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LisbBbbreviati on

I n alphabetical order

AOPs Advanced oxidation processes
AAS At ordd o r poteicdmr omet er

ACT Acetami nophen

AFM At ordoircmecr oscopy

ACF Acti vat gd baeaer bon

AO7 Aci d orange 7

BET Brun&wmeneand Tell er

BDD/ CF Bor-dorp eida mitrad -b e h't

BD Bi ol ogical digestion

CA Carbon aerogel

CvVv Cyclic voltammetry

CSTR Continuous stirred tank reacto
CF/ F Coagulfaltoacocnul ati on/ fl otati on
CD Ch e midcdaglesti on

CF Carbon felt

CNT Carbon nanotube

DL S Dynamic |ight scattering

DMP Di met hyl pht hal at e

DO Di ssol ved oxygen

EF El edtema on

EDS Energy dispersive spectrometer
ES R El ecprroensosnance

El S El ectr oimpedthesmadkdt roscopy

EAOPs El ectrochemical advanced oxi da
EO El ectrooxidati on

ES El estor@ti on

FTI R Foutrireamsform infrared spectr os
GO Graphene oxi de

GCMS Gas chromatography mass spectr
GC Gas chromatography

X\
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GF
GDE
HRTEM
HPLC
HEF
ICPMS
L CMS
LDHs
MP/ NP
MOF
MN Z

NSAI Ds

NHE
ORR
OER
PhACs
PNP
PP
PE
PS
PET
PES

Graphite felt

Gas diffusion electrode

Hi gh resolution transmission e
Hi gh performance | iquid chroma
Het erogendaewnd oenl ectro

l nducti vel y-ntacsgpd cetdr gorheatsrmya
Liquid chromatography mass spe
Layered double hydroxides

Mi cro-phassbi c

Met-aarlgani c framewor k
Metronidazol e

Norst eran-itdmafll ammat ory drugs
Nor mal hydrogen el ectrode
Oxygen reduction reaction
Oxygen evolution reaction

Phar macleqdtiicad compounds
Polystyrene nanoplastic

Pol ypropyl ene

Pol yet hyl ene

Pol ystyrene

Pol yet hyl ene terephthal at e

Pol yester

Pol yami de

Pol yvinyl chloride
pbenzoquinone

Per si stent organic pollutants
Reactive oxygen species

Rot artiidnipgs k el ectr ode
Reversible hydrogen el ectrode
Scanning electron microscope
Sodi um dadedhyult e

S neqlteom catalysts

Scanthragsmilegsitoron microscope

XV
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SA
TOC
TC
T Ms
TBA
UW i s
WWT P s
XRD
XP S

Salicylic acid

Total organic carbon
Tetracycline

Transition metals

Te-but anol

Ul t r awii il lelte spectrophotometer
Wastewater treatment plants
X-ray diffraction

X-ray photoel ectron spectroscop
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Ag CI
Agel
CiH2F ecO
CibliNi O
CsHsC u O
CiH2€00
Cu COA
CiHi & NOs
Ci k1 & NOs
Caz 2 N2Os
Cz K2 N3O
Ca b1 NsOsS
C1 b1 N4O2S
C1 Hi N2Os
CiEHiNG
CeHoN3Os
CsH1 N304S
CeO

Cu G
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CuO

DMP O

F e MNCIA
Fecgl

F €04

H202

H20

H>S @
KOH

N2

NaS @
Na OH

er chl oride

Al umiahluonr i de

Si |l v
Ferr
Ni ck

ic acetylacetonate

el acetyl acetonate

Coppaecret at e

dehydrate

Cobalt (11) acetylacetonate
Copper cobalt carbon aerogel
Ciprofloxacin

Norfl oxacin

Tetracycline

Mi nocycl ine

Sul famethoxazol e

Sul fadiazine

Nal i dixic acid

Oxolinic acid
Metronidazol e

Tinidazol e

Cer iouimd e

Copper sawolpalitde

Carbon dioxide

Cuprouse

5 ,-bi medl-Ryt r-0lHOx n d e

l ron nickel carbon aerogel
Ferric chloride

Magnetite

Hydrogen peroxi de

Wat er

Sul furic acid

Potassium hydroxi de

Ni tr

ogen

Sodiswm phat e

Sodium hydroxi de
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L ©
L OH
Pb2
LSO+
Ti ©

Oxygen

Superoxide radical
Hydr oxyl radical s
Leaidoxi de

Sul phatde c al

Titanium di oxi de
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1 Il ntroducti on

l.1Reseaackgrmound

I n recent year s, t he |rycstkisv ep ocscendp obuyn dsh a(
mi crophasoi cs ( MP/ NR)i ghia®eo alndbnameent al Cc
Conventional wastewater treatment proces:

remove PhACs because of their resistant |
accumul ation of partial lwagmi raenrda Isil sueddg eg o
negatively i mpact ecosystems. Therefore

techniques for PhAC removal g etmmd nomgairnd

environmeRt y@siesiassignificant risk to th
by aquatic organisms at wvarious trophic |
These particulates can penetrradtne baaglrli eme
been loi nakdevdertse health effects through e
i ngestion, drifowévfafrioccometnatclty breaking do\
systems is stisl las nmosmetexaidsstyinmegt algg ac hi
separation without2]Jcompl ete degradati on

Advanced oxidation processes (AOPs), whi
species such adOHy)y droofxfyelr raadpgrcaarmissi(ng so
wide range of orsged neictt o valclu tamret svgBem ] pu
Despite their potential, few studies have
water. For instance, some research has f ¢

semi codsetdorphot ocat ahngrsd ma{ &juitlkblwsas e rT,i Ot

suspended catalysts are chall epglihagbhdaonr
i miti-sngallearagepl i cati on.
| mmobilising catalysts on conductive sub

Het er ogeneéeaoewnd ol g EtFr)o processes (as one o
of integr atrppdo miag ihmgl etsechnol ogi i § ome tshod
avoids the issues of catal ystt hsshmesdkdii mg ,i t
mor e suit eslxlad ef owraspleavatt er. t Hewe mem,t talpe |l ¢
of el ectrochemical met hemau mder e MPI! BlPe d e
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us i
pol
gen
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tra
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mi ¢

ctrochemical approaches require multi|j

c h causr rhe ngshit teynp @ Jr[ &6t, u/r] e

en t heseamndksteaahcrho Igggidchad rl e sne aracth otnosp
0 devel op novel integrated cat hode |
erogeneous EF systems to address pract
nergy consumption) texpherdeghad®bis
mi | d, efficient and enviromMié NtPal |
triens. Carbas aerbaude&l c@@Ahodent iexlhi
axamdg fHi xing metal sites because of
good (¢ @r dluhcutvgia® hbAg en as the conductiv
nsition meTwbstranshisoprmeeal . all oys
c
0

=}
e Q o

0]
—

tive candi dates for furtherogempr 6

contami nant removal i n water

Bi metallic cat hode materi al s have been v

| e

D

mp

S
Xy
ff

er

- 2 ©d® O

re
ff

e
sup
[

ctromgenrefrdrcrmdnce i n EF ssyslteaeisr, ormisc t qiter
rove conducihmormomgd atbdfiiBesitedd ntgo t h-Ek, Fe
expected to exhibit high elecelecatah
gen reduction reacthiacred( @GQRR)hoselkectlie
i cient H oQ BF.ordelaceteivoenn, t he ef fbeoont s o
ogel matrix as an EF c@u hoadsmpamwv@&amthot
e Fenton <catalyst, reacts with H O

ective overn 14] Wo dewiptHh riatngest abl e Co)
ports HtO® gentnwaHaeviecrat gamioec pol |l utant

l1Zhulte CGRocahhedéhe pakenandabntage of

i nt
adyv
el e

pot

I n
EF

cat

eraction between Cu and CoDetsoieeseh a mc
antages, t he combi ned rol e of Cu an
ctrochemical geropeealts easofnatarbean f

enti al as EF cathodes for water treat |

s umotalm vyEA& Band-CBu€at hodes represent si
cathode design, addressing key |l imita

alysts. By | everagi-Mig an@e Gumit@ueacpr op
2
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materials are expected to enhance-tdro g

stability, paving the way for more effici
l2Res eairmahnadad j ecti ves

This preoegectdeaietnop effective and 6HBoabl e
heterogée€emd®on systemdedroad anpir onPehnAdCls eo f
(acetaminophen anohodehblrlawcayacd ti R p ;alsy stthyer e
nanoplastimbod@lol | ut avhh gcvhe t he pno tt e rgtait &l t
environment al apds btilodbpaegicant drhirreantss

I n thistweseampdiyt ec arsb oR€ Mieamdy€&wE€D e
synt hasi bBedhl y acti ve eeatehcotdreosn fOR RO.steol epcr
Si multaneousl vy, t hedafsa berfifd ati eech t ¢ atemda dens ¢
site decompPoasnittoi orne aocft iWe oxygen species
play a cruoxalddegkvedmmirboloesf organic cont
PhA@sd/ MNP

The research objectdives in this project |
1. Dev erdeagin d o@ttiican soefl i abl e andprcodegst e
t wo types bafmeitoaltelgioandasnegNCA and-C8u Co
2. Design amdobdstaembbchemi ccRhéntcen | r daat iec
eval oatthoedd degradati anetpamif nopmmaaece( ACT)
(TC), and pol yst yWrPgme ompan ard Iseedt i EcFs s(yF

wi t h -CFAe Mind-CBu€at hodes.

3. Anail ytsbé& physical and chemical propert
a range of characterisati on tsedhntihgeu e
transition metals on the microstruct ul

4. Condu atgl ectrochemical property tests
sel ecti viotxyy goefn trheed u2ce¢e i on reaction and
durimgganer atmicom vandon of H

5. Opt iamii osnheofhet er ogemsbyausss eEFhdce g 6 bodnent
perforumalreae di fferent operating condi't

6. Est aibdag schompr ehensi ve deNPe can dohnhaimnegt ahro c
p hyosdhe mircogpler t-NlRe sb eoff o P& hraammacttaifdmiv e st i

2
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the degradation process

7.1l nvesbntglad durability and recyclabil it
ex patoirarheafr broad applicability to var
8. St uadfyhe mechpol bdnegmoéidati oonabyomdeht r
int er medi at e so,f eugnrdaedrasttiaonnd ipnagb h wenfes ,a cain d

toxicity of degradation product s.

13Resea@manh ent

I n the first -QAIbbiifcuantcitoinonaal FceaNihode was

t he eHeencttorno degradati on of acetaminophe

anal gesi cs) , and I asddepagwadatyslonc meédatheadi
publication focused on the degr admtdiedn ¢
pollutant, involvi-Gf ithteegyat dedscat bhdda &
mi crostructural c-RFRenadaonencstivecsyanBoaml dc!
the first two pQ@AIldatahta den sde mdres tCGuaCoed hii
met al l eaching. TherefofA, was tsbketheddat
for anFerdteoan reystem to further ineveand g

mechani sms regarding WN&)ystyrene nanopl a:

The research contents in this project ini
(1S)ynt hesis of cathode material s

FeMiA and-CB8wCbh a met al mo | faa b rriacta tgeedo fb yl
formation, solvent exchande, aanbstiemodgnad r y
car bon a€&rAqg g@Mi,s-CQUF eCQAO pure carbon aerog
CA with vari balt-@At afkie-€AL t G8-CA, 0 Ga-CA
wermpag epared to investigate thet asptniemigd et

all oy metal ratios.

(2Z)haracterisation

To i nvesti gadlenihceal physoiperti es a ntdh emi ¢ |
synt hesi sed -MR,t hvoadreiso uasn dc hPaSr wet er usat i sad
ar e s u mnfaarbilkee d
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TablleLi st

of

c h atreacchtieirgiuseat i on

Techni qu

Materi a

Cat ho PENP

Purpose

Scanning el
_ a a Surface morphol og
mi cr o6 8B MYy
En e rrdgiys p e #r sai
wiys p Y a El ement al andmgbat
spectroscop:
Hi gehsol uti or _ _
_ ] Di spersion of al/|l
tr ans mel sescitornc a a _
_ di stance, and par
m crog tH®Rp EM)
Nadsor pti on
desorption ( a Surface area and
EmmeTtetl | er ,
X-ray di tXfRrpa a Phase commasysiah
Fourier tra _ _
a a Chemi cal fhwomdtsi am.
(FTI R) spec-
X-ray photoe . . El e meommm@mad sacriadhoemmi ¢
a a
spectroscop’ state
Chemical structur
Ramapectros a pol ymorph, <crysta
interactions
| nducdoiupé leyd
pl a smeas s a Content ofs doped
spectr @nCdiSyr y
At omi c abso _
a Concentration of
spectroscop’
At o rfoircmiecr os . Ima gwist h-aheai c r ecs
a
( AFM) measuring surface
Dynamic | ig _ . _
a S ze and distribu
(DLS)
(3begradati on perfor mance and opti misat
operational conditions

The

2

p rceaptahroedde ¢ a W & eceddger adati on

perf or manc:i
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NP i n -Fedretcamr osyastdemhre setup for dedragdat.i
1.The contribut-somptoif owahgelr sea eacs kreos ptehdeg b y
applciued ent at a mini mal value and remov
conditions such as <current density, i nit

concentration,weacgdtscadeiy atompagia@gdfi cnenc

under di fferent conditions.

