurethatessential



resourcesareaccessibleandappropriate



foruse,advancedwastewatertreatmenttechniqueshavegarneredglobalattention. Thisisessentialassocietyaddres
ses the consequences of urbanization, industrialization, population growth, and the depletion
ofpotablewater.Wastewatertreatmentisnotalwayscapableofeffectivelytreatingwastewater,whichcanresultin  a
variety of issues, such as health problems and odours. New methods are employed to address
thesechallengesinthetreatmentofwastewater. Thequalityofeffluentcanbeenhancedbeyondtheconstraintsofcon
ventional technologies through the implementation of these advanced treatment technologies,
therebyachieving the objective of resource recovery or resource conservation. The available domestic water
supplycan be increased by recycling advanced wastewater treatment plant effluents, either directly or
indirectly. Theprimaryscopeofthiscomprehensivereviewistoexploreadvancedtechniquesinwastewatertreatme
nt.Given the increasing water scarcity and pollution from various sources such as households, industries,
andagriculture,there isa pressingneedfor effective wastewater management. The
reviewaddressesthelimitationsofconventionalwastewatertreatmentmethods,whichareofteninsufficientinhand
lingcomplexcontaminants,andhighlightsinnovativeapproachesthatdemonstratesuperiorcapabilities. Theseapp
roachesincludemembranefiltrationprocesses,advancedoxidationprocesses,membranebioreactors,aerobicgran
ulationand electrochemical treatments.

() MEMBRANEFILTRATIONPROCESSES
Amembraneisaselectivebarrierthatrestrictsthepassageofcomponents
throughit,therebyseparatingtwophases(Ravanchietal.2009).Intheprocessoffilteringimpurities,salts,heavymet
alions,viruses,andotherparticlesfromwater,scientificmembranesfunctionsimilarlytothecellwallsinourbodies.
Themembranesare the selective barriers in wastewater treatment that permit the passage of water while
preventing thepassage of undesirable substances (Chadha et al. 2022). Membranes can be classified as
either

organic(polymeric)orinorganic(ceramicormetallic)basedontheircomposition. Themorphologyofthemembran
es is determined by the characteristics of the material. Figure 1 illustrates a membrane-
separationsystemthatdividesan influentstreamintotwooutgoingstreams:the
permeateandtheretentateorconcentrate. The permeate refers to the fraction of the fluid that has successfully
traversed the membrane. The retentate, also known as the concentrate, comprises the components that have
been excluded by themembrane(Chenet al. 2006).
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Figurel.Diagramofamembraneseparationsystem



Inrecentdecades, theutilizationofmembranesasafiltrationtechnologyhasexperiencedadvancementsandhas
been adopted in several sectors, including large-scale enterprises, textiles, and domestic applications.
Anotable characteristic of membrane filtration is its compact spatial requirement. The chemicals employed
inthis procedure are very minimal, hence rendering it more desirable and feasible compared to traditional
pre-treatmenttechniques.

icrofiltration(ME

Microfiltration (MF) is a method of filtering fluids using a membrane to eliminate particles that are in
themicron size range. The MF membrane possesses hole diameters that span from 0.1 to 10.0 pm,
effectivelypreventing the passage of microbes. Microfilters are effective for sterilizing water solutions. For
instance,the Pseudomonas diminutabacteria, which has a diameter of 0.3 um, can be effectively disinfected
using amicrofiltration (MF) membrane that has hole diameters smaller than its size. However, both organic
andinorganic molecules can permeate through MF membranes. The primary process for conventional
depthfiltration involves adsorption and trapping, whereas MF membranes utilize a sieving mechanism that
relieson specific pore sizes to hold particles larger than the diameter of the pores. Therefore, this
techniqueprovides membranes that have an absolute rating, making them highly desirable for crucial tasks
like asfiltering sterile parental fluids, filtering sterile air, and producing particulate-free, extremely pure
water forthe electronics sector. MF membranes are often composed of natural or synthetic polymers,
includingcellulose acetate (CA), polyvinylidene difluoride, polyamides, polysulfone, polycarbonate,
polypropylene,and polytetrafluoroethylene (PTFE) (Mulder 1996). Several recently developed MF
membranes includeceramic membranes made from alumina, membranes generated through the anodization
of aluminum, andcarbon membranes. Glass is employed as a membrane material. It is possible to apply
zirconium oxide ontoa carbon tube that has pores. Sintered metal membranes are produced using stainless
steel, silver,
gold,platinum,andnickelmaterials,intheformofdisksandtubes. Thecharacteristicsofmembranematerialsaredire
ctly manifested in their final uses. The selection criteria include mechanical strength,
temperatureresistance,chemicalcompatibility,hydrophobicity,hydrophilicity,permeability,permselectivity,an
dthecostof the membrane material and production process. Microfiltration commonly employs two process
modes:dead-end and cross-flow modes (UN.ECE 1990). In the dead-end mode, the entire solution is
compelled

topassthroughthemembrane. Thecompoundstobeseparatedareaccumulatedonthemembrane, resultinginan
increase in the hydraulic resistance of the deposit. The membrane should be replaced promptly when
thefiltratefluxnolongermeetstheminimumvaluesrequiredatthemaximumoperatingpressure. Thismodeismostly
utilizedforsolutionsthathaveaminorlevelofcontamination,suchasinthecreationofwaterthatisextremelypure. Int
hecross-flowmode,thesolutionmoveshorizontallyacrossthesurfaceofthemembraneat a velocity ranging from
0.5 to 5.0 m/s. This prevents the creation of a layer on the membrane surface. Acirculation pump generates
the cross-flow velocity or shear force required to regulate the thickness of thecover layer. The system is
mostly utilized for periodic back flushing, a process in which a portion of
thefiltrateisforcefullydirectedintheoppositedirectionatspecificintervals,therebydisruptingthecoverlayer. The
standard operational pressure for this mode is 1-2 bars (Noyes 1994). A MF has a broad spectrum ofuses in
the treatment of water and wastewater. An extremely advantageous prospect for MF lies in the fieldof
municipal water treatment, enabling the disinfection of water without the need for disinfectants such
asozone and chlorine. A recent study demonstrated that MF membranes has the capability to
effectivelyeliminatevirusesfromsurfacewaterthatispolluted. Thereasonforthisdiscoveryisthatvirusesaresmalle
rthan the pores in an MF membrane. It is believed that the viruses are being absorbed onto the clay
particles,whicharelargeenoughtobetrappedbythemicrofilter(Madaenietal.1995).MFhasthepotentialtobe



used in the treatment of municipal sewage. Engineers are investigating the implementation of
distributedprocessing, which entails the utilization of multiple small sewage treatment plants. MF can
effectivelyeliminateheavymetalsfromwastestreamsbyemployingpretreatmentchemicalstoinducetheprecipitat
ionof the metals into particles that can be easily filtered. Although conventional wastewater treatment
includespretreatment, its use of gravity settling for solid/liquid separation is less efficient compared to
membranefiltration. An effective technique for eliminating heavy metal ions entails the attachment of the
metals to aspecific agent, followed by the separation of the laden agents from the effluent. Blocher and co-
workers(Blocheretal.2003)havedevelopedauniquehybridprocessthatcombinesflotationwithMF. Thisprocessi
nvolvesintegratingspeciallybuiltsubmergedmicrofiltrationmodulesdirectlyintoaflotationreactorfortheseparati
onstep. Thisenabledtheintegrationofthebenefitsofbothflotationandmembraneseparation,whilesurpassingtheir
constraints.

filtration(NE
In 1984, Dr. Peter Eriksson introduced a new type of membranes for commercial use, which he dubbed
NFmembranes. NF is characterized by its capacity to selectively isolate minute solutes from a solution
throughtwo distinct methods. The first mechanism, widely accepted in the scientific community, involves
theseparationofmoleculesdependingontheirchargeinwater,aprocessknownasionicseparationofNF. Thesecond
mechanisminvolvestheprocessofseparatingunchargedsolutesbasedontheirmolecularweightbysieving. TheNF
membranetypesarecategorizedbasedonthemembranestructureandporeshape,includingisotropicmicro-

porous,nonporous,dense,electricallycharged,asymmetric,ceramic,andliquidmembranes(Trivunac and

Stevanovic 2006; Krantz 2008; Baker 2004). Nanofiltration (NF) is a filtration technique
inwhichaportionof thefeedsolution is allowedto flow throughasemi-permeablemembrane(Figure.2).

Figure2.lllustrationofNanofiltrationprocess

Theincomingstreamisseparatedintotwoparts:thepermeate,whichisthefilteredfraction,andtheretentateorconce
ntrate,whichisthenon-
filteredportionthatisdiscarded.NFhasdemonstratedexcellenteliminationoforganicmatter.Chlorinedisinfection
iscrucialforeliminatingmicrobialgrowththathasbeenobservedinNFdistributionsystems.Inordertominimizethe
growthofmicroorganisms,theuseofNFmembranesthathave a low capacity to retain inorganic elements and a
high ability to remove organic materials can result
inwaterofoptimalquality.Membranesystemstypicallyhavetwodistinctflowconfigurations:Cross-
flowwithconcentraterecycle (CFCR)andFlowsystemwithadead-end(Abdel-Fatah2018)asdepicted inFigure3.
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Figure3: Membraneflowconflguratlons

Cross-flow filtration, also known as tangential flow filtration, involves the use of a high-pressure flow
offeed water over the membrane. The solution is separated into two components: the permeate, which
passesthroughthemembraneandisfiltered,andtherejectorconcentrate,whichflowsalongthemembranesurfacewi
thout undergoing separation or filtering. The concentrate consists of all discarded salts and is
typicallyconcentrated with all unwanted substances. The flow system that includes a terminal unit with no
outlet isbeing run by accumulating refuse until the process of backwashing becomes necessary. The
backwashingprocedure eliminates and removes all the collected concentrate by utilizing a washing liquid
volume that is2-5% of the total inflow solution. The cross-flow mechanism maintains a consistent flow rate
of permeateandextends thelifespanof themembranebypreventing irreversiblefouling.

\trafiltration(UE
Ultrafiltration(UF)isamembrane-basedseparationtechniquethateffectivelyseparates,filters,andconcentrates
fluids with a size range between microfiltration and nanofiltration. The defined range ofmolecular weights
for this domain is from 500 to 500,000 Daltons. The diameter of the correspondingaperture is
approximately between 0.001 and 0.1 micrometers. The working pressure difference typicallyranges from
0.1 to 0.8 megapascals, and the diameter of the separated component is roughly 0.005 to 10micrometers.
Figure 4 displays the schematic diagram of the ultrafiltration process. The technique can beconceptualized
as utilizing the pressure difference between the two sides of the membrane as the impetus.Driven by static
pressure, the ultrafiltration membrane acts as the filtering material to allow the solvent andsmall-molecular-
weight solute, which have a smaller pore diameter, to pass through from the high
pressuresidetothelowpressureside.Meanwhile,thelargemolecularweightsolutesareretainedonthehighpressure
side.Whenwaterpassesthroughthemembranesurface,onlywater,inorganicsalts,andsmallmoleculescango
through the membrane. This prevents large molecules like suspended solids, colloids, proteins,
andmicroorganismsfrompassingthrough.Theobjectiveistopurify,separate,andconcentratethesolution



(Taotaoet al. 2008; Liu et al 2016; Bray et al. 2021).Ultrafiltration membranes are mostly retained
byphysicalscreening.Nevertheless,theporesizeofultrafiltrationmembranesmayoccasionallyexceedthatofsolve
nts and solute molecules. Despite its intended purpose of not trapping, it surprisingly exhibits anoticeable
effect of separation. The chemical properties of the membrane surface, such as electrostaticeffects, may be
the cause. In conclusion, the retention of ultrafiltration membranes is facilitated by threeprimary
mechanisms: adsorption on the membrane's surface and in the pores, retention in the pores, and
theeliminationofmechanical poresonthemembrane'ssurface(Polyakovetal.2013).

—)

RawLiquid

—)

ConcentratedLiquid

mbrane

I rlrifeate

Figure4.lllustrationdepictingtheultrafiltrationprocess

ReverseQsmosis

“Reverse osmosis (RO) is acquiring global acceptance in both water treatment and desalination
applications. Theprocessispressure-driven,andasemi-
permeablemembraneisusedtorejectdissolvedconstituentsthatarepresentinthefeedwater. Thisrejectionistheresul
tofphysical-
chemicalinteractionsbetweenthesolute,solvent,andmembrane,aswellassizeexclusionandchargeexclusion”(Ra
djenovicetal.2008;BellonaandDrewes2005).“Apressurizedfeedsolutionispassedoveronesurfaceofthemembra
neduringtheprocedure.Thewaterwillmigratefromthemoreconcentratedsolutiontothemoredilutesolutionthroug
hthemembraneas long as the operation pressure, which varies from 10 to 70 bars depending on its
application, is greaterthan the osmotic pressure of the feed solution. In a typical procedure, the
semipermeable membrane allowssolvent (e.g., water) to flow from a dilute concentration to a more
concentrated solution until equilibrium isachieved” (Noyes 1994). This process will be reversed by
applying high pressure to the concentrated side. Ahigher concentration of solute is left behind as a result of
the solvent flowing away from the
concentratedsolution. Inapplication,thewastestreampassesthroughthemembrane;however,thesolvent(e.g.,wat
er)isdriven through the membrane, while the remaining solutes (e.g., organic or inorganic components) do
notpass through and become progressively concentrated on the feed side of the membrane. The majority of
ROmembranesarecomposedofpolymers,includingcellulosicacetateandmaticpolyamidevarieties,andare