Fi galL®he experimental setup of electroc

(4E) ectroph e piecvadyst i gati on

The oxygen reduct i owmaisrnevaecsttii ogna ¢ (e@R Ri)g 0 gnrigc ace
(CV), and the chat g¢gsey ntrhaeass ftepaiesenpias teadn we
e ect r o dnhpeenti sgmaelet r o s ¢ Bhpey a(cEIiSv)i.ty and sel e
oxygen reduwasval patomdtsatii-digsk el KRRBE)Y ode

techniques

(5) Elucidatdiegm adfatpolnhl meamtani smses n het

Met al | eaching dursi wpesalegded att henemnadcact b
oft hromogeneauosi on. The generati onweaned e
identified by radi cal |scawiomgemnarmrxg el Er

spectrobscigngpgo be sreafpentgenerated hydrogen
radiweagesant i mads wreéd d.

(eBE)val uate the durability and recyclabili

Cyclic experiments were conducted by coll
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empl oying it for subsequent repeated run
el ectrocatal ytic st afaeNiAt g n d-€@ BaaCtehcoydcel sa bw e
evaluated through thardedgr @obad utbtmenersé il €& ¢
Thenger m safabtiHe tyat watesitnemdae rcicanltsi nuous
reactor (CSTR)

(70l ar idieygrtahdeat eomedi ates and pat hways
Thpri nheagr adati on it heertmegdiedn epson éRuednla eotnts r
sysswem e ent i fliguwi disd mrgonaatso ¢ Ip & (& ICW)SBreest er dy
on the detected i nttehdemgdadaebonapdocetsert
studies, possi bdteh® xti alrag e to aplqlalbahtpakptp O slkey

(8psAss t he aPcNPBdee gtroaxdiactiitoyn opfr oduct s

The acut eP NHBExigaiatdya tefo mfeadrinaetde sdur i ng t he e
procassswss e doisesintgymisoltfet oioeorle ( Tt. & . SpeFat) e
treat ment water safety.

14Thesi s framework and outline

This thesis f oblasoends fao rpmuabt| itagnadt ipiambcloirsphoerda
papers and oneChsaupbtneirt tledi papegermersalaricint
backgraoumsd contelCthapft erhi2sishasil s$teratur
and analyses existing3besenplcrbagar $ hi sat
been either published or submitted for p
research project. Chapter 6cptoevabebi aksa
the ,woskmmari ses t he key findings of t

encountered, and offers recommendati ons |

The fr amehweo rrke soefa rCdta pdbae mitsensFhiogwn 1 .n2



-Chapltienrt roduct i c

Synthesis: Investigate

synergistic metal
effects & optimise
ratio

Characterisation:
Understand
structure-property
relationships

EF System
Construction &
Degradation
Performance:
Maximise removal
efficiency &
minimise energy
usage

Mechanistic
Investigation

Durability &
Recyclability

for organic contaminant and microplastic degradation

(Design of novel integrated cathodes in electro-Fenton processes)

| Synthesis of cathode materials |

$—1

3

Single metal CAs

FeNi-CA & CuCo-CA
(1:1 metal ratio)

Alloy CAs with
various metal ratios

(

for ACT removal

Chapter 3: FeNi-CA> <Chapter 4: CuCo-CA

for TC removal

> < for PS-NP removal

Chapter 5: CuCo-CA>

|

|

FeNi-CA & CuCo-CA CuCo-CA cathode i

cathode . . |

Microstructural analysis: |

Microstructural & XRD, FTIR, TEM :

H |

phySIFa.| Electrochemical PS-NP |

SEI‘?/Inaléﬁls.IEDS characterisation: i

IR ’ CV, EIS, RRDE Microstructural analysis: I

XRD, XPS, Raman, zeta potential, DLS, SEM, TEM, | |

FTIR, BET, ICP-MS FTIR, XPS, AFM |

|

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, | |

e —— -

Pollutants: ACT for FeNi-CA Pollutant: PS-NP |

TC for CuCo-CA - — |

Assess reaction conditions: I

Assess reaction conditions: current current density, pH, PS-NP |

density, initial pH, aeration rate dosage, electrolyte I

concentration |

Compare performance and energy !

consumption: single-metal vs. bimetallic Compare performance: single- !

vs. ratio-tuned metal vs. bimetallic :