ratedforNaClrejectionat96—
99%.TwovarietiesofROmembranesaretypicallyused:thinfilmcompositemembranes and asymmetric or
skinned membranes. The thin film is composed of a variety of polyaminesand polyureas, while the support
material is typically polysulfones. The pore structure of RO membranes
isthetiniest,withaporediameterthatrangesfromapproximately5to15A(0.5t01.5nm). Thesemipermeablemembr
ane permits only the smallest organic molecules and unchanged solutes to pass through, with thewater. This
is due to the extremely tiny size of RO pores. The membrane will also reject a greater than 95—
99%ofinorganiccompoundsandchargedorganicsasaresultofthechargerepulsionsetupatthemembranesurface. T
heprimarybenefitofROforthetreatmentofprocesseffluentsisitscapacitytoconcentratedilutedsolutions for the
recovery of salts and compounds with minimal power consumption. The primary energyrequirement for
separations is a high-pressure pump; no latent heat of vaporization or fusion is
necessary.Additionally,itnecessitatescomparativelylimitedfloorspaceforcompact, high-
capacityunitsanddemonstratesfavorable  recovery  and  rejectionratesforavarietyof  conventional
processsolutions.

watedcarbonfiltration(ACE

Activated carbon, first used for water purification and medicinal purposes in Ancient Egypt, has been utilized in
theindustry for its decolorizing properties since the late 18th century (Bull 1980). Several plants have been developed
toproduceactivated carbonforwastewatertreatment, effectively removing contaminantslikeheavy metalsandsediments
without leaving any residual taste or odor (Junohet al. 2016). ACFs are a hybrid technique of chemicaltreatment and
membrane filtration) (Abdulrahman et al. 2012). Activated carbon is a substance that is produced byheating coal and
other fossilized organic materials in the presence of specific compounds (Ismadji and Bhatia 2001). This process is
initiated at temperatures exceeding 600°C; however, it can be induced at lower temperatures byemploying specific
catalysts and conditions. As long as particles are not entrapped, activated carbon generates poreson its surface, which
facilitate the departure of gases (Spellman and Drinan 2012). The pores function as a filter tocapture and eliminate
contaminants from the water as it flows through by the process of adsorption. ACFs typicallyinclude many layers of
activated carbon, designed to enhance the absorption of various types of contaminants: heavymetals such as lead,
mercury, and cadmium; inorganic compounds such as proteins or hormones; and bacteria (MarshandRodriguez-
Reinos02006).Also,salts,organiccompounds, bacteria,andparticulatematterlikerustandironoxidecanberemovedfromwa
ter,aswellasprotozoancysts. ActivatedCarbon,withafinestructureandlargeporesurfacearea, offers powerful adsorptive
properties and is available in  powder, granular, or pellet forms, and can be
activatedphysicallyorchemically(Stevenson1997;Janosetal.2009). Zeolite,acommonACF,isanaturallyoccurringmineral
withsmallporesthateffectivelyremovebacteria,viruses,andpathogensfromwater, leavingonlybeneficialmineralsbehind.
An other prevalent form of activated carbon filter is derived from polysaccharides, including sugar canebagasse and
coconut husks. The removal of suspended particles within the water column by polysaccharides has
thepotentialtodecreaseturbiditylevels,thereforeenhancingthetasteandpurityofwater(Nuithitikuletal.2010). Studiesshow
the use of agricultural wastes, tropical wood pulp, and non-agricultural sources like automobile tires to createACFs
(Heidarinejadet al. 2020). Rice husk, jujube seeds, sawdust, walnut shells, watermelon husks, tobacco
stems,andbeanhullshavebeenused,whileothernon-
agriculturalmaterialslikeautomobiletiresarebeingexplored(Rahmanetal.2013;loannidouandZabaniotou2007; Kumarand
Porkodi2009). ACFsaresimpletodesign,operate,andscaleup, selective to certain substances, and capable of removing
pollutants from even dilute solutions. They can reducechemical odors and tastes, particularly hydrogen sulfide gas,
which can cause rotten eqgg odor in water (Boopathy
etal.2013).AccordingtoLeimkuehler(2010),theACFcanbeusedinseveraltypesofapplications,includingindustrialorcomm
ercialapplicationsaswellas inhomeor household-relatedsituations.

(1IN ADVANCEDOXIDATIONPROCESSES(AOPS)
AOPsareaclassofchemicaltreatmenttechniquesthatcanbeusedtobreakdownorganicmaterialsthatareresistantto
conventionalmethods. Thesetechniquesinvolveoxidationreactionswithastrong,non-selective



hydroxylradical(OH ®),whichcanbreakdownorganicpollutantsthatareresistanttoconventionalmethodsand
improve the biodegradability of wastewater (Rekhate and Srivastava 2020). AOPs have the potential
tototallymineralizeorganicmolecules intocarbondioxideand water(Eq.1).

R-H+OH®-H;0+R® (Eq.1)

Hydroxyl Radical (® OH) is a very effective oxidizing agent that can be used to break down organic
pollutantsthatareresistantto

widelyutilizedoxidantslikeOs,O2,andCl,. Thehydroxylradicalplaysacrucialroleintheeliminationofharmfulco
mpounds.Thehydroxylradical,formedthroughachemicalreaction,initiatesa  cascade of reactions that
ultimately results in the full breakdown of organic contaminants (Munter 2001).“AOPs can lead to the
complete mineralization of pollutants to CO2, water, and inorganic compounds, or atleast their
transformation into more benign products, through chemical wastewater treatment. In
addition,thepartialdecompositionofnon-
biodegradableorganiccontaminantscanresultinbiodegradableintermediates. Therefore, combined AOPs were
implemented as pre-treatments, followed by biologicalprocessesarebothcost-
effectiveandhighlyeconomicallyviable”(Cafizaresetal.2009).“DespitethefactthatAOPsemployavarietyofrea
gentsystems,suchasphotochemicaldegradationprocesses(UV/Os,UV/H20>),photocatalysis(TiO./UV,photo-
Fentonreactives),andchemicaloxidationprocesses(Os,Oa/H20,, H202/Fe?*"), they all generate OH radicals.
These radicals are highly reactive, attack the majorityoforganicmolecules, andarenot
highlyselective”(Skoumaletal. 2006;Rosenfeldtet al.2007).