1

~~~~~~~~~~~~~~~~ e

Radical identification & |

Radical identification & quantification: quantification: |

- Scavenger tests (‘OH, etc.) - Scavenger tests (-OH, etc.) |

- ESR spectroscopy - Probe quantitative |

- Probe quantitative determination determination |

|

Reaction pathways: |

) - DFT calculation for reactive |

Metal leaching & homogeneous s !

contribution - MS to identify intermediates | |

- Proposed oxidation |

mechanisms |

Reaction pathways: o ) |

- LS-MS to identify intermediates Toxicity analysis: _ !

- Proposed oxidation mechanisms - TES.T. on degradation !

byproducts |

T

________________ y oy 00O

. . |

- Multi-cycle tests (C:)R FeNi-CA & CuCo- ~ Multi-cycle tests on CuCo-CA | |

_ HA X, |

- Evaluate long-term operation (CSTR) RS ST T B e |

. . treatment .

- Various organic pollutants 1

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |
Fi ga2z®Bher amewoekeafch content in

three
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Theutl i nes of eiahchhi lsreasrses aa < hf avlolr kws :
Chapter 3: Publ i dalt3ijlon #1 (published)
A novel c anti hcokdedl , ail rl cony c aCMA)o,n wvaess ogakc e

syntsshesangdutsl it he hedtelr odga ei€lEum®d Oon pr oc e
acet ami(rAcCRgegm addaciompr ehensi vetnntvesttalgas .
el ectrochemical properties, degr advat eon
c o n d uocftfeedrail nugarbslieght s f or devel opi ngamdyvel

enhancing the effideicompw saftimincropol |l ut ai

Chapter 4: Publ i daltdijlon #2 (published)
Buil di ng onhFeelN&A sd aitdhyo dbd, t h ed esveeclaongfeudp a b |
carbon aer@Agel ca(tCuoCoe t o (tTer)gaet cammammlcy
antibiotic and representativepomi emodipal | u
| eacihd sfwesm t-A Eadlmockesti gated the degr ac
acontinuous st, i rarnedd etxapnl ko rreeda ctthoer syner gi s
mi crostructur e, el ectrochemicalAddcti enaly
broad applio@BAlcayhedamwesd biyt ®evdeée graada
efficiency with wvarious organi c s c oonrtgaamiine
acid, and dye.

Chapter b5: Psubmittedc at i on #3 (

CuCAexhi Biuped i or cat al yltowmepar f odri nsasnocl eu t
FeMiA in the EF systogmtioe pbapmacdst ( €alA
The third study expan@Adt d htea cakmpdc ir ebra danriagniio
pl asticfpoldriuntgloen, depgolaysat g wnepOREP) csThi s
reseaxami ned the physical def ormation an:t
NPs during electrocheendl eali daxiedatihen uinde.
mechamsFurthbemdegradati on i nteNBRsdiwat &s

t he eepdt iBEfH pwewm®esematically anal ysed
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2 Literature review

2.1 Environdrmemtgels amha remedi ati or

mi crocontaminant s

Nowadays, wastewater treatment has evol vg
to advanced chemical and biological met hc
treatment focused on removing suspended
i mprove water clarity and reduce gross
treatment, such as activated sludge and
matter and nitrogenous compounds, [rleJduci
Chemical treat ment | at er emerged to tac|
coagul ation p2HgRpgetiapiorgtifom@mamewor ks suc
Treat ment Dir e¢ tajnvde t(h9el /Wah le/rEEFC)amewor k D
[ dhlave driven i mprovements in nutHoiwewterr e

as wastewater treatment has progressed, i

are insufficient fsrd addrtass inmqid sse witpkpa tt a ¢
persistent and bioaccumul ative in aquat:i
I n the area of environmental science, t he

gnificamtecahskBeeomngastri mewmmarnd rddletch s a
ol ogi cal. eTnhveisreo ncnoenntta mi nant s, compri sin

-~

aditional water treat ment processes. G

D

S

ec

as analgesics and amltadtiioexcastanéindami ev e
t

techniques, there is a growing empéasis
t

echnol ogies capable of degrading these

2.1. 1 Envir onpnheanrtnaal c ecurtiisciasl orfesi dues

Over the past few decades, advancement s
the production and use of pharmaceuti cal
are utilised as pharmaceuticals, with an

tohS] Among i médsdammantboiry drugs, antibioti

commonly used worl dwi de.

No-st er oi-idmafl| aansmmbait ory drugs (NSAI Ds) and :
3
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mo s t significant groups of p har maacrei uotuisc a
chemical structures and similar t her ape.l
annual producti oh6pfA bBuhdtadsi-iaff |[qaommmsati d
drugs i s prescri bed f 4 Mmceohuunmaenr ussael,e sy evta
prescript[idlnl nuimbeest iOmatldd otnh gpte ogrl ceu ruds e:
wor |l diwd]d&l oball vy, effluents are mormsietor e
dr uggmsd t heir, nwittahb ol umersous studies i ndi
anal gesics are fregnonent Bgdmdet ect ed i n aq!

Amontghphar maceuti cal compounds detected
particularly comeresgins tpganradest @l t onet bbbt i s m,
through ¢d4d03$Vlsed earst i bi oti cs most frequent
fluoroquinetoaeyphiomemudes!| ones, (@hablne t

2. LY.1]Anti biotic resistance i n microorga
prevalent, posing a significant t h[rle2a]t t c
Antibiotics have been detected in rivers

Chi na, France, fthe&] United States, etc

Tabdle Cl ass and chemical structure o

Cl ass Example compourChemical st

Ciprofloxacin Ci Hi & NOs
Fl uoroquinol o

Norfloxacin C1 k1 & NOs

Tetracycline Ca iz N2Os
Tetracyclines

Mi nocycline Cz Kz N3Or

Sul famet hoxazol CibliNOsS

Sul phonami des
Sul fadiazine C1 b1 N4O2S

Nalidixic acid CiHiNGOs
Qui nol ones
Oxolinic acid CHiNQ

Metronidazol e CeHoN3Os

Ni troi mi dazol
Tinidazol e CsHi N304S

Nowadays, the wuse of phar maceuticals to
i ncreasedt bahggeamtaist il @edd of t hese chemical
3
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water bodi es t hrough sewargee sbovemivabws ,
aquaculture activifl.gpr aexdmpardfitlhle Iwa a
antibiotics has |l ed to their presence in
ranging f ttoan AB[EhF gk ther mor e, t h epseo dpuhcatrsm
of t enweetndrereskiwaggeorsystems in their[ 1lo6r]i gi |
Al t hecoglv enttrieoantanhe n t met hods are avdiolrabl
phar maceuti cal compounds vary wildeellgyeomnr ar
mul ti pl e[ L.¥hetser smet hods are fgeenleirmilnnayt i i
phar maceuti cal residues in typical wast e
inefficiently treated or directly discha!
[ 1.8har maaesutaiboodli t es ordrpuarst/ imeltlayp od @ g reasd e
environment al ri s kas tthieagww hihkei torhigg ljméad a pdh«
activity or increased [mModlil ity within thi

2. T'r2atmeathnol ppaemateuti cal residues

Research has demonstrated that a combinat
for effectively mivacgaviengompaumdses e U tPihcA:
Ef fective reduct i dryi ntsegtryapii cnagl | ngs badhhpilaesv ¢
combi mii mlgotgriecaatime mt subsequemthemidsalk ptoixo m
coupling phpypsocaevs ddimicchaelmi ¢ algpmd xii cdhagt iboino |
met hodmhwsitchal. sRwrairmg itomese sequences, p

separated, chemicall1.4] modi fied, or oxidi
As shown I n2,0Riigt.r a2iX i onal WWT P s, proce
sedi mentati on, diommgg ul ialti ems ame pri o&r il

suspenddckids samiabMed bj olamgli cal ly degr dde morg

wastewatlé¢ However, despite these process:¢
degrees of resistance to conventional tr
often fail [ 82¢3do0m mdadarsyw tthreamestt meuncttsed wet |

bi o reaceatended aerati ons,eqmuemlrr aarges bait arl
typically achieve phar maceut i c &l5 %r2e3njov a
Neverthel ess, hybrid treatments that com
have been shown to enhance pharmaceuti c

adv armaoeidt e treat ment met hods ar e i ncr eas
3
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approach for eliminating pharmaceutical

Secondary X .
Biological Treatment Clarifier Filtration ' lDisinfectant

Activated sludge I

- Aerated Basins | Advanced
Raw Primary Trickling Filters I Oxidation
Sewage Screens Clarifier Membrane Reactors| 1 Processes

Garden Irrigation

: 1
ol . Possible Return Sludge E Wetlands
Schamber ! Sifwl}d‘:;t?r f“fhﬂﬁgl‘r Discharger into
i anufaci rmb COO0| rlh ?eﬂejﬂiﬂg
i | i medium
b4 | Primary Sludge | Activated Sludge
Grit Removal i & 8 l & Drinking
T Water
Sludge Removal and Treatment
Preliminary Primary Secondary Tertiary and Advanced
Treatment Treatment Treatment Treatment
FigatWastewater treatment plant stages, fror

processes.

For the removal tofealP mAdgi, essda dearmarcmmass a
met hodwhi ch can be i mpl emenedidt h natelpemdlein
ochemical met hods . Trhiecsreo alnged[l 2didrcenantainsa mita
wetl ad8lsmembr ang 2,6fa@&dad pre@mita dvoaxnicdeadt i on pr o
(AOBfF 2,8]l]and hybr[iad9 |JtAm@®atgmd rhtesbe,e nA @QP sc ohmp\wed
alter neaxiisvtei tgo dee hino!|l bgeies broad applica
efficiency 1 n[ldi€gmradcinnd yPdeAéhaesd m tad € andi r
ef f i dimernecayk i nogr gdgooamrd utha mtast er systems by |
reactive oxygen nshydiiensgyy ( ROS#i @ avlzsovr( rhaOlH,
hydrogen el e[c3.0]obuee [tNoHEflhs®ihny 9troeprgt o&s d
radi cal se cneons to xoirdgiani ¢ sel keg[taAN]AOPE], mes tt h
standal one treatments or I n combi nati on
degradati on of vsariino[usa {ipehrea gAn@Rcse mwgiitcha lbi o |

t ment s of fers mul tiple advantages,

—
—
D
QD

challenging to degrade. AOPs can be i mpl
pr oc elshseeys .t yeomaradhliryggid r e mov al09@®fRyhccamci e
increase up to 90% when AOPs are combin
reacti on, udaoaagvulodteitomr,adi ati on, nanofil tr
oxi dpBBPResearch indicates that modern WV
i ncorporating AOPs are-FRingllny pe fofcestsi, v ei.
addresses t he l i mi tations of t he tradi
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. 1.3 Oecacnudr irceingeof micro/nano plastic pol

cC w99 =

(7] =] o x -} - 5

a

e

e remar kable properties of plastics, s

sy moul dcagthaawmed rleomder ed t hese materi e

S5]Commonly wutilised in everyday items,
ality of |l ife and havét hrecwaneadd coul@mernd
2021, wor |l dwi de ©plastic pr odnusct iwint ha
ojections indicating a poteddd] al doubl |
though the economic and dailyprofecbea
d i nadequate management of plastiForwas:t
ampBe mil lofonple@ohtsirc ri vewsr ladaeta cbecdeyaenasr
tentially |l eading to a projected accum

vironmendt3dsfhbey 2025 pan of plastic produ
a single day to over fif t[y8.Mjhe asr ss,i taufatt
gni ficcecoksyssemai gpbamai @r, ibalssttgyreadabl

d can persist fof38écades or even cent |

the classification of prhatsa ik mdme bari e |t

signated as microplastic ehMBsg, rewher ea
nopl asf 8.9ke (NrPsd u al degradation of gros
ysical/ biological/ chemical pMBs easds NP
ve been identified in virtually all wecc
il s, sedi ment s, and[ 404 nMrmeriai apr elsetntclee
vironments such wasstreiswgerelegiseoee ea@s s i aal
cumemt eeche [l4ilt,edrRAptounr eent ering these env
rtricahiabgegssvaediobygani s ms, particularly
ross various trophic |l evels. This inge:
od chain, cul minating i n t[h4e3C]o mpud It li immag

i dence highlights the toxicity of MP s
mul ations have el uci dateed itphiadt nNePnsb rcaanne
Ussitmguctur al alterations, reducing mol e

Il I ul ar[ 4f4durctt h @mmor e, the presence of N
3
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suggests their capdbialiintTyhetr oi indrrlauweenrcsee o fh €
and narmsopl heman heal t h rldomwae vnesr ,| aerxgteel nys iev
has been conducted to evaluate potenti al
heal t h c¢cdmMsbe ddBaimaeas exposure to MPs and NI
assiagnihdaealatnht ri s k. Routes through which
i nclude inhalati on, Il ngestion, dred ngi rae a
drinkingt watedopeh forpd.7 tBhxapansur e t o MP/ NP he
with a range of adverse health outcomes

cytotoxicity, di sturbance in energy and
potential |l inks to[d&emedadeéyer aheveodi s¢
appear s-dteq emed esnitz,e wi th small er particles
oné¢dg.9]

Extensive research has been conducted on
and NPs, particularly within natur al w a
( WWTP[s50] I n natur al waters, pol ypropyl e
polystyrene (PS) arlkb5bhwldomi manmbygt i deadg
pol ymers include polyet hyl(ePnEep btl egraenmp Hdteh a(lF
and PE in the infl ule®Z] g2da eadsfihleuwmdoretioéonfc eW'
nanod ami cropWwsPFB.8l|sihrowwed at WWT P s make s
contributions to the discharge of MPs a
conventi omalicnagp\dtPlse of removing more thai
[ 54]Furt her mor e -8 5a% pafo x¥MPnau @ lgiart5eds e wage s
commonly ebmpd feeyresdil lmiss r et enti on raises su
soi | conft&amji Ghoantsieognuent | vy, the release of

growing attention i,prtohe camudatpommdnical . s
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Industrial Wastewater treatment plant
wastewater

- - 30-60%* m UP to 90% q | Up to 98% removal of
removal RO EWATHM removal [RCLLELATLI: MP from liquid phase

from Fragmentation| o™ | Fragmentation

Mechanical e
liquid
breakdown p::se of MP by :::;: of MP by
of MP biological disinfection