OZONE BASEDAOPS
Ozonation and UVradiation(Os/UV)

The combination of ozonation and UV-radiation (Os/UV) is a highly effective catalytic system for
breakingdown persistent contaminants in wastewater. The process begins with the decomposition of ozone
throughphotolysis,whichisthenfollowedbythegenerationofOH @ radicalsthroughthereactionofOswithwater(E
mam, 2012).The combined impact of Oz and UV light enhances the breakdown of ozone through
directmechanisms described in equations (2)-(4), as well as the indirect generation of hydroxyl radicals
asdescribed in equations (5) and (6).The hydroxyl radicals produced in a water-based solution react with
thearomatic ring in the dye molecule, leading to the creation of smaller aliphatic molecules such organic
acids,aldehydes, and ketones (Khareet al. 2007). Ultraviolet (UV) light accelerates the breakdown of
recalcitrantdyesbyproducingmorefreehydroxylradicals(OH ®),whichinturnenhancestherateatwhichthedyeslo
setheir color (Tichonovaset al. 2017). The production of hydroxyl radicals can be illustrated using
equations(2)to(6).

Oz+uv—02+0@ (Eq.2)

0® +H,0—20H® (Eq. 3)

20 @ +H;—0H 0+0H®—H;0; (Eq. 4)

The indirect production of OHe by the following reaction is also
possible.0O3+H20— O2+H202 (Eq. 5)

H,0,—20H®  (Eq.6)



ThecombinationofO3andUVincreasesthedegradationofazodyeatallpHlevels(Wu2008).

03/H202
H20: in conjunction with ozonation is a highly effective catalytic system for the degradation of

refractorypollutants inwastewater.PeroxoneAOP, which isalsoknownastheO3z/H2O2process, ischaracterized
by a

radical chain mechanism that is initiated by the ozone decomposition of the hydroperoxide anion HO™%.
ThesynthesisofOH @radicalsisfacilitatedbythesynergisticeffectofOzand H20..

H.0,— HO*+H* (Eq.7)
HO2+ O3—HO';+ O3* (Eq. 8)

It is probable that Osreacts with the excess HO%zthat is produced from Egs. (7)-(8), resulting in
theproductionofOH @throughEgs.(9-11).

03*+H+— HO3* (Eq.9)
HO3"— Op+ OH' (Eq.10)
OH®+ H,0,—HO2*+H20 (Eq.11)

Nevertheless,theformation ofthe hydroperoxideion (HO%) is a consequenceof thescavenging ofOHeby
excess Hz202, as illustrated in Eq. (11). It is not advisable to have a hydrogen peroxide concentration that
istoo low, as H»O, effectively competes with hydroxyl radicals (Eq. (11)) and decomposes without
oxidizingthepollutants, as demonstrated in Eq. (12) (Rodriguez et al.2013).

H.0,—H,0+"02 (Eq.12)
2

Below a certain level of ozone dosage, the addition of H.O> did not result in any significant increase in
therate of OH® formation (Barry et al. 2014). The initiators/promoters H>Ozundergo a reaction with ozone
untilthey cease to have an impact on ozone degradation. The researchers Barry et al. (2014) defined the
ozonedose at which reactions with the initiators/promoters chemicals are completely depleted as the ozone
dosethreshold. Beyond this threshold, the addition of H>O.enhances the rate of HO® formation. The
authorsnoted that the addition of H20O, does not significantly affect the exposure to HO® during ozonation,
unlessdosesexceeding thethreshold ozonedosesareapplied.

UV/H202(Ultraviolet/HydrogenPeroxideProcesses)

In general, the combination of UV light radiation with hydrogen peroxide can effectively generate
OHradicals. Additionally, UV light serves as a natural disinfectant for various organic contaminants
andwastewater systems. The utilization of these systems has been documented in numerous sectors,
rangingfrom the pharmaceutical business (Bobu et al. 2013; Jamil et al. 2017) to the textile industry, as
well as inthe removal of organic pollutants , and so on (Pandiset al. 2022). Modeling the mechanisms and
processes(Imoberdorf and Mohseni 2012) has allowed for an investigation into the chemistry of this
technique. Theresults suggest that substituting expensive H202 with chemicals like CI2 could be a
beneficial alternative.This substitution is particularly effective at low pH levels and low UV doses (38).
The primary chemicalprocesstaking placein thesesystems isoutlined asfollows (Zoschkeet al.2012):

H.O,+hv—2@®0H (EQq.13)



Under the influence of radiation, hydrogen peroxide molecules generate OH radicals. The decomposition
isascribed to a Haber-Weiss mechanism, which is triggered by the breaking of the O-O bond. The creation
ofadditionalOHmoleculesisinitiated bythe followingchemicalreactions(Oppenlaender2007):

H20,+'OH— H,0+HO" (Eq.14)
H202+ HO'>— H,0+0,+00H (Eq.15)

FENTON-RELATEDAOPS

Iron is the most commonly utilized metal among those capable of activating H.O2 and generating
hydroxylradicals in water. The Fenton process involves the reaction of H,O.with Fe®* to produce highly
reactivespecies. The reactive speciesgeneratedare commonlyidentifiedashydroxylradicals,however
othercompounds including ferryl ions are suggested. The Fenton-related chemistry for water and
wastewatertreatment has been extensively examined in previous literature (Pignatelloet al. 2006). The
Fenton radicalprocessespredominantly encompass the subsequentreactions:

Fe’*+H0; — Fe*+OH®+ OH’
—» (Eq.16)Fe**+ H.0; Fe?t +
HO%+ H* __, (Eq.17) OHe+ H0>

HO'2+H20 (Eq.18)
OH®+Fe”* — Fe**+ OH (Eq.19)
Fe*'+ HO', —> Fe”" +O,H" (Eq.20)
Fe?"+ HO"»+ H* — Fe®'+ H20:

— (Eq.21)2HO:
H.0,+02 (Eq.22)

ThegenerationofOH-isfacilitatedbyelectrontransport,asdescribedinEquation16.Nevertheless,theOH-generat

ed can be eliminated by either of the Fenton reagents, as seen in Equations 17 and 18. Hence, it isnecessary
to empirically establish the ideal molar ratio between iron ions and hydrogen peroxide in order tominimize
the undesired scavenging. Despite the fact that Equation 17 suggests that the Fe** created fromEquation 16
can be converted to Fe®*, the iron cannot function as a catalyst in the Fenton system due to thesignificantly
lower rate constant in Equation 17 compared to Equation 16. As a result, Fe** precipitates asiron sludge
under normal water and wastewater treatment conditions. The sludge must be disposed
ofseparately,whichleadstoincreasedcomplexityintreatmentandhigheroperationalexpenses. Itisimportanttome

ntionthattheproductionofhydroxylradicalsismostefficientduringtheFentonreactionwhenthepHisacidic(Denga
nd Zhao2015).

(111) ADSORPTIONUSINGCARBONNANOTUBES(CNTYS)

Since its discovery in 1991, carbon nanotubes (CNTs) have been widely recognized as an
exceptionalmaterial for various environmental applications. Carbon nanotubes (CNTSs) possess a cylindrical
hollowstructure, a large specific surface area, a high pore volume, a high aspect ratio (i.e., a high length-to-
widthratio),hydrophobicwalls,goodelectricalconductivity,stablechemicalproperties,andaremoremesoporoust
han activated carbon (AC). These characteristics make CNTs an exceptional adsorbent for the removal
oforganiccompounds(Kaneletal.2016;Wangetal.2015).Furthermore,carbonnanotubes(CNTs)havebeen



demonstratedtopossesssignificantadsorptioncapabilitiesforheavymetals,phenols, naturalorganicmatter, methy
| orange, and red dye (Joseph et al. 2011). In addition, carbon nanotubes (CNTs) are utilized as
anadsorbentinwaterandwastewatertreatmentprocedurestoeliminatepharmaceuticals,personalcareproducts(PP
CPs),andendocrinedisruptingcompounds(EDCs)(Jungetal.2015)).CNTshavedemonstratedsignificantpotenti
alasadsorbentsforvariousorganicpollutants,includingl,2-
dichlorobenzene,polycyclicaromatichydrocarbons(PAHSs),dyessuchasmethyleneblue,methylorange,andrhod
amineB,phenols,andisonicotinicacid. Thisisduetotheirporousstructure,largespecificsurfacearea,andstronghyd
rophobicity.Several studies have confirmed their effectiveness in adsorbing these pollutants, as reported by
Bhatia et al.(2019), Li et al. (2020), Saxena et al. (2020) and Pete et al. (2021).The organic pollutants can
be
capturedwithintheporesoradheredtothesurfacesofcarbonnanotubes(CNTs)throughvarioustypesofinteractions
,including hydrophobic interactions, m-m interactions, van der Waals forces, electrostatic attraction,
andhydrogenbonding.
Typically,theseinteractionsoccursimultaneously(Pyrzynska2008).CNTscanbeclassified into three basic
types: single-walled CNTs (SWCNTs), multi-walled CNTs (MWCNTSs),
andfunctionalizedSWCNTSs.Asingle-
walledcarbonnanotube(SWCNT)iscomposedofasinglelayerofrolledgraphitesheet,whileamulti-
walledcarbonnanotube(MWCNT)ismadeupofmanySWCNTswithvaryingdiameters arranged concentrically
(Pan and  Xing  2008). Functionalized carbon  nanotubes  (CNTs)  possessoxygen-
containingfunctionalgroups,includinghydroxylgroups(-OH),carbonylgroups(-C=0),orcarboxylic groups (-
COOH) (Jung Son et al. 2015). Acids, such as sulfuric acid (H2SOs) and nitric
acid(HNOg),canbeutilizedtooxidizeCNTs,leadingtotheincorporationoffunctionalgroups(Celiketal.2011).Hea
t treatment is frequently employed to reverse the process and eliminate the functional groups (Takagi etal.
2007). CNTs possess exceptional adsorption capacity and can be regenerated rapidly without any loss
intheiradsorption capability, makingthem ahighlyadaptableadsorbent.

“UndisturbedCNTshaveatendencytoclumptogetherbecauseoftheirbundledstructure,whichischaracterized by
strong van der Waals forces. Aggregation decreases the accessibility of the external surfaceoftheas-
producedCNTsfortheadsorptionofcontaminantsandhinderstheabilityoftheCNTstobewetted. Inordertoaddresst
hisdifficulty,thetechniqueofultra-sonicationisutilizedtoincorporateCNTsintowater-
basedsolutions”(Zhangetal.2012).ThemodificationofCNTsthroughoxidationproceduresnotonlyreducestheir
aggregation but also improves their dispersibility in water and other solvents by modifying the
surfacechemistryoftheCNTs.SeveraltechniquesforoxidizingCNTshavebeendocumented,suchaswetchemical
procedures(Andradeetal.2013),photo-inducedoxidation(Savageetal.,2003),andplasmatreatment(Renet  al.
2011). The predominant method used for oxidation of CNTs is wet chemical treatment, involving
theuseofacidsoroxidizingagentssuchasnitricacid,sulfuricacid,andpotassiumpermanganate,amongothers.Oxid
ationisusedtoeliminatemetalimpuritiesthatremainonthesurfaces ofCNTsaftertheirmanufacture.The surface
properties of CNTs have been altered through methods such as impregnation with metal/metaloxide
(Mallakpour and Khadem 2016), introduction of heteroatoms (Yi et al. 2020), or attachment offunctional
molecules (Guo et al. 2019). “These modifications serve to selectively and synergistically capturespecific
pollutants. Magnetic material can be attached to CNTs) to facilitate the separation of
adsorptionmaterialsfrom water-basedsolutions by utilizingan external magnet”(Bhatiaet al.2019).

(1IV) MEMBRANEBIOREACTORS(MBRS)

“The activated sludge process (ASP), which has been the conventional municipal wastewater technology
forthe past century, has been replaced by membrane bioreactor (MBR) technology as the preferred
wastewatertreatmenttechnology.MBRis,infact,oneofthemostsignificantinnovationsinwastewatertreatment”(
Meng



et al. 2009; Drews, 2010; Lin et al. 2012), as it address the shortcomings of the traditional ASP, such as
theneed for a significant amount of space for secondary clarifiers, the production of excess sludge, and
thechallenges associated with the removal of recalcitrants (Mutamimet al. 2013). MBRs have been
employedforthetreatmentandreclamationofeffluentinbothmunicipalandindustrialsettings(Frihaetal.2014;Ch
uet al. 2006). MBR is a wastewater treatment process that integrates membrane technology with
biologicaltreatment (anaerobic, aerobic) (Eddy et al. 2014). In contrast to conventional biological
procedures,
whichemployclarifiersforgravitysettling,thisprocessemploysmicrofiltrationorultrafiltrationtoseparatesludge
generated by biological processes. MBR provides numerous advantages over the conventional
activatedsludge (CAS) procedure. An MBR typically consists of two primary elements: (1) the biological
unit,responsibleforthebiodegradationofwastewater;and(2)themembranemodule,whichphysicallyseparatestre
ated water from the mixed wastewater (Van Houghton et al. 2022; Chang et al. 2022). MBRs can
beclassified into two groups based on their configuration: integrated MBR systems and recirculated
MBRsystems. Thefirstgroupofbioreactors,generallyreferredtoasintegrated MBRsystems,includesthosethatare
equipped with internal membranes (Figure 5). “The driving force across the membrane is generated
byeither generating negative pressure on the permeate side or pressurizing the bioreactor. The membrane
iscleaned by regular back-pulsing and occasional chemical backwashing. A diffuser is placed right below
themembranemoduletoaidinthecleaningofthefiltersurface.Simultaneously,thediffuserservesthedualroleof
mixing and aerating. Additional anaerobic or anoxic compartments can be incorporated to facilitate
theconcurrentbiological degradation ofsubstrates”(Lietal. 2018; Zhaoet al. 2022).
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Figure5.Anintegrated(internal) MBRsystem(Song etal.2018).