= d process — process  |=P>

ses - .
b =P “

a'e =N NP/MP in

NP formation NP formation NP formation ) final effluent l
i' .; 80% of NP/MP Venee ey
i w - in sludge A K
Domestic ‘ o
Wastwater Sludge treatment -
Ansrobic digestion NP/MP return to water environment
Lime stabilization
Thermal drying
Figa2eccur roefmaene and microplastics i.n wast e
To date, WWTPs have not i mplemented spec
removing plastic pollution from wastewat e
use, Skicmmasg, mesrhe ma@vhalenbiemg, @Gridi ment at

bi oreactadrvafdddd 8&6NMommeoveranfewasgahakher s
endeavtoouraedaevel op treat ment technol ogi es
These ef fporntmdroitluyseed on eval uatwiarsg eMBE er
emphasising their[ 53 mMoRBlahs epeudmnmntrimancteher
demand foef hetwred aatamalnt t echnipdaesg itchgptol ¢ a

wastewater effluent s.

2.1.4 Separation and degradation technol
I n previous research, the initial Sstrate

matriicwess egalr ati on techni quesse.paShatvdegoah e enre

proven effective, such as filtration, si e
[ 58, 59chniqgues such as filtration -and
treatment steps to facilitate the quant.i
met hods, there are relatively imevengt maiee
processes specifically designed for the

Theoagulfaltococnul at i & /Ff)l optractcicosrs (0C€ t he mo

engineered separation techniques-Ifigqui MP

3
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parati omwimewc hamsi €£mficiency primarily d
t ween the fluid 6drjfDesdpashalsi dregar witcll &
boratory scal e; however, -utphester aitsaegae
blished research, possibly ads®ctat adcde
ectrol yjtéel ]| &ddit hieomor e, t he eff d@cstinvoetn e
ar aanst etehde density of MPs may «lod oge save
t heir surcfadclgquaienstivho o htveaarniedfés craclyy oés
IS Hqré6®2ddsns t he <context -bF occchuelnatciadn, c o
agul ants have been extensively researcl
| I Jt6aBBitNeverthel ess, a | imited BeCe&odi o
eci fic spheleynmedresvedHaoped for MP separati
hi eve satiefffaicagfoédyl iree mov al

e removal of MPs from water has been
emdicgaéstion (CD) and [i5dBbghesal pdedemtr
monstrated at t he IlbabedrEarlveitt roinmv oal vina
ntaining elevated electrolyte concentr
ocess t o @ge]gilrhaeed enoMRs commonly reported
erein organic compoundstamege d®@wengOsreda
ndiwiitoonst he ai d off 6@hl mxtdéesengr agesse
ncentration is typicalallykadmmden yadi diad¢ o:

revent the degradation or alteration

> T O o

Uugettr aastsmept in experi ment al studi es
ronment &I5T|os admpdl eerse haadr cehx p k pecd€ DI yo r

mpar abl e meftdrodtsh ee xrpd mocviall yor degr adat.i

ol ogi cal degradati on and advanced oxi d
esently employed for the decompositiol
cilitate the breakdown of the <chemica
|l ecabaent s. These fragments ¢ awa |suuabbsleeq
oducts or potenti abadrnyddd8]ylr hrai rcd realviage
l ymer chains occurs randomly and may t

ti matgeltyo ltemalicnmonvaeacse vnigmlhe MPer i nhor ga
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Researchers have discovered that whil e MF
specific microor gaegrsandiena9% Owapagblteo dafhe
adaptability, these microorganisms can t |
capability to break dowr| W@$iIMdyReoeghanbt
have explored the apploideatoiddm@ni afo[loFd ¢atdetaiice
primary emphasis of wuBkofs paecéearnsitdoa mesdihde
the microbial degr adaltabmarsasttarMRgsundbese
predominantly isolated from sources suc
addition to bacteria, funlynedalkhatd wumedoanlsd Ir
MPf 7.Dper the pasovélewlf degalddespeci es with
abilities hawhibeenhhedenmi tredrgani sms e
decompositioma eif hi eniuenn \etry midc aolfl y2 1r edgawisr

sati sfacthirydeesmpd si tiinon

Recently, AOPs, as highly efficient chem
remar kabl e efficacy i n degrading variou
gener artd aomtaidfecal s. Thask prhaachigl@Id&E 3he V v
NHE) utsul pheatt-bteraked A-A@APPs) SBRnd t he lKhH,dr ox
E°= 2.7 V vs. NHE) empl-loiykea ri[@a3Ats8inhoundsh e a n t
shown that the Fenton process c¢aml afafbd et
i nter medi aAtCePss, aaned cORMsi dered a compr ehel
broad maemgeswmgfami ¢c pol |l ut aeabhsgi i onhdempsie x
has been repOPs edxhhihlaitt S®Rxcepti onal cat a
particularly for decomposing cosmetic mic
[76] The oxidation pirecésgeloy emlcaopédsbly
potential s, ddeeompps o erafghiinsg rtehseul t s i n
of pol ymer chainsgal uabjplrepd wddus t @ wean otf he
mi neralisation of mi cropl astics. However
mi croplastic (MP) redegraadi nheMRser epr &©

new advan7c8elme nt
2. 12ntroducti-Bantonepeotesses

2. Dvkerview of advanced oxidation process
AOPs iwrirteinaglrlobduced for treat] W8] ophoaraadteer
4
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by t he pr ddH c triaam c alfs i n guantities S U
decont anihrEaH iroaadi cal s are strongly oxi di
degrading micsepetcdtutalby s oo®idtvals'{ 8,0F 1
ultimately resultipngH nanthevariodusti nar @
degradati on product s. Subsequentl vy, t he
oxi damteicthmni s mss uilnpvhaldvellS&y s Unl i ke traditi
such as chlorine and ozone, whichneadds es:
AOPs ar espedilfiicealtlayr get i ng and el i mi nat
pol |l utant s warsotnme swsatt¢adndsja n d

As shown3d i fRirgnt2typesi soigamh@P DHoOp ®d h et
through diverse mechani sms, i ncluding ¢
el ectrochemiBddThimetdhiodsr sity enabl es t he
basetthenspeci fic characteristics of the
reqguirements of t he tthree aetamrelnite spgr wécnedsis me d
chemi cal AOPs is the Fa&ndombime®tihioalgl loegh il t

Fell) salts, commonly r e f edrerceodmptowsbebas n F
mi cropal IThteamtrsacti cality and efficiency
by integrating the Fenton techniqgue wit

devel opment of el ectrochemical | &a]lvEeACPesd
represent emerging and envi uosaneadctad dbrys f.
clean  ,rdadgeartby mini mising or significant
Comp arbeitder a diFteind manl tpheebe-€EsrtMenlavadi ds t he s
and ahbsofféldO, by pr o#xXdco msgi t e t he el ectroch
Furt he©Orkoraedi ctals are gwinmat a@tredxeidtahemnond
wi t h a 2bvoghutd on [o8y2€rorol i agérectlwi ain

el ectrochemical@ yr egaegneenrta tferdo nif e@Btjeocnt r ode r
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v Efficient mineralization of emerging
contaminants to ~100%.
¥ Pilot scale and large scale
implementation needed /—\ L
~
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Fi g@3.Mi nesaaliion of emerging contaminaegs.s by

2. Pr2ancigpkeebBemtfomre §d €EFi) on

ER echniodmegyof t he mosftr ieemecelbjparstet éaabdimeencto
wastewater cont amadtntadDed ewioiptelb pdaghinit aadd
research groups such ag 8t3h BHddhilsed elxyh nB1rl iol
through a 6Er g[e®R]pih)essitddursgener at:0obhr ot g H
t htewel ectron oxygen redwhticdhnimcseaantfilarnC:E
current intensity and tRa)IBEyJehprofdudit $ ®
of L OH trhardoiudgahindt i r eacti on, F&ihoch aodred uglse
gener Hi(eEdg2H ; t heenihlancement of phfyeri mamiberd
the elect,padd i sultbhatygy when usingdapgpednc
di amond (BDD) as the&3annod4E8qg7al$ Wweeegtean el readt ii
of SFEe# edoxt kyoclgh direct r edabc[t8i.80n at t he

O,+ H'+ 2Y H,0, (21)
Fe %#H,0,+H'Y Fe* +'0/+ AOH (22)
BDDH,OYBD B H+H" +e (23)
6 OQOH+/ OCAT EA Ad 1 OF BIODEBE AOA Qa)
Fe®*+eY Fe&? + (25)
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CO,+H,0
+Inactinic Salts

Fi gad4Mechamnddsagr ahmetoEFoprocess.

However, the above reactions predominant
necessitate an 3Jamtdi mahle poH ‘esfe sacreombrfcc Fes u b

need to Weparearoplietdgditnont he geéeaeirmé®donl atog
To dat e, EAOPs have been mainly explored
toward pi-dodl eori mplré&ebirteidlt hadgnh|l i ght ed t he
bet wexmer i ment al -wesd&m@pIcihc aatnido nrse aihsi cafl t, e |
environmental, and economic chall enges.

sever al stratle&9]ce nfhoadnicfiincga ttihoensdesi gn of
reactor s; devel oping advanced el ectrode:

mpr anaismrsg t ransfer eff; cdesicyniwng hmor ¢ hef

optimising operational parameters such as
pHt emperaantdureat al yst dosagemodeegtdad ephadctc
pol | lmemaxi our

To address the limitations associated wi

s hownheetheartogahadfyfsdars superi or perfor mance
contasmiocoampared to ddentré¢ Hpywvolgenhenonoageneou
systems on specedswat @i nmmobi bdi catalysts,
HxXOot o0 gener-lhidoenduir 8.@beslesegparoe eessfsf ecti ve ac
or even al kaline edndicthieadn sk,OHwhrearde csad rsf a
t hient erbaecttwes@a ndlur f ace i1 ron (&€86c i essi g(nliFea (c
contributing to the 9ddhger alledd @& sprg eoof & Epeor Isl U

4
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addi tional advant ages, such as poeemti &li
el i minphe need for effmuesemi mhdet rgeelnies aattii
hydroxide sludge and the comphndat lmeres at &

easier to handle, can be efficiently rec:
[FA $H,0,+H*'YITFA WD)+ AOH (26)

The described reaction mechanisms unders
botthel ectrochemical rpdodiOCemdossubsreygem:!
activagamelk @Hoe r adi cal s i n -lhhenteomggdmreddass
Traditionall yhavep drea®teeca o ®tdd If gposheessséto we v e r
recent research indicat esentbheadtdietdeirt acar |
mat rexleiseimar kathdpgeryd p €rotri ebso t chx ytgheen 2reeduct i
heerogeneous Fenton reactdoabBncsiuggesai al
directrandgenakvationAddiom ®©nal l vy, emer gi n
efficacyrefe mat domdrl ssnsi t-atooomsc¢ atgdlegs €& s,

al so dedsoingsntipfaiocemsestebi f unctf @4l catal ysts

2.3Rol e gystEMMS crocontdagu adati on

There I segeawichgo vitHee telsd d s eanihmengg athe r em
of p erlsao-egotnecnetnt r ati on, and chall enging c
phar maceutical s-sbet ahrdnafkl asmntait oarsy adordu g s
antibiotd.ccumnsdahblseveral st udiEdsy sotne mse t fec
phar maceutidadr admpifecrmbel B¢ udisescat al ysts
as pyrite, chaHegosavp ¥ thi tde f f&ménhamobord@®rs an
do p edd a mi&crad -b e (BtDD/)CGFn d Pt shee@GBHgr ©@pekeraei d
conditionmscltwdda cal $ypporting electrolyte

from 3 to 7, and varying current intensit
these pharmaceuticals are high, often re
decay I sat deiag significant, indi cating s
For I ntshaenn d ebtfi eottriaccycl i ne and sul famet ha?z
removal in relatively short ti mes under

undertsiteoreef f ecti ¥enéos pfFfoekssesoin remov
watlirghl itghlotsiengosmdht asnpgH, catalyst type

pl ay cruci al roles i n determining effici

4
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The misanteiroaniuin ¢ s thelset anees nfl uenced by
configuration of the target cont asnimialnar
oxidation steps are ans eesytaiion egraded ik gt
by &ird-l ERet hods. Specifically, hydroxyl a
i nitiated by LOH radical attack, l eadir
hydrocarbons through t he €SI, eNdNv aCg=eC,eGN =vNg, r i
CN, aNd BSoreexXa@m@bond in the (&1 ga®)Rebi ne
particularly susceptibleelpiinhgladtye Kk ynk dir at
Subsequent (nebhaotdiogs hydroxyl ati on, de:
decarboxyl at i,ande mdetshiy If atniad g-@ me bphrnogcsensgs e
resutlite ipnr o dhaextrhntacianr bdxyl i ¢ acids, which
compl et satmi m@Q@jHEXioand i negOHanic i ons
Tabd2eSt udi es oaof remmmah phar mac e unhteitcearlo gpernoedouuc
el edtema on .syst ems
(TOC: total organtdopecar dammoBRD: ChFar cmr b«
felt, MSWCNTs: magnetic single walled ceza
graphene oxide, PTFE: polytetraf]l

Phar mac Cataly Anod Operat Removal Ref

(Concen (Concen [/ Catl Condi't TOC Decenc

0. 05
Sul f ame Pyrit N aS @, pt 100% r e
BDD/ C [ 97
(0.2 m (2 gl AFR: 1 (40 mi
I = 30
0.05 100% r e
Tetracy Pyrit N aS @, pt (20 mi
BDD/ C [ 87
(0.2 m (2 gl AFR: 1 96% TOC
I = 30 (480 m
0. 05
100% r e
NaS Q@ _
Tetracy Chal corg (7 mir
BDD/ C pH: 5. ¢ [ 98
(0.2 m (1 g/l 85% TOC
AFR:
_ (120 m
L/ mi n,
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mA
0.05
94% ren
| r/Oai NaS@ pt _
Cephal« Chal cog (15 mi
di ffv. AFR: C [ 9¢
(50 mg (1 g/l _ 44 %0OC di
cath«L/ min,
(300 m
mA
0.01
Amoxi ci NaiiFog, Pt N aS Q ptF 98. 2% r (10
(20 mg (1 g/ lsheet AFR: 1 (60 mi
I = 30
_ 0.01 95% ren
FeOsimodi f
Dicl of NaS@ ©pt (120 m
chitos BDD/ C _ 10
(140 mi AFRL/ i 74. 4% 7
(20 g/
I = 30 decay
_ 0.01 100% r e
Fe@&modi f .
Sul f ame NaSQ ©pt (15 mi
perl it BDD/ C 10
(25 mg ( AFR: 1 65% TOC
n. a.
I = 30 (120 m
0.05 100% r e
FegOsmodi f
Enoxac . NaSQ@ pt (15 mi
kaol i BDD/ C 10
(0. 25 AFR: 1 98% TOC
(1.7 g
I = 30 (420 m
0.05
97.1B8émo:
MS WC NiT s NaS@ pt
Dicl of Ti (120 m
Fecfl AFR: 10
(10 mg RufGF 71% TOC
(80 mg mL/ mi n
(120 m
20 mA/
0.05
Pt
Gent ami CiFeNLDH NaS@ pFk91.3% r
sheet [ 10
(20 mg (1.25 _ AFR: 10 (100 m
hite
= 400
Fe/ Cu biBDD/ c 0. 05
Nafci l 100% r e