The second form is referred to as a recirculated (external) MBR system, where the membrane module
isassembled externally to the bioreactor (Figure 6). This application can make use of membranes for both
theinnerandouterlayersoftheskin.Arapidcrossflowvelocityofthefeedacrossthemembranesurfacecreatesapress
uredenvironment,whichservesasadrivingfactorfortheseparationprocess.Currently,theutilizationof MBRs for
commercial purposes has been on the rise. This can be attributed to the advancements
inpolymericmembranes,suchaspolyvinylidenefluoride(PVVDF),polyethersulfone(PES),polyethylene(PE),and
polysulfone(PSF), which arenow moreaffordableanddurable. These membranes offerlowerpressure



requirements and higher permeate fluxes (Erkan et al. 2018). A Membrane Bioreactor (MBR) system
hasseveral advantages compared to conventional activated sludge (CAS) and other wastewater
treatmenttechnologies. Thebioreactor'scapacitytoeffectivelyretainbothsuspended
matterandamajorityofsolubleelementsleadstoaremarkableeffluentqualitythatmeetsstringentdischargecriteria
andenablesdirectwaterreuse.
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Figure6.Arecirculated (external) MBRsystem(Songetal.2018).

(V) AEROBICGRANULATION

The selection of microorganisms with the appropriate metabolic capabilities and their efficient
separationfromthetreatedeffluentarenecessaryforsuccessfulwastewatertreatment. Asubstantialamountofresear
chhas been conducted to reduce the settling time of activated sludge. This is accomplished through the use
ofbiofilm reactors or the formation of dense flocs. Biogranules, a condensed form of biofilm that is
producedthroughself-immobilization,areasignificantadvancementinthisfield.
Thesegranulesarecompactconglomeratesofavarietyofbacterialspecies,witheachgramofbiomasscontainingmil
lionsoforganisms.(Leeetal.2010). Aerobicgranulesarecompactclustersofmicrobialcellsthatoccurspontaneousl
yinaerobicwastewater treatment systems. These objects are distinguished by their round shape, robust
structuralstrength, and capacity to quickly sink. The formation of these granules occurs by a self-
immobilizationprocess,inwhichmanymicrobialspeciescometogethertobreakdownbothorganicandinorganicsu
bstances present in wastewater (Zeng et al. 2024). The mechanism behind microbial aerobic granulationis
still a topic of considerable controversy due to the complex nature of aerobic granulation. Based on
theconcept outlined by Zeng et al. 2024, aerobic granulation initiates with the clustering of microbial
cells.FungiutilizeglucoseastheircarbonsourceandreleaseH ionstodecreasethepH,soproducingafavorableenvir
onmentfortheirgrowthwhileinhibitingthegrowthofcompetingbacteria(Tayetal.2002).Filamentous fungi
undergo growth from spores to mycelia in response to shear stresses, functioning as
afocalpointfortheattractionofothermicroorganismsandasasupportingframework.Certainbacteriaadheretoinor
ganicprecipitateslocatedinsidethegranule'score,wheretheseprecipitatesserveasacentralpoint



for the bacterium's development and reproduction. Some bacteria utilize cations such as Ca** and Mg**
tofacilitateaggregationbydecreasingelectrostaticrepulsionandincreasingvander Waalsforces. Theapplication
of shear pressures during the granulation process induces the release of extracellular polymericsubstances
(EPS), which then adhere to organisms and bind them together within the granule. The elevatedcell surface
hydrophobicity and intense hydraulic stress, along with the constrained settling time,
promotetheattachmentofmicroorganismstoaggregates,resultingintheformationofaerobicgranules.Granulesar
einitially formed from small microbial clusters that expand through additional aggregation. These
densegranules settle rapidly as a result of the selection pressure in the reactor, which favors biomass that
settlesquickly and eliminates biomass that settles slowly. Diverse microbial communities are able to
contribute
tothestructureandfunctionofgranulesbyestablishingdistinctaerobicandanaerobiczoneswithinthegranulesdueto
theoxygenandnutrientgradients.Microbialproliferation,EPSproduction,andshearforcesthatcouldpotentially
cause disintegration are all balanced by the maturation and growth of granules. The reactor'soperation,
which encompasses the feed composition, aeration, and cycle management, is essential for
themaintenanceof granulation.

Aerobic granulation technique is a very adaptable and effective method for treating wastewater. It
hasadvantages such as a high level of treatment efficiency, space optimization, energy conservation,
andenvironmental sustainability. The application of this technology is used in municipal and industrial
sectorstosatisfybothtypicalanddifficultwastewatertreatmentrequirements(Layer
etal.2019;Chenetal.2015).Moy et al. (2002) proved the effectiveness of applying aerobic granulation
technology for the treatment ofhigh-
strengthorganicwastewater.Theresearchersdiscoveredthataerobicgranulesdemonstratedaremarkable  ability
to endure a maximum organic loading rate of 15.0 kg COD m—3 d—1 when glucose wasused as a substrate.
Furthermore, they achieved a COD removal rate of over 92%. The granules'
greateffectivenesscanbeduetotheircompactform,whichalsoimprovestheircapacitytobreakdownhazardousche
micals.