nanopar onPTF NaSQ@ pt [ 10
(36 mg (7 mir
(1 g/l air d = 572r

4
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di ff
0.05 100% r e
Chl or amj
I FeiGO Pt NaS@ pt (45 mi[10
(0.5 ggauzeAFR: 1086% TOC
(80 mg
= 300 (300 m
0.05 100% r e
Metroni FeoiiGO Pt NaSQ ©pt (15 mi 10
(80 mg (0.5 ggauzeAFR: 1073% TOC
= 300 (300 m
Propran 0. 05
BDD/ ¢
but ol ¢ F eC _ NaSQpH: 100% r e
di ffu 10
(200 n¢ (119 m d = 7 (15 mi
cat hi
each) mA/ € m
0.05
Pt 97.8% r
Nas@ pt
Dicl of Pyrit mesh/ (8 mir
_ AFR: C 10
(50 mg (8 g/ L diffu _ 85% TOC
L/ mi n,
cat hi (180 m
31.84 ?n
Ti 0.05
namwo/ |l @C
Gemfi br N | r/®i 1 NaS @ ptr 95% rerr[l:L
(10 mg di ffLAFR: 1 (60 mi
(0.2 g
cat ho | = 30
HsC_ _CHs
HO, CHy N7
3 . _OH
NH,
OH
OH O OH O 0
Figas®tructure of tetracycline mol e
The applelceacttiroonc hoefmi c al metdh b 1 fwarn ede c@am
i's still, iwiihsaistamasy dofidnk eTwadil es t2r 0 0 x
(EO) method represents a promising appro

MPY NsPResed&dmsh demonstrated

4
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monodi sper sed [ MR 13$Twths pse npsrioocness sd,0 petdi Idii sainrog
(BDD) anode, has proven to be a viable t
MPs . Empl oyi ngs ull.pgh3athe soa@pipomti ng el ectro
current of-h®urA elveat rao |6y ssiusb sppédfhitddad aalnei
efficienklyt odugm%.he EO approach ofrfeearls p
wast ewat er ,fewnrvti rewensnteingast i on i s reqanged t
such as anode foulingoandmAmatweharcteloeanst nwc
oxi daetit tdfeedat ur ioimp da f Ceath oRIE@P(b@kr Owas devel
for depgalaydvi nyl chl ¢gPM@AR)Y il @ T d P #£&@t0i ocdse

demonstrated enhanced el ectrocat aanyotdiec, p
achieving ¥MPhwghght PVGss r at e torfe a3t8mieon7t%
const rao 22.11% obsezamed ewi tDhu rti (nBgi g,uhid2Opl oG
radiaddlaxck and -dhairmpaf tREC|l otnguct ure. The
undergo additi onaa€=0X iadbadtbi®onrd somwhd ll ®@avwdd e
removed from the pol ytnefracainld tiatts nigntterem
mol ecul ar structure. Despite the i mprove
t hRRVGIP degr aduesiimogn trhiisse lmaettihvoedl y s | d w. Th
furthesrehegtdalnecmeot manmiriovder f o rFHuarnicbee B, a

el ect r old®: sdyasttieom hianst ribpelerc e d for MP, and
empl oying a BDD -famlotd ef &@aih&lfdhi csasbédowmp not

reactive oxygenlLOGMmadS®s,ati ntcheawudBD®d anod
produOEBrougéddwWOcti on at thiSQEatr made onal &

direct or i ndiirnecg e treecraabteiddmie s @i tsipeci es
enhance the eff ecwtNPkF eCameparaedda ttim nt roddiMPi o
processes, t hiOapprcoaobxdemtbobdr ampsowaem

t hdeegr adadpolnystayreene (PS) NPs.
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H C

c—cC

|
|
Pathl/ H H

Cl
Cl

cl Cl
cl +
C
B m/z=141

Cl
A m/z=325 =

¢/ G ¢/ cl
Cl
=~ = _\_/
D m/z=218 B e @ (\W\)\
Cl Cl Cl
/ M m/z=340
cl L m/z=78
OH OH

Cl
= =

OH OH OH N m/z=248

|
cl

" w i
cl

OH OH

P m/z=262

OH
G m/z=130 H m/z=86 1 m/z=90
OH OH

o

@ Q m/z=244
O ¢
J m/z=78
@
(o]

R m/z=100

Figd6Rossi ble degradat-MPa patédwagstr o atPa/ICyt
witBe@Pb&node
I n addti HBBOo metodn@dudy expl ored the decompo
an elFeandrdte pr ocess elqguriapppheid] éavl & dhth has dTe YOS
demonstrated considerabl e ef f iLdOddcxyi dian i de
and cat hoddicc hrleodruidMiaittéhmorara r@ acdi ohl @reirn at
efficiency reached 75%, and the weight
dichl oof nBYComr edo mivindainrtd cyt orcecduwrcrteidon dr i
cat hdckemtpoal , wWhOHaedigceanlesr alteedd t o t he oxi de
the PVC backborensai Howh e éthheirsi tmet hod i s a
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ot h
stu
sod

adyv

er classes of MPs, and the reaction e
dy investigated a remediatiiomc arpparoatc
i um dwldEtRRE) t o i mprove reaction effi

anced oxidation p[rlolce[ElBi s sEAQP aa B@rDo a

in removing over 40% of MPs waitt hai rc uar rheingth
of 2 g/L, demonstrating significant effi
el ectrolysis alone. The addition of SDS
MPs in 72 hours of HEAQ@B2®pie¢maneasosne raelhd teiy
el ectalodrydhendhahced EAOP al so resulted i
particle size, mor phol ogy, a nrde a cutnica n oanme
revealed the for-ama¢avagefavaroxiudgatil aylpr
potewmitdati ve attack by onx Méha&nt s, such as

Tabd23s Summary of some relevant studies on e

decomposition.

Functi CriticPerfor Ref
Pl ast Techn ) Ye a
mat eri par ame’ e enc
El ect _
100 mg _ 0.03 9 Weight
emi c BDD as 202 11
MP s _ Current 89 %
oxi da
Wei ght
El ect N aS @

56 %:;

100 m( Fent TiJOgrarelectfo

dichl (20211

PvVvC Ml |l i ke as cat V vs. A
on r ¢
syst 6 h; 10
75 %
El ect 40 mA/ ¢ _
100 mi _ CefPbfas Wei ght
emi c 0. 05 .9 202 11
PVvVC Ml anode 38. 7¢
oxi da 6 h; 10
2 gl/L
MPs + EIl ect 30 mA/ c0
BDEanod Wei ght
mg/ L s emicsze M NG 7 202 11
Picat ho 40%
dodec sur f a 25
sul fat
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[ O] =
Photo mol / LS @ |
tro MOFer. = 0.05
25 mg- .
Fent porbus pH = 2, Over 202 11
NPs
mi cr o Fegsfil bias ar
tor mw/ é&sno |
irradi
1g/L _ :

Ti taniu
Pol yet _

coawietdh
(15mM) ¢ EIl ect 10 mA/ cAbout

_ (catho _ 202([ 11

pol yet i s _ 750h wei ght

mi xed T
tereph .

oxi des

( 25m)

2.4Advant agheasl laenndg e s
Compared to traditional -Feattem tpreatemerets |

di stinct|[ 18 FHheasageprocesses eliminate <co
application of el e, cotriitahieets i gpeont eernatiiadn oaf c
reageastasspprbmcmhmaysomet hoef fi nanci al bur den:c
environment al i mpact s associated with t
chemreabgent sslaurdgweastEee treat ments provide
can address a wide range of pechucragdamindi
contaminants bpahdO.HaAddietsisonCad | vy, the ra
reactions enable the usegpile®Opeaat | omsd
extensively automated, all owing precise
l evel s. Mor eover, el ectrode material s c
contami hamhisamegf f i ci einregn,errgegd wcoo n s u mpitnigo n,
the recovery of resources.

Current research efforts npawasti awgtery f o
me t htoallsi mphat maceuti cal s f riobmatsohst, leavsitd
| i memeptarissyfs 6 e mlgeprr acdli eatl r oacphpelmi cCdateir o n s

i's a necessity tdhadedelEdp pohatte na@arse duU sow
5
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to faciwartlad ewateerl t rSuwmhk snteafrift agatla Ihalsi lbieteyn.
creating i nn-bwaaneadtveo isafl 5 ado tseracoant & | yHsotwse v e r
furtheri sr erseeguialsesde s pet faer mamd egcad n dpittoi on s
ensgrestaebility while preserving their <c

and gener ate [r9¢ha Etciome® mir adievallssati ons ar e

adoption of EF technology, as challenge
degradation rates, reactor scalability i:¢
operating cosntgs riesetalmich a@amemrmagi Future in

engineering arsatiter hofi craed a otpdri mdesi gns,

t aement ef[flex]Adedinteisenal leyf,f eexplver isng adc @
uts hg affordable reagents and el ectrode
utsati on of hydroxyd ngadil aalge, pawodumt hbmi
| ower oper atitboalhaexpegsedashe feasibility

wastewater treat ment .

To Summartye r mis of t he deNsRump ongi teloenct o fo C
technol ogi es, the currently reported ele
with other technol ogi es p f lo6rp asguerfif lait 30 asnu cs

enhance degradation efficiency. Some sys
such as highdaempevatreht’ debdBbitalresent ai l
costs and energy consumpti on. Further mor

ra&cti osfl 1t5 ,lMellius there is a need to fur
Additionally, the univerwatl ifawrttehfe rt hien es
i ncladsegsing the effectiveness of the r
and ssifzeMP/ NP c olmatsd rhiyn a ntt tse degradati on
envirahme mpeqtr asdfat eomedi ates should be |

safety of treated water.
2.3 Sekggenveeductheneregeneounsi BF

The design ofsisathodecmbat éoralkt he practic
in the treatment of micropol |l ut amthsa nicn nw:
i si HO:production requires the devel opment
super tedrecttwoon oxygen "ORKRRayat apoenrt firaer ancat ni coen.

process overcomes the | imitations of tr
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of fsite tpraomdugamtwatsit maOagd defal Hcat hode ma
al so exhibit highiaatiaV giOitan aafthiadhictey t fher
efficiency of reactive oxygen species. Ac
structural properties, such as high stabi
area, and adapt abfidliftiy dtuanrge nmedndtesp poHa t ah g e

2. Mekthani sms of ORR

Hydrogen p@r oixs$ dee¢ tvgenrissaatdl Haerscioean dl y r eag
various remediation appl i-kenttiooms( EHQn sy sht
i's gemetahaet esdel ecti ve oxygen reduction r ea
two distinct pa&tit eway®n (f(iedutheonwpat hway
react i dn29REG) , and -dlieqgt rtchre rfeoduwucti on pa
competing R&aAakQ) .ocndmrdecs.pendit hgn e qataitv @ n s
ORR through varying pathways and pH cond]
reprddgreatesr si ble hyd2dgen el ectrode

I n lacomdi ti ons (pH < 7):

O+ H'+ 2YH,0,, E>=0. 70 V vs. RHE 27)

O+ H'+ €YH,0,E°=1. 23 V vs. RHE (28)

I n basic conditions (7 < pH < 11.7):
0,+H,0+ @Y H,0,+ 28, E%=0. 70 V vs. RHE29)

0,+H,0+dY4 ®,E°-1.23 V vs. RHE (210)

At pH > 11.7

0,+H,0+ @Y HO+ 2B, E°=0. 76 V vs. RHE(@11)

The -edlwoct ron -MRRodwet iHON occurs in two s
protounpled electron transf'd@mtaendnetdhatfeormn
catal yktmict sawinegecaheOadsorbs onto the act
it interacts) waintdh uan dperrogtooens r(eHse¢ t i g t man
of thd nHEO med®larepf(Egents the active si-t
| n stuhbes eqtueep,t geneombedabBOo@ddii,compakt Hng
t wol ectron pat hya(yEZLBY .y iSe IOR& gnlele hae i s m
on H®® the intertneedi aadlee-eptrowdeurcanngeduct i
facilitates the 20awhgdtee ds ugpemersasti inagsO f aufr t Hi

5
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Further, the -@Qlkawvddg\rireo Bp -raoddmiOCe d el ectr o
gener@H ean@, H esulting in the d&xHheomti be
cat &l yasctt i ve1l4[)u2exs] ( Eq.

O,+H'+ “+eY H @ (21 2)
H@@ +H +eY "+H,0, (21 3)
H,O0+ "+ *HeY "OH H,0 (21 4)

2.3.2 Casaddbhedien EF pr®egeesnseersa tfioorn H

One primary apgpheapbrtor epheleway itheORR
devel opmadyi faysitinhgo d e , mats e rdieadosn s t7f 424 dT hiirs |
focus not onl y Daioldiutcati esn efufti cailesnot cH n
current efficiency and energy coha&ORMmRpti o
Sshould exhibit excellent electrical cond
Cartharsed electrocatal ysts have gaithedr gt
exceptionalnesatbhalbee et properties, ¢ dnlt2r39l | &
The electrocatalytic performance of thes

surface chemical characteristics and str.

» ' ‘
[ S
Heterogeneous Cathode
Catalyst 1
. 2¢ Oxygen
Sur ace ¢ reduction
catalytic ¢ reaction
mechanism i

Figareat hode and het er otghber &€ @ u ® g € a eFacungtscens e £ o
system.

The most commohbhédyediseat taddsonare commerc
suclctaavon faltboCHENMIt vabned act if v rAeCd )c ar
CNTs have gained ®R®&®atbheattueetciedpnf efadra 2 s

5
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cluding a | argemeechiace ahdr @dlmgmibealat tad|
perior electrical conductivity. Additi c
eal caedi dhintgag ahioc [plo2l4ljJuR ainst swi dely rec

the most efficient materials for addr
s stabl e physicochenifealt]ib2Zenpe@est ea | 1t 0 n
noporous <carbon materiabur fexde bat sa,suj
pacity, panfiocamBihleet r ans & r2nia tpiloann aorf SAtCrF
g8®dsel ectrode, driven by itdilmrtgeedr csuur
cilitatingOgnenmer|[atliféojci ent H

e |l imited catalytic effioeeaesgppbyesaghb
gh potenti al during Ohe wORBRhprcomes ® mt &
oductiohl2?7 Jldhaeti sggnycdyp &€r t i es of car bon me
tributed to the el%sdptonpugatéd elribti kads
ectron delocalisatiop 1®&ilfl micro mtgehtaeiarto iagt rgpan
ch as oxygen (0O),sudigtByao,g eonr ) fNi) uw ¢ thiromne th@ H

bon framewor ks alters t he | ocal el ec

-

nctional groups. These changes enhance
d promot eOpsred deudctliavdda dHl i t | @eali Igyn,e dwdalelt e
ping can i mprove structural par ameters

rface area, therctebgwcatfeolratainocge tolfe t he ¢

S]JFor exampl e,-c drtea ir mil reg rodf w posxty igeeariafl ¢ @ tr

nitrogenncrad@zsEesger ati oar boMhenanotubes

eatment with concentrat@dnonrensedasidn
om 609% 12090 0s% r ong | i near relationship
nt ent and both the 2@oteineirtayt i @amd JSélee o
cated near oxygenCOOhHcea@AdnE&eér grodest sii
tive sites facilitating the ORR proces:
addi tion t o heteroatom doping, many
ectrocatalysts with enhant@RR atchriovugly
corporation of transition metals. - Mate
om catalyssgl pSAdT®G , mantedlal oxi des. Compe

ese t r a bsaisteido nmameetra lal s of ferf f ebcetnievfda ¢
5
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environment al compatibility, and abundan
transietiabis can optimise adsorbate bindin
sel ecti Oppryodfudcrt 3@JFor e x aneptl pdl3sBjanrt rhaess i s ¢
Fedd gr aphen@® PaniditRe c aryb oinn ccoantpanl oydstd®sh @

parti ¢hear mboon mat r i x .edThhaaOsdr gersaupleesroasdhtorwa t
superiopecdbodadlmagnicéehe ORR, characterised b
more positive onset potential FedPd i nema
shewreat er s eledcetgiewnietrgaftiOf ntShaat olne cat al y s

burgeoning area in the field of <catalysi
the atomiet &BXp.l o®ietl eElt rochemi cal-N-pr odu
C materials (M = Cu, Mn , NN-C d-at, alaynsdt sC o

exceptDpmalduldti vity. The binding eNGrgy
was found to be near the peak avbutavadvioé c

el ectron ORR pathway.
2 .BAi funcd eocfamtcan hddiessi IOH gener ati ol

Despite adyv asnct&mpeadotdsu citn oonn t hrough EF and
chall enges remain to be addressed, such
catalysts and the requirementr &duaxityvwge ndi
t 0 0rand the other fdmnkti ecrmit ad yGisn taoo Fleyodiryoe;
radical s. Recent effort$uhaveohatumateon.
both el ecdaxyagdm® mc € #pann dt oF etht o n sctart aafl e/gsii ess.
designifrugncd ualnal cd texlt y dphedw ctad.cam do fi t
subsequent act [OHa triaodnn ctddu ggte) n emeatt ael compo

wi t hout ¢ arfbroene; c(a2r)b omme tcaat al yst s; (3) met
2. Meld al composite catalysts without carb
There are Iriempiottdhde nHtabdiiesati on of met al c

carbon to catalyse tH@W ymtime snies adnd oaptoi
the generati on 0acnadn atcaki ev apgli asmmeodotHhen dn
met al active sites. Adjusting the proport
catalytic behavieuf aBeBxpprl oirnesdt aanrcieme tRad slsi ¢
compositi sndlfloyr nuwNaSmi ©WEO1. 2) dash banrc te fofne
catalyst. Transiti on »3e thaa v es ud epnino ndsetsr, a tseud

5
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2e€0RR. The partial repl alawane nd mplf o YCeod wti @ h
ORR efficiency. I nterestingly, the study
essentialngb®OH ppeduei, a'sionbe aktOatwda e @ d
generate LOH.

2. 4. 2fMetakcarbonous catalysts

Whil e heterogeneous catalysts with trappe
i on |l oss and enhance stability compared
me tfarlee car bonaceous catalysts for ddfeter ¢
met al ion | eaching wunder acidic conditi @
cr eat i nbga sceadr;b omeet aclat al ysts for such appl
shown t hmdasedrrmatheri als | i ke carpbnt bl aatk
cat atlhyesegener at i o H04 md pako@iiscet] cla8MsHofwe v er
their pmgeartfadriyrharmdd en not-c arst ggiomidn a sc antea lay s
the activity of carbon catalysts, extens

anidnvesttihgeatrisragc ha pis8mg

Qi et [dI3ynt hesi sdeodpi mygy gcear bon nanotubes

tempermdtuwéde@m @00 AC fomnadnetihloiusrngphehe
degr adatneeounpHakt ondhei pneodu@wasosnf obndéd t o i
linearly with?3dChbébopdspowhibdbe ephespl degr
a positive correl aCEFOngwbtupst md nidneptowl ¢ &
Simil ardppetpogomphene has been employed
heterogeneouds®oEHK tti eeceH ryo IcidBgay .geedds Ba cattioumss i
br eakiOt hen@, i whr ead celBe ctiB @&sBiCl®. d.o,cat e
at edgesr agidocendwfee atct i vea dssiotrepst iOponr oadhudc tH o r

I n gener al ,hasveevfewenelind ftaa tiomppaecrtf arbrea tead o y
based mnmadStdeljrailadar g sur f acesnaorreea sppraocvei dfeor ac
sist(e2h) gh el ectri cal de dredwedtfiiwiitey ciya(aBif)l ietle
incorporating heteroatoms | i ke B, N, and
i nf |l dieantceel yti c activity. However, the sp
configurations re#dmelgopecomptorcabé@stgil alt f ect

and mass transfeet [ B &ielmonnssttarnactee,d Itghlaets inma s
5
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the retermttG,on mpiH@asiedfggct i vity by prevent.i

water.

2.4.3 Metal/ carbon composite catalysts
I n metal -s2appeprtredctatal yst s, many actiwv
react ansosr 0H ke h®t erogeneous EF processes
catalytic performance. Re c earntto ma ccvad rad e/rsd rs
met al nanoparticles are dispéerasveedheidntto
mar kedly enhanced 18 8I{Falry tiincettefrdcBedn|it eSrganyg t e
Fe at odmesf-@mti ccrheepdhene demoeatss raanced t hat t h
predominant | y ailNc lsdTthessks iantt epryar & &li omin@b el ev e ¢
coordinatioenlsamaoaedi ¢ dret IsyeO-genieviaty ohomlr
removal of organic contaminants, even un
Thpossi bl e mechani s(@AProermocvhd lo rvaiBi@hh etah do oRle
i 81 | ustFr @8[eld3.9 ]n

= Powersupply * =

Figa8®chemaltliwcst rat HEOtipuwfducti on and CAP re
atomically eiGs preaertsheodd else/uMides al kal i ne

Copper has been r€cegnicaedl| gst ai Keynditomo o
systems. The rwati0i(elh 100MEsRweasti gowi fi cant |
than t3@teoM I1ROPNddi t Poerdubkyjwa@moroe Ceuf fi ci

compared to theto%2Badud otno ftrhoem IFoewer st an
the?lCic oufEl ¢ Q. 1MédMécou(El ¢ QL Y1 Mnder neu

5
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PH condi?tmeywsi stCug0g]?’[ Cwmi{iHc h -tadd edvsc LCtual y
demonstrate superior pH st dKi [IRacyenandr ecs
hi ghlight eddaphead -naptgprmong eerd eCop pfeun c(t Cw/nhé
bifunctional catOCapgryesduyc tHangleanmedy ali o tom KB i m
[ B4 By optimising pyrolysis temperatur e,
and pyrrolic délearntremt te rabtshfeeaa dasnodr pjtm porno
thereby bCoset ecgi H ty. The compobet eerst
di spersion of Cu adthievec@msiathepser amd icomda
summary, the combinedopddectarimdn dehedcdi
significant| YR hachepme/dimgec 2er ent d%ensit )

Catalysts incorporatvagwgwenoer sBhanéeesmes
Co, Cu, L a, Ni |, Mo , and Mn, have shown
functi onall 9.4 altheel yistsor por ati on of-meatlalloy
composittheemr bohnomatri x is a widely empl oy
research demonstrated that | oading Ce an
absor ptidtohnr oaufghOt he pgpr ewsheincche f84f@ietnaed att @ d |
Addiotnal I vy, the presence of Fe(l 1)/ Fe(l 1l
i nterfacial el ectr @i ytnrt dhresfi esr Jaddlo cascttii vep t

Simil arelty [ dIdsiyent hesi sed oxi dised cagbon
perovskite doped with £OupsynWhhesei sCue fdfoipc ine

felt, It signi f OcHa nptrlioyd uicntcroenas efdniosv e rnmeplrio
to the redox paCusl LbHbCu()ICo( whi)xhaedhan
Further more, t he 1 ntsnadcucctaiserd ofxyGeni ma

promoted the adsorption of O Opa@ibles Tard
i nteraction betweenaloxog gfeanc ivlaictaantce e st raen d1
Ot o priOdua@aereacti ve oxygen spedipeas pfaare dd
an el eont aFde@iamgd Mn oxi des coat evthhmiht &r bho
compooentdi bk pH oducti on, whil e the met a
responslObll egeme[r@4t i ©he addi ti on of Mn s
F& P& egeneration by transferring electrol

An innovative method for fabricat tbrag ebdi me
5
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| ayered double hydroxides (LDHs) ont o c a
characterised by a | ayered configuration
hydroxyli ngraonupect ahedThaels e a rsrtarnugcet nuer nets of
di stribution of me t af[l 9.4s]iGtaemd Yy HPs u c@ad ad fyu li
synt hesi sed CoFe LDHs on carbon felt. I n
Fél ¢4 ons | eached from the catalyst, cont
Atewmtral pH, the catalysmadempasefaogmadcex
seven reaction eyadlagpy eteldrssieggh sur f ace

I n summary, bi metallicomprodi tta i mat all lyisd
monometallic Fe/ car bon catal ysts by en
mechani sms: (1) other met abOxtsp epriedu c(@2n
redox couples formed by additional met al
Fenton meacntd@dni sm¢$ r oducing metals | i ke Cu
aid in redugtiondgii@ardnsTchrebecdbo exi st ence of two
species can effectivel yuar egnueltaatles ,t hteh ea e

bi functional <catalytic pied ifaoartmavnact®. ofnoro fe |

2.5 The pot eantbimearlo goetd tsehladeys c

2. Prbpeand esyotahrebsnsogel s

Since the early 1990s, carbon aerogel s (
applications in arep#8g4 gashsasrwageMarmd sat
redud8foncatal ysts anfdlfrcavnaldytaidd s pighpeo it

exceptional performance can be attributec
good el ectrical conductivity, |l ow densi
resistance, and customisableisedf doe alkdsrt
and catalysis, CAs have more recently bect

Fenton [8Bactions

CAs are commonly synthesisedelsiapprwathe!
precur sor s -fldrkmea | ndeel hayndied e Mg |, d ephhyedneo + ( PF) ,
formal dehyde (RF), and polymers [sdRcddFias |
29provides an overview of the @QA&IsYrmotrmadii

6
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ageing/ sol vent exchangeyp dDwriinngg talmed ocealr
crosslinking or polymerisation occur s, r
critical step in aerogel production is dr
or structur al col | aiprsege . t efchten itghureeser ypsreigmac:
ambient pressure drying, and supercritic:
effective, it oftenelf@aes dir ¢ i sntgr wceothadri atla n
acetone can be usedtaorolegheéwwataeapry arceemd ivr
i n the carbon structure ,bewmhiedéshefi niktag el
t he. gehe final step, carbonisation, invol
at mosphere at t emper attourz2s0@ran3gitng X omo
processoxegma@amMebydrogen gr oupsenrliecahve dn gn eat

[ BB

Step 1: Sol-gel process Step 2: Aging
‘Reactants Solvents Colloidal © More perfect i
: Colloidal 3-dimensional grid . ‘continuous network
N \particle/ n J7 = :
Catalyst : ' Time'
s ovo" A Time A, % : :
: °o°o°o° °°< LiqUid — ": o %o :
(a) Sol (b) Gel
Dispersion of Continuous network .
colloidal particles of colloidal particles :
Step 4: Carbonization Step 3: | Drying
. : 600-2500°C . :
: 3-10 hours j[pert ;
m E_j - atm2§pheref
. : ey 1= — T : :
\(e) Carbon aerogel Aerogel (d) Aerogel

Fi ga9®chematicaefogal bsynt hesi s proce

2. Deel opmeanspti-basédmeamabon aerogel s
Most studies have focused on CAs incorpor

and their oxides as cat holslse sTa ns yhrett heer soigsee

doped CA, met al precursors are introduc
formation of the sol. The integration of
perforofancat hode materi al s i n heterogene

mesopor@uasr Fk&en composite with an ordered
6
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for dedirmelt mgl ( PMP Jirp| althee presence of un
Fesparticles significantly increased thi
resistance to mass transfer, achieving 9
recent adegahopibnreaesed aCA ( Fe SCiBj)a,n dclieeeEa i n i
was empl oyed as a he[tl@®r ogbhsowsy sEEmMmcactl
degradation-chfl oDdMP-GRBMNOWBHBIi n 240 minutes
sul pphruormot e/dFeRe (Illl)) regeneration and 1its
formatiCO@Hodroups, I mprovi hQRR.he sel ecti\

|l addittol ostinentgdle doping, alloyed carbon aer

catalysts for water treatment. A MOF(2Fe

arge surface area and excellent catral yti
hoeloe€€Eenoon ( SHEWBB) Tshyisst estret up e-sab®ed co
eneration through the ORR, achieving ar
pplied potemetti@dlganacg gMOFmeaor Bed acti ve
nhancedctORRbtoy sQ:ipm@didct i on. Furthermore
| ect ponfsr ome MOF( 2Fe/ Cio i dfeacca nhpi ot saitA&ido nt hoe

rodu@H nrgadi cal s for contaminant degradat

T ® O 9 «Q T

2. £o3np ar antail wes i s

I n summary, carbon aerogels pbamghl dguatt
catalysts and as supports for metal or me
t hrdeemensi onal net work structure provides

adsorption capacity concecteéafesipaclut &)
their excellent conductivity facilitates
As a resul t, carbon aerogebhtysate wndekle
i n environment al applications$ull Agl Icaeast g
criteria. Their unique composition and st
l evel duwgiehgsymé hesi s process, of fering
precursors exhibit a sttrsgngsiafpfliinMfiytiywgf a

catalyst |l oading and integration.

The i mpact of transition meéembauinddsepiexg | o

Mo s t current research has concentrated o
6
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enhance their catalyti-mogefiedm@Aseha®ab

exceptional efficiency as <cathodes -for
assisted heterogeneous EF reactions. Ot h
sbul d be further studied as potential <cat

Bi metnaoldliifci ed carbon aerogels have shown
sol ar-elpdh-®&®t@Mbon processes. The applaiscatii
bi functi onal cathodes for heterogeneous
mechani sms between metals andveatbgatadr

2.6 Concl esieagap band r

2.6.1 Conclusions
Phar macpubdoestusch as pain relievers and a

pl asitn caquati c environments pregepnptoseci!l

and 1 mphaucntasn ohneal t h. Hdteenrt oge n(eHEUWSs d Ise catnr
promi sing advanced oxidation processes

treating persistent organic pollutants i
r euislaibt gubstanti al progr esges diamc hbeeceenn t mayo
pdrn cul arly i n devel oping het éborasgeadn emairsb
materials, as the most widely used and ef
performance in the elect:O:bsyptbesces waadi b
oxygen species in the EF process.

By summari sing recent advamzremeane st iicral
compounds and micrdénanbi pdtaisdn candetre
principles and afperdticmtppoposendesel exdlrect
reaction and BbRefnutnocnt | @antal o deelse,ctamd t he ¢
aerogel s as ¢ateh d @@ d mavti maghp eh &r, a wn :

) Convenwawosvacdaler treatment processes hay
phar maceutical aresligasiscs .tk ddmadgpmi o
systems demonstrate promising results
i ncluding pharmaceuticals, pesticides,

(i) The separ at namloaosft i miscrhoas been téxtiens

degradation methods are stil]l i n their

6