(VI) ELECTROCHEMICALTREATMENT

In an electrochemical system, the anode (positive side) undergoes oxidation, during which electrons
aretransferred to the cathode (negative side), where the reduction process takes place. Redox (reduction-
oxidation)isthetermusedtodescribethesetwochemicalreactions,whichresultinthepurificationofwaterbyremovi
ngmetals. Thetypeofelectrochemicalmethodandtheremovalefficacytowardspecificmetalionsareprimarily
determinedby the selection oftheanodeandcathode.

lectrochemicalOxidation(EQ

The electrooxidation process is an adsorption process that results in the oxidation of contaminants
eitherdirectly on the electrode surface or indirectly through the production of oxidizing agents in the
solution(Ozyurt and Camcioglu, 2018). In addition, direct electrooxidation is achieved through the
production of ofphysically adsorbed oxygen species (hydroxyl radicals, «OH) or chemisorbed oxygen
species (MOx+1)(Comninellis 1994). Additionally, the selection of an anodic electrode is the primary factor
determining theefficacy of the anodic oxidation process. Furthermore, an indirect electrooxidation occurs
through theproduction of chloride or hypochlorite during anodic oxidation. This method is effective in the
removal
oforganicandinorganiccontaminantsfromahighchlorideconcentration,ideallyabove3g/L(Szpyrkowiczetal.19
94).Comninellisestablishedasuitablemechanismforthebreakdownoforganiccompoundsonametal



oxide anode in 1994. This process occurs in two sequential stages. During the initial phase, H2O is
releasedfrom the anode surface, generating adsorbed Hydroxyl radicals (*OH), which are then absorbed by
a metaloxide layer, as shown in Equations (23) and (24). Inhibition of the formation of the passivation layer
isachievedby theoxide layer on theelectrode (Gattrell and Kirk 1993).

MOw+H:0—  MOy(OH)+H' +&  (Eq.23)
MOX(OH.)_)MOX+1+H++e- (Eq24)

Oxygenisgeneratedintheabsenceofanyoxidizableorganiccompounds,asshowninEquations(25)and(26):

MO(OH)>  MOx+ Oz+H'+e (Eq.25)
2

MOw1 = MO+ 'O (Eq.26)
2

Combine reactions (23), (24), (25), and (26) to get the overall Equation
(27):2H.0 - 4H'+0, +4e°  (EQ.27)

InthepresenceoftheoxidizableorganiccompoundR,thereactionwillproceedasfollows:R+
MOx(OH"),—CO2+nH"+ ne’+MOx (Eqg.28)

R+MOy1 = MOx+RO (Eq.29)

Direct Anodic Oxidation: This method of treating and destroying pollutants using electrons
involvesadsorbingpollutantsontheanode'ssurfacewithoutincorporatingotherelements. Thisprocessrequiresmo
renegative potential than water spitting and oxygen evolution, leading to catalytic poisoning of the
electrode(Rodrigoetal.2001;Chatzisymeonetal.2009). Thisisparticularlyevidentwhenusingaplatinumelectrod
efortreatingphenol,asphenoladsorbedontotheplatinumelectrode'ssurfaceinvoltammetryandchronoamperomet
ry,arrestingcatalyticactivityduetoirreversibleadsorption.(Fengetal.2016).

IndirectAnodicOxidation: Thismethodusesoxygenevolutionasanintermediate,eliminatingtheneedforan
oxidizing agent and avoiding by-products. Both physically adsorbed (adsorbed hydroxyl radicals

‘OH)andchemisorbedactiveoxygen(oxygeninthelattice ofametaloxide anode)
playcrucialrolesinelectrochemically destructing species at the anode, either partially or completely. The
hydroxyl radical

OH,whichiscomparabletofluorineintermsofitsoxidativecapacity,exhibitsanexceptionallyhighpotentialofEo=
2.80 V. Therefore, the generation of specific oxidation products is a consequence of the
chemisorbedoxygen, also known as "active oxygen," when the complete destruction of organic compounds
occurs(Johnson et al. 1999; Chang and Johnson 1990). Active anode materials like RuO2, IrOz, and Pt
enableselective and partial oxidation with low oxygen evolution over potential, while non-active materials
likeSnO2,PbO2,andboron-
dopeddiamond(BDD)enablecompletecombustionwithhighoxygenevolutionoverpotential (Feng and Li
2003).The EO  method has a significant drawback in  treating water and
wastewaterwithhighsuspendedsolidconcentrations,necessitatingtheuseofothertechniquestoremovethewastew
atercontainingsuspended solids(Chakchouket al. 2017).
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Figure7.Schematicillustrationofelectro-reductionmechanisms(Alkhadraetal.2022)




remediate contaminants such as volatile organic halides and chlorofluorocarbons, converting them
intoproductswithincreasedinherentvalue(ComninellisandChen2015).Itinvolvestheselectiveeliminationofhal
ogens and the carboxylation or carbonylation of organic molecules. The integration of
electrochemicalreduction and electrosynthesis can effectively treat wastewater to facilitate the synthesis of
value-addedorganicproducts (Gutzet al. 2015; Mohleet al. 2018).

Electrocoagulation(EC)
Electrocoagulationisaprocessthatutilizeselectricitytoeliminatecontaminantsfromwastewater,neutralizing
negative particles by forming hydroxide complexes in the water. It helps bridge, bind, andstrengthen floc
for sedimentation due to gravity force (Fagnekar Nilesh A 2015). This process agglomeratessuspended
solids in water without chemical coagulants and occurs when direct current is applied to theaqueous
solution. Coagulants are generated in situ by electrical dissolution from respective metal electrodes(Al, Fe,
Cu, or Stainless steel), with dissolved metal ions and hydrogen gas generated at the anode
andcathode,respectively(Linares-

Hern andezetal.2010).Variousfactors,suchaselectrodetype,surfacearea,number of electrodes, electrode size,
current density, charge loading, sample pH, operational duration, andelectrolyte addition, influence the
electrocoagulation process (Can et al. 2006). Iron, aluminum, stainlesssteel, and copper are among the most
frequently used electrodes. The high coagulation efficiency ofaluminum plates makes them the preferred
choice for effluent treatment (Shen et al. 2003). The EC methodintegrates the advantages of coagulation,
flotation, and electrochemistry into a single system
(Ingelssonetal.2020;Almukdadetal.2021).Electrocoagulationisawatertreatmentprocessthatinvolvesanelectrol
yticcell with two electrodes (an anode and a cathode) submerged in a conducting solution and connected to
anexternalpower source(Figure 8).
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Figure8.Schematicillustrationoftheelectrocoagulationprocedure(Mao etal.2023).

TheECprocedureconsistsof multiplesteps,whichareasfollows:

1) Electric current from an external power source causes the active coagulant cations (often aluminum
oriron) to be released into the solution through electrolytic oxidation of a sacrificial anode Equations
(30)and(33).

2) Simultaneously,cathodehydrolysisgenerateshydroxylionsEquation(35).



3) Metalliccationsundergoreactionswithhydroxylstoproducebothmonomericandpolymericspecies,asillustr
ated in Equations (31), (32),and (34).

4) Theneutralizationofthesurfacechargeofcontaminants,suspendedparticulatematter,andemulsionsisaccom
plished throughitsreaction withmetalhydroxyls.

5) In the aqueous phase, neutralized particles aggregate and their coagulation results in

flocs.6) Heavyflocsareprecipitated by sedimentationbysweep coagulation.