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Studies have shown that bi ol ogi cal tr

e
particl es t o, dovwdwearent ondgegt egae areanlt | y
S
c

necessary to obtain effective perfor m:
(iThel ectr oméhtehmokcsal r eported to date oft
addi tional techsothugidgasalvigohlte¢algestusf a
I mprove the degradation efficiency of
demand strict operating conditions, [
current densities, which increase co0s!
iVMVThe devel opment of cathode material s |
technol ogy for treating micropoll utan
achievingmeHiMDigceineenrtagdadeosns i d @as iefn ¢ doateh o d

materi aébkeadtt adecyttii wirORR. Opti mal <catho
should also demonstrate high dHgObalyt.i

thereby boosting the generation of r e:;
(vyVar i ousb acsaerdb omateri al s, such as <carbo
nanotubes, andf igbcrtaeirveat wtdi Iciasrebdoni n el e

i mprove elpetfocmAmbggi thesasst amd bowmt

an excellent opti on tfhoerinieq ueed t tmerdese o @ 3
net wor k structur e, superior el ectric
capability fsuppomateesrgisalmet al

(viTo dattéhe syner girsatnisd t e foim&attnt woe oubr |as fo
el ectrochemical characteft as booshaesende
not been comprehensivel ysastondi ed. bF m
car bon aer gguenlcst i as dluactrode materi a

requires further exploration and i nve:

2.6.2 Research gaps

El edtema on (EF) technol ogies have been ex
removimngromt ami nant s. These advaneced o]
el ectrochemical systems to generate hydr
breaking down compl eWhiplod | awd rasnit de raanbdl ep | pa
madehet geoeRUst echnol ogi es for microcont ar
researcl mgoamd hi néeral eheadbdbptl on and opt
technol ogi es
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() Cat al yst stability and durability: T
particul arl y-bagseadcdsiansdoppaomédiceall materi a
concerns due to | eaching -tammrdm dstawcdii e
required heo peraflwuramancde of heterogene
flow systems.

(i) Adapt adbr b srgnpgHEE: sy st ems are typical/l
conditions (pH O 4), which hinders t
wa swtad er treat nbeervtel spengr icoast.al ysts or
effective in a broader pH range is an

(En e omtyisamii ingh energy consumpti otnhusmali
more efflledenitsh caaamdeipvelsd beoexpboceder
demand without compromising degradat:i

(iVMechani stic Whmidleeg smactiiangs ms for rad
pol |l oxiadati on are generally wunderstoo
specific contampnadteset sande ¢ uhierie | fbur t h
partitdwelreer i s a need to r etdouxciecidry @ lni
systems.

(V VNew technol og WHe tdeervoeg eonperbeensttagernp leict a bi on
mi cro/ nano plastitst deudaldmd ind@mmicgat al
el ecedacti on ¢bamk ylgeemt am cddat al ysi s sh

plastic decontaminati on

(VDEnvironmenMalt irmpe&a@atrch focuses on br e

small er fragments rath@oxtbahogompl eacs
of degradation intermediates and fi n:
potential environmental and health ri:
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i ndustri al metbhodyr agopownepsesas tHkheandtsurce® mp|

and i s | mpr ascatail eala dfdGi] Adrid lbplnenal | y, t he
transportati o#paonsde sftuorrtahgeer oofbsH acl es t o

| ocations and i[sldllated communities

El edtema on (EF) technology, as one of the
gener@bmsmsiHe and activate it under mild c
of a relatively simple reacti dwomr dadidc ¢ i
oxi dlalnz,sl1 A} the cathode in EF predceadseon,
reducti on'QRRa)c,t iroens u(l2tei ng 40na st hseh ogvedn e rna tH
[ 14]The prdbheredr éddlact s -Fwintlonamcaebheégst o |
generation of highLYHA®&4dctive species suU:

O,+ M+ ZY H,0, 3)1

The key processes in EF technol oy iThmeol

effici eceggnefatdi on depends on the <charac

Car bbams ed materi al s such asl 6 ,ctpir popomi t
nanot(WCNgTg,&mor phoud | acak b e,B2 0aln d carbon

(CA)X24te commonly wused in the cathodic ma
candi datathofdoer a mat enreit all support ebectauiseec

conductlsamungfgapeamad r osi of 22dbnstanept st ui

approaches have been explored t 00x&rsh aargc e
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modi ¢arllon mMmMA8d=%]r Takse have highlighted t
guantity and type of oxy[g26laRord isnustfancce
concentration of <carboxyl gr oups0d[a/ds t
Further mobasedambtoari als with a higher

i ncr e®pad dHi[c28]om general, carbonaceous m
features such as eX&tlkorsds,e asnud fate axiest
groups have been shown to eXQRMRot phiodhe
HO2[ 2,6 ]whi ch offers gui dmaaxed fmat eawoidd If sy i tn
yiel d0.of H

Due to its | i mitx®hI|omxniedatse mooutg lapfdarnvteyh e Hd
of most pollutants thus highlightinglmnhhe
homogeneous BGcpnobessuaed,ivdted using an
(F® accor dccFiemdg otnoirnet@&Eg? iHorwever, this prese

l' i mited pH application range [E®dbhoseontr

solid catalysts are employed in the hete
range and addr essi ngnetohues |HB Fmi[tt3=t,h3datheo goyf
heterogeneous EF catalysts i n previous

assembled active Fe components hold si gl
decomposition of contaminants. For hexamp
i mmodaitlibon of:xO0sastiaveroF@ating cathode was
decomposO:nglt Of3.2] Similarly, [ 3€&pvel ceped al
Fe&Od MWCNTs/ CB (carbon black) GDE, whéeh d
i n the ac®Oi veoweweof d&arbon catalysts doy
activityORR), tlheeaddeng t o 2G| 3.4]dTuhceerde fyoireel,d e
the sel ect'iORR vyi sf ccrr-htalsea 2 d ndatelfeche £ dt o e f

prodiucdcH radical s. Compared t o monomet al
bi metallic carbon composite <catalysts p
efficiency [03.5]tThhe seatcalmpotss t e s, compri si

synergisticaldey,themotel ety ooapti mitruc-tur e
carrier density a[n3d6]JiAmpmagyv d hesred bd tNiev iatl |
mi xture exhieblietcst roic@anipBiyq dikeret a otdiucitti yn @
expected to!senlhemtcielb atshged o2tea Feodes for th

8
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reaction. To the best of our knowledge, t
FeNi active sites and carbon aerogel as
of Fe and Ni on the configur at iboomn aanedr ogle

(CA) have not been reveal ed.
FEé“*H,0,YF &% 00O+ AOH (3.2

Furthermore, previously reported EB&Ii proc
spartgo ngn h@pcedt#cx8.03ndpwever, sahe onxydgdn cl
was found to%pd0]iersksi aatainng .tlhat a signi |
was not efstect@predtldguatihdeem edrod e caused a |
the devel opmédretntmofn a&asry sBEleecttrh@at requires

the need for external oxygen input woul d
great promise for practical applications.
Her ei n, a new heterogeneous EF system wa:

(Fe®A) as the cathode to achinewaettaveul ba
HOowi t hou't t he need for external aer
chemec cmp o saft i tomessesy-GReh €BAi, anGCAFebdredanal
and compar ed sautsiinrg tcehahmicgquweas. The synerg
carbon aerogel for enhanced ORR activity
al so asesepsesrefdortmmances of the EF system f
i mpacts of various reaction parameters,
were also investigated. Furthermore, pote
degr adatthwany sp were proposed. The innovat
ensures the efficient pr ofudcitrieocnt layn do ni ninhe
surface, of fering new insights for the d

and enhaecehfgiciency of removing micropo!

3.BE3Xxperi mental section

3. xhEkmicals and reagents

lron (111) acetyl ak&@inpokhel (AR) &£&AStylldoOE

3284 )ir,on (11 1) SUVAIRp h &ASSSH Wyadchrdaltued ratn o | (99

CAS. 6% were obtained from Fluorochem Li
8
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0@) , Nafi,6AS(52®8)M5d2hypdr oxybenzoic-acid
7®), and sodium hydrdi)dewe(rG9 8.ulr%,h aGresd: f
Resorcinol (-2 M,t anAiSum 1(018V2 9 % xC/AsSu: }714a3t 8e2 5( ¢
acetaminophen (9GBP, OBy dICAGen 1O8r ox i8dke ( 3C
1), ni tric aci3d2)(,6 9%, d rCoAcSh:| o7r6ir967H0dlc)i ,d 2,337 ¢
di hydroxybenzoic -3a®)d {&19i1%yICIAGC:-Z2&iI08 (p9 9 -
Benzoquinone (50188 %5 nB Andel-hly0i 6r o-b k n(dDeM\P O,

097. 0%, 3TBAEL) ,were obtained from Sigma Al
(099.5%, -€E&BS: BUSTuric aeid)ni(copd, ) CABI p K
hexahy®droat, e 1LOA®D) and met hanol (-©a9. awer eC
purchased from Fisher Scient-B88i)c.anSlo daicuen
(99+%, 76AS: wWwere obtained from Ther mo Sci
CAS: -180)7 was purchased from BioServ UK

el ectrodes were purchased from Shanghai

3.2athode synthesis

The synthesis of siaglegé@alhddaebl|l opg tmht al r e
the foll quglenlgaptiidaoen@ s: i nvol ving the creat.
gel t higoeulghansdolagi ng processes; e( lolb)t asionle\
wet gel structure with acet onaee;r o(hlellolu)g hd |
drying tdemgté mpiddr gptruerses wraeg ;gadainadn ,( ItVvhe ac
of the finalcaadaaoigden hitdih otugiapei atuowue i h oa

Synt hesi s stndpxsefl orc atrthbed@A yaccaroag ed i miFleaNri t
reported HwW.1XFaoseg yoatlslolwalislnlonli x e d mivi o 1 ¢
Mi IQ iwat er .mLT hoefn , f olrSm&d) d emyddgedd @I B@EMbonat e
wer e added t o t he mi xXtur e under const ¢
Subsequently, ohe mMm&€Raké Bec el el a s tipdn/abt e
and nickel acetgyl acstpercdatiere( ¥, 3 W2 e di ss
solution. Since the molar ratio of Fe: Ni
as o Re-GA. After one hour of magnetic sti
cubdedmounl d. SeaTefdhhdul d containing the
was cured in an oven usi nAC af bsrt %@ felr t 24nj

8
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andA@Ofb) 78 compl eatei otnh ea npdo | aygmenrgi pr oc e s
t he obt ggiededi nwetthe mouhAdppesd(PregBédBed
Subsequentl vy, the obtained wet gelh was ¢
thoroughly replace tchaeg bwat est ruemai @i, ng el
ambient conditions for one day. Acefone
its | ower surface tensionf4i2dFreduke, thilee
aer wgsl cal cined i n aGdrud eT 4R rinZaccB®E N sChalr doroe
wi tthl awofr a®/emi n. The heat A6GHmi & tfersawmsrt dsoerd
temperature ACd weacki nyg @868 Aiatienrtsatihneerdc af
procedur e, t ICA wlatsaicroeod ele Nio ambi ent t el
i ntegrated catFlrecmde ni s ytsh e me I-GRAhteraa htoaien e &
shown wiApbendiikge. B $B8) 1

Similar procedur es sawetrhee adismg lues ende ttasl siyrnd
CA) and nickel -CAYybowi aler ¢t el g@dNift ifoeir r
acetylacetogadote andk6él 3@a2Qdatyl acetonate, r
for oNbegA wer e g 0.f7ebr2r5 c acet yl ag e tno ncaktee
acetylacet onNit-€A werded Ofr8F25¢c acetylgaceto
ni ckel aceltoy | ficrap loinfay et h€ Ad éhacsrti tple & ®IMs, t &
FeNb-€6A with a met al ratio of 1: 1.

3.3.3 Cathode characterisation

Nitradgeanridgeadd ompti on i sother ms nWwd @ea oorbetra itn
Tri st airns3@lment . Before the measur ement
under sac88& K for 16 h to remove&mamey r e:s
Tell er (BET) surface areaszawesrme pc aloauldatt
the relative pressure range of O0.05 to O.
t he Bhoyiéat enda (BJH)I]rment htohde desor pti or
mor phol ogies of the obtainedesloéuatn @athe scC
el ecmtircomoscopy (HRSEM, CahilgsolsstaiBdmi BMAIL
el ectron (NHRCTrEBMEt opTy t an 3 Themis 3003y Er
spectroscopy (EDS) mapping was conducted
HRTEM with a HAABF deféctaoti oX (XRD) tes

8
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D8 (Bruker) at 40 d&rVanagred8 640 ®dAJhoavikura tki o 2
Experi mental Raman spectra were recorded
LabRAM HR Evolution) with an excitation

di ametemy. i Bh@ surface functi onal segdr auusp sn go
Fourier infrared d@hefmee Scethe)c,tiom- pNdvEd
pressed KBr pellets. The el ement al compo

X-rya photoelectron specthr oBlteorpmgo ( XdiS€lh tEiSfCiA
radi.ati on

3.3.4 Electrochemical tests
El ectrochemical experi ment s-elweater opdeer f D tir

prepared electrode served as the working

counter electrode, and Ag/ AgCl acte@& as t
conducted using a CHI 760E el ectrochemic:
China). To prepare the working electrode
FeNi / CA sample into powder first, and 1C(
cosni sting MilQMiMeamméer of0. 75 mLeLobfeHBhah &l N
solution. After 1 h of sonicaastonontdhear

carbon el ectrode surfaceecl(.diTahnee teelre:c t3r onine
a kdrr y naturmagl ya, ufnarfmrm catal yst film |
performed seapamnataddpydrigmdO(Ndeoxygenated)
NaSQat pH = 5) with al &4Jalbl ercatreocdfe mil 0 alr
specstcropy (EI'S) experiments wereZ3?débmaduct e

with 5 mV amplitude.

Oxygen reduction reaction ( ORR) activity
AFMSRCE rotator unit (Pine Instrument Co
ring disk electrode (RRDEQatvopHamm8@8gr &mg
catalyst ink was formulated by sonicati ni
water, 0. 75 mLeLofofetNmmdn oln, saonditd oaL (o5 wt
the catalyst ink was pdagreddared( GG)d dc&hpar ke adl
RRDE test. The RRDE was co¥dnpasnedaofPtarGa
cM . The catalyst leg/atdmAg tdd g sigr yoveasni Jh:

8
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temperatur e, the modified RRDE was wused
Ag/ AgCl reference electrode and platinum

el ectrolyte wdoradmatmd .wiTtoh eODi mi nate tF
working electrode, the baseline current
same rotation speed (1600 rpm) and scan 1
Thi s basel isnueb sceugrureennttl ywassu bt r aactti eodn[4fé&rjiornv et
The Pt ring electrode was maintained at
el ectrode (RHE).

The deter mdeat eoni oftig and the corresponc

i n ORR process wa83acnadr 3Bjgltb Jout wusing Eq.

H,0, % = 2 0 8% (33)
|D+|R/N
_ 44
n _ID+IR/N (3 4)

Herler,epresents the curlpiemdi @aat eshet hre ngu rer
el ectrNdteandsndf or the collection efficier

3.5l ectrochemical degradati on

El ectrocatalytic degradati onmlLe xsprermgalmie et s
cylindrical glass cell. The fabcifcaagred ¢
platinum sheet cMvorfkinegi amea afs 4adhode
The distance between the.tWo ebettecpgesi
power suppl y0o7(6v&) |lveasmans /t0 at t he mAti oal
the electrocatmdedss,c ared rtabkdeatri eolne wan-t1 . pot
2 . VI | n -seolrepdti rom (ES) experi menm#&, unhbder c
0.L.2/ mMNcat mosphere with a -F.éd evaet pplotod nttihe
was adjusS5@@d0mdilt/hL) H andmdla/OH) (t0a 1t he de
Di ssolved oxygen concentration and pH val
di gitanetrmul tkiit. The reaction was initiat
predeterminedhél swmohateednwast ewamealr/, L wh
NeeS@and mgOL ACT. Samples for afdeltyesimd nwe
intervals and t ham sfyirlithngreed iddiemg dah@e. 22
guantifieécgpevnsiongameghl i quid chromatogr af

8
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provi deAlppenndtilken 8 el ectrochemical degr ad
using t-heop&kawmdkda i c model , 3 pr7dsented us

I (Co/C) %o bl (39)

whelkkgss the apparent r éqtitsi otnh er art eea cct o nosnt
anCanG@r epr esiennitt itanle ACT concentration ( mg

ti M{emg/ L), respectively.

El ectrical ener gy cFoennstuomp t pi rooncse sisn wehree ecla
t o FIoq 4:8]

ECactk Whg, k=1 AVAd:/ e (36)
wheE@cf K Whekg the energy consumptlisesntper

applied &usrehte @aRgr@ge tvheel ttaggaph{ave)n,t t h e m
ACT mass removal (g) .

The synergistic effect (SE) 48Fs edat eamamii m
efficiency of pollutant removal in the b

each sole process:

SE=—€el@r 3 x 1090 (37)

kr ec Arknic A

wh ek exciankreca &wicdr epr esent the FeaMidA ponstant
CA, a€6A PNiocess, respectivel y.

The cyclic experiments were conducted by
Mi IQFMwat er (Merk Millipore) and then empl
under i1 dentical experimental conditions.

the cathodes were evaluated through the
chatode.

3.3.6 Analytical met hods

The concentration of acetaminopbeho( ALA ¢

l iquid chromatography (HPLC) system (Agil

column (Agil ent I nf i-@1,2y 1 Leam Ro&E@) .menl hell
8
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measur ement was performed at a waveleng
mai ntained at a.td@dmpematbude @had@ compri
with 0.1% trifluoroacetic acid and Sol ver
with the gradi eimt%Bhei5Sn gn® & %Bi58&ANE5 BAAHE n: 9
The flow rate of the mobil esLwldasa swals as¢
i njectionTheolduenger.adati on Il ntermedi at es

chromatographyrmags CMpsect{ Agméent 1260 | n-
mm 50 mmagaBytical smopamhiahd 8iZe (-Agil e
Cl18). The mobile phase consi s b danodf SSoollvve
(B) acetonitrile with 0.1% formiiz%Bci@. 5\
min: T128BA 6. 51T98 %B, 2PR0A5T9@B:;, 7 %A Ii7nPB),: 8 8¢
min: 128®BA The signals were recor cetdidam |
modes for a durBheé oohmodmdtOo gmi ampuhies.syst e
Agilent I nfinity Lab LC/ MSD XT mass spect
and drying gas of 12.0 L/ minildmeéfzamnaf ylsle
scanning at a ratle TDHe 2160MS swast rcomt
Agi IOpretinCB&Eh e ms tEadti iftarrewv. C. 01. 10 (287)) .

Met al |l oadi ngsd ol & dhiter sd/end hweesrie measur ed
Pl adgVmaa s Spe¢t MBmet Plr kelm® R Qe. Speci fical
el ectrodes were groundntaanidnidcigs paenr saecdi di nm
HN®( 3: 1) . -ITihgeuisdoImidxt ure was heatedt sdbdlowe
hot plate until the acid was compl etely
room temperature before adding 10 mL of

to rceedut he volume to 5 mL, before cooling
with ean y22nge filter. The diluted met al
MS.

The concentratpmwasf mgaeswrread eldy Hcol or i me
compl ex formed bebwseh\yli(sGChVmadanuad WBWIV1O9OI
detection wavpb.e hgpehcioffi c4adl8l ynwm 1 mL al i qu
were extracted and added to aas(Mm x@%® M), u
mL 2FHQ@( 3 M), an@. 3Afrmler H stmamdi ntgh ef oab slod b

8
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wavelength of 408 geaem ewraastdenteadsiurrescdtelnyfTihfei e
using Electro Spin Resonance (ESR, Bruker
DMPO as-taappi nigheaggeuant i tative deter mina
(lOH) was achieved through a prob#BHb5dacti o
The probe reaction was <conducted 2SRy adrc
electrolyte solution (0.05 M) prior to t
the reaction solution was extracted for

product s ,-dinmmynkerl oyx 2h SiDHBIAQ adididy2qd BoBydeindk o
(2-PHBA), were detected at a wavelength of
phase comprised Solvent ( A) wat er wi t h

acetlomiwirtth 0.1% trifluoroaceticima®%B.d,5 wi
min: i%30B. The column temperature was Kker
as 0.5 mL/ min. Under these-DHBRAd atrDdbB2s 5 t
were ohseflv88 min and 1. 710ki wasTtdet epmcaee
sum of concebHBAtarmHB2A0F 2, 3

3. Rlesults and discussion

341 Surface and structur al properties
X-ray diffraction ( XRD)deamoanlsytsi@shew & sntekic @ m
crystal strucdadreAYCRlelaer@a Wi a hlesd e ski gas s
3.(la) . TwW®RDbirfofardacti on pe-&Ks aa@A RaBr.e3 Ao bf soerr
correspondi2ng rted | telce i (0 dF D5 B h el hg rsa plreiatki ©
sharper and shift sCs lciagthhtoldye tsoa n2psl.e9, A annd t
appear s, whi ch amay phe u@ Hbdrair EEBd tp eotft-eNin
CA shows three s h9%h,p apnedh (s6i.acthA 4(42n5AhAe 5 hd
three reflle)c,00p2as20)f (ZLrlyst al pl anes of <cu
JCPDS MN®B.F04 Besides, an obvi eCuds adi f2f9r.a5cA
observed( SORDANDND7[9r The crystall i-Q& ipshas
composed of zer’ 1@)al ande ost &h@t JERDSt 80e
0951, and the minor:0meak preetea aleadciafrohrto e
Previous studi e®shhhavd hehavwn Itihagt the cat al
HO.t o priOduBc e whi ch can contribenheonor ¢aet

Further more, t he >RD sfmevcst rau mg ooofd FcerNyist a
8
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Fe

co

Nai s evidenced by three diffraction pe
rrespondli)n@O0(t2R20) 2L crystaotmfabenh&maddc

FeNhase (JCRPRRHABBENOThesse XRD results reve
FeMNal | oy and graphitic case th o FANhaastels o die
an (a) ésoof —'—ll;eNCifA (b)
FeNi-CA™ J\(ZQO) (220) B0 ©
g [) : hd rﬂE 600 Ni-CA
— . o aNi ¢Fe0, 2
z P (110)  + peNi, alloy 9
z e Graphitic C (002) £ 400
% Fe-CA = Amorphous C %
e % 200+
. (111) =
NiC, (111) V& =
. CO e 5 o |
&
0 20 40 60 80 00 02 04 06 08 10 1.2
20 (degree) Relative pressure (P/P)
0.25
——FeNi-CA (C)
'E 0.201 ——Fe-CA
& Ni-CA
"B 0.15-
2
M
_go.lo—
2
u 0.051
£ : .
0.00 1 .
0 10 20 30 40 50 60
Pore Diameter (nm)
FigBlLeaXY\RBpectrazxadsObjdeNsonpti on i sPdrhergansze a
di strichuutvieasnCQA, -EBReNi a4CA . Ni
The por oskFeliAp tCRAE hea+«CA Mias further I NV e
Noadsorngpaedompti on 1 sot lFengn(sb3y ..dsAlill Icuastthroadte:
i sot her e dc aatse gloWRAC Type |V with an HI1 h
promimeesmitpstoug ur eAdsddi ti onall vy, tp®r ecom
strubtedud ween CA-CAnBingFkeiNB@&iL at ed t hat t h
mesoporous structure of CA doesndt change
pores may be fi IFledNd arl | ogv graed ilcy etshe At

P/oPO. 1, the observed adsorption suggests

hi

gher relative pressures, tmh 8 0 piohs e epNii o
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CA[ 9. Mi cropores offer abundant active si
mesnmpacr o pores act as gas transfer pat hw
el ectrolyte to permeate into the cathode
t hexygen reduction -GABRARParmanesceée z e fwae iF®tNri i
obtained by analysing the desorptioin bra
JoyiHal enda )6 lmeA d ogdhhiogv.c3-6ANhas a saturate
pl at eau adangdmdlelagrurR/sP mesopornens, wwhtihl es iFze
CA anG@A Freave a relatively wider pore size
om2 G m a2é& m, respeciaidvseoliiypg s ®met Non analy
pore structural par ahmehddég s wi hht reseal ps e ¢
singl e-Ofethaals NihesbhrffheatdaB@al | est averag
amongst the three catho€és.andewomnteielt ead d

have similar pore structural pamAmetwéai sh
are |l arger than ot her [3rde4f Br tSeudc ha lal ohyi gchalr
characteristic can provide an increased

ampl e contact area bet ween edleecdtrrog®&lfayttad yas

Tab3dle Metal | oading -GA,d-Che r a&i\F R MDA rFeefNeir t o
FeNb-€A with a me)lal ratio of 1:1

Metal loadi gt <y Mi crof Micr

op
Elect ared g) ared g(vol um¥g

Fe Ni

FeMiA 1.16. ¢ 0. 86 K 589.0 350. ¢ 0.155
FeECA 1. 0®.40 / 609. 7 351.¢C 0.162
NiC A / 0.90 K 665. 9 301. ¢ 0.138

Theur face mnd r pHCeAN ionwgays further e-xasmohetdi ol
scanning electron microscopy KHRS&SEGM) fi Tht
(Fig.(a3.)2 show tsadt FANE assy mt meessiwor ked por
Moreover, nagoc émpgt ebdes observed from the
magni fikiag.{ o532 ( According[6fo tdheprodbviaowmzed
presents as a typical car bon aerogel S

i nterconnected primary clusters.
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Fi

Th
tr
mi
a
en
C,
ma
E I
t h
al
di
0.
be
of
gr
sp
Fe
Ad
cr
gr
en

gB2@€a) and (b) HRSEM, I Silafjma pd dEMNdc Fe dlt er
(dEDapping of el ement al Fe and Ni, and (e
e mi crostruxA uwas ot heedNC luasr aragg s=sdli Wthi o
ansmission el ectron mi croscopy ( HRTEM
croscopy (STEM) .FiTgh.ec3sTZEMd-s enage spamo i c |
Size ridafmgne ttnfat 1@&re well di spersed wit
suring that they maintained high dispe
Fe and Ni are cleywrdiys preaiysliesnpeeecdt rboys ctohy
ppi nRgisg2( d3. and (e), as wel | as furt
e c tSruqmilee ment aApgpevadiex i B &BB8d.)8 . The di st
ese elements reveals that Fe signals m
| oy phase in the carbon aerogelel ®tcrtumtnt
f frracntgi oonorrespsodtl) ngpl ane FeBt pl amdr S [
20t Hing .( a3 ..3 The pr agemcd tdfe ngenett &ierg Ni
en deportatal yse the formataopbaaddmge ph
carbo[pb@aerogdet ail edFiegx.anmdn8&8s hows ope

a pahtiitoon of the carbon phase around the
acingnmf dépF&®edcldi.confirms 04wd tphrn eas €
MIA composite, which is consistent with
ditionally, the measuwmrmedainntbher @it @82 )a b ud
ystal pl ane [Bf ®&rephoifbhaesebvsoahobseryv
a gahtiitoon of the carbon aerogel. The fornm
hance the electrochemical per feolrentatnrciec &
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condudali vity

Graphitic G
(002)

C .
(g ) Elements Atoms %
Ni 76.8
ke 232

Intensity (a.u)

0 2500 5000 7500 10000
Energy (eV)

Fig83ead)HRTEMmMages -@A, B@dN)Mmage of an indiyv
FebNdarti E€D&ap@paea)ng of el ement al Ni, (f) EDS
EDS spectra ofgsptalra iscdleect ed FeNi

I n addition to the alloy particles, there
may be associated with bound ions. The a
arebkigf(&®B.QBincluding fre% (afmea) &% r(d\yi5)G.h3a:
confirmed by tFheg EBB)IBpadtmosm (n accordar
rati o during=byh)theBust l{dremdne, t he met
i nductivel y-ntaswp lsepde cptMBgmaa n gl WstiO® (iFse )1 a |
0. 6% (Ni ), Tablhd8wni i n

Fig.(d@fp present STEM i mages and el ement

all oy particle. These reveal t hat bot h e
the sBéNby phase. The | indppeadimikpn.d &3 .of i
(c) Fagd) St3ha&at were recorded from the all o
di stribution of Fe and Ni. The mol & r at

( Fe) avwd( MNi6) 8by t heFiEgDEg3s.)p3ec &k manstth ctohnes i
stoichi omet galcl[5aBa tProe viino uFrse Nie s e aarl cl ho ya | pshoa
i n aiomegtaanli ¢ f r amewor k-di( iMeOrFg i dreali vear & dimra

The synergistic effect between Ni and Fe
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rol e eil rectthrepcraotdadsyss i s

X-ray photoelectron spectroscopy (XPS) a
el ectrode sur face, providing i nsights i
functional -GQA.ouRes wlft $FefNor the full spect
areepent AgpendHikge. B &Bc.)6) and i1 dentify the
on the cathode surface within the detect
syntséheesdat hodeesotlhug ilbinghXPS spectranby th
weak signals. Theéi €.(1a8.)XRS spp eagtsr Wims(t i nc
di fferent carbon spe¥, e285.T@&6 p2&Bs hatd
291eVM are asG, ghed®OftC@OH-L*raensdp e ¢GiHYv e T ke

presence of carbon defects has been demc
structure of t he c aetladcytsrto c alt @d7dpiRmagna tpa o §
spect rwasscospuypsequently employed tefiemyt esst
the ssuot tasihodes.FIAg.(pdesbanhtedampl es di s
D and G banmtasndatd BiB0Br0espectively, corresp
and graphitic[fpbh#deacsei,ntbarbhomegrated in
bands area indicates the degree of struct
with aphvaghee d$uggesting increag/edd Thd ec
Io/dval ue i's approxi mat dlhy -EANICRel .a7w348, Nand
respectivel y. These demonstrate that the
formation of carbon defects, aligni%g wit

of relative abundasnc¥dmdexrtasuemt ed by t he
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Defects C-O ()
_ C-0 _ C-0(2)
5 =0 3 Absorbed H,0
= T =
z =)
Z 39.9% Z
2] L
E E
Bty
SAYITY ,AV-.M-"‘“
Zﬂl)ﬁ' 2‘}2 ZéS 2;54 280 540 5_’;8 53:6 5§4 5?;2 53;0 SéS 526
Binding