7)Electrolysisofwateratthecathodegenerateshydrogenbubbles,whichcauseflocstofloatonthesolution'ssurfacet
hrough sweep coagulationEquation (35).

Anodereactions:
Fe(s) »Fe™(ag)+ne™ (Eq.30)

4Fe”*(aq)+10H20+0x(aq)—»4Fe(OH)s(s)+8H* (Eq.31)
Fe?*(aq) +20H —Fe(OH)2(s)(Eq.32)

Al(s) »AP*(ag)+3e*  (EQ.33)
AP*(ag)+nH20—>AI(OH)>"(s)+nH*(Eq.34)

Cathodereactions:
2e! +2H,0—-H2+20H (Eq.35)

The electrocoagulation method is a widely used and environmentally friendly wastewater treatment
methodduetoitssimplicity,easeofoperation,shortretentiontime,minimalchemicaladditions,andreducedsludgef
ormation(Azarianet al. 2018).

lonexchangetreatment

lon exchange is a chemical process characterised by the substitution of unwanted metal ions with
harmlessand eco-friendly ones (Da browskiet al. 2004). This process entails the attachment of a heavy
metal ion toanimmobilesolidparticle,thereforesubstitutingitwithasolidparticlecation,asdepictedinFigure 9.
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Figure9.SchematicillustrationofthelonExchangeProcess (Qasemetal. 2021).




(VI) COMPUTATIONALMETHODOLOGYIN WASTEWATERTREATMENT

o . i .
Inwastewatertreatment,computationalmethodsarebeingemployedmorefrequently,utilizingtoolssuchassequen
cing platforms, metagenome sequencing strategies, bioinformatics tools, and genome analysis ofcomplex
microbial communities (Schloss and Handelsman 2005; Foerstneret al. 2006; Raeset al. 2007;Marsh 2007).
These instruments offer comprehensive information and assistance for future application inwastewater
treatment-related research and development (Siezen and Galardini 2008). Studies have
shownthecapacityformicro-
pollutantbiodegradationusingwholemetagenomesequencing(WMS),andbioremediationofhighlypollutedwast
ewaterfromtextiledyesbytwonovelstrainsidentifiedasLysinibacillussphaericus and Aeromonas hydrophila
through 16S rDNA analysis (Balcomet al. 2016;Kumar et al. 2016). Additionally, researchers are
conducting research to enhance the safety and practicalityofpotablewaterreusethrough
theuseofmetagenomicsforwaterquality analysis(Leddy etal. 2018).

onalFluid icS(CED:

ThefieldofbiologicalwastewatertreatmenthasseenthewidespreadimplementationofCFD,awidelyusedmethod
ology, in recent years. The internal flow structure that represents the hydraulic condition of abiological
reactor has been revealed (Peng et al. 2014). CFD is the application of powerful predictivemodeling and
simulation tools. It is possible to calculate the numerous interactions between all of the waterquality criteria
and the process design criteria. CFD modeling technologies, which are extensively utilizedin many sectors,
have lately become prominently applied in the water industry for the purpose of water
andwastewatertreatment. Theyfunctionmechanicallybyutilizingthehydrodynamicandmasstransfercapabilities
ofreactorsoperatinginsingleortwo-phaseflow(Do-
Quangetal.1998).ThecapabilityofCFDdiffersamongprocessunits,althoughitiswidelyutilizedinsomeareassuch
asfinalsedimentation,activatedsludgebasinmodeling,disinfection,primarysedimentation,andanaerobicdigesti
on.Theseareasdemonstrate a higher demand for CFD (Samstaget al. 2016). Now, scientists are augmenting
the CFDmodeling by using a newly created three-dimensional (3D) model of the anoxic zone in order to
assess thehydrodynamicperformancein greaterdetail (Elshawet al. 2016).

onalArtificialintell |

A computer-based artificial approach has been devised by researchers to automate the monitoring of
waterqualitytests,encompassingBODandCOD. Intheirstudy,Nouranietal.(2018)investigatedtheapplicationoff
eedforwardneuralnetwork(FFNN),adaptiveneuro-fuzzyinferencesystem(ANFIS),andsupportvectormachine

(SVM) in wastewater treatment plants. Their measurements of effluent levels for BOD, COD, andtotal
nitrogen in the Nicosia wastewater treatment plant demonstrated the exceptional performance
ofartificialintelligence.

inoand hicallnformati

Theidentificationandlocalizationofwatercontaminatedsiteshavebeenrevolutionizedbysatellitetechnologyusin
gremotesensingandGIlSapplications(Kesarietal.2021).GeographiclnformationSystem(GIS)analysisprovides
arapidandcost-effectiveapproachforatmosphericcorrectiontechniques.Furthermore, it offers a user-friendly
interface for intricate spatial operations, facilitating the acquisition ofhigh-qualitydataon waterquality
indicatorsvia remotesensing (Ramadasand Samantaray2018).



CONCLUSION
Inconclusion,thecomprehensivereviewofadvancedtechniquesinwastewatertreatmenthighlightssignificantpro
gressandinnovativemethodsdevelopedtoaddressthelimitationsofconventionalwastewatertreatment
technologies. Traditional methods, while effective to an extent, face challenges such as highoperational
costs, extensive energy requirements, and the inability to remove certain persistent
pollutants.Advancedtreatmenttechnologiessuchasmembranefiltration,advancedoxidationprocesses,carbonna
notubes, and membrane bioreactors offer promising solutions. Membrane filtration processes
effectivelyseparate contaminants with high efficiency, while AOPs utilize strong oxidizing agents to break
downcomplexorganicpollutantsintolessharmfulsubstances.Carbonnanotubesdemonstrateexceptionaladsorpti
on capacities for various organic and inorganic pollutants, enhancing the overall treatment process.MBRs
combine biological treatment with membrane filtration, addressing the shortcomings of traditionalactivated
sludge processes by offering higher effluent quality and better handling of sludge. The
reviewunderscorestheimportanceofintegratingtheseadvancedtechniquestoachieveefficient,cost-
effective,andenvironmentally sustainable wastewater treatment solutions. As water scarcity becomes an
increasinglycritical global issue, the implementation of these advanced methods is vital for enhancing water
reuse andconservation efforts, thereby ensuring the availability of clean water for future generations.
Overall,
thecontinuousdevelopmentandoptimizationoftheseadvancedwastewatertreatmenttechnologiesareessentialto
meet the growing demand for high-quality water and to protect public health and the
environment.Implementing these technologies on a larger scale requires overcoming cost, operational
complexity, andenvironmentalimpact,necessitatingcontinuedresearchforsustainable
wastewatermanagement.
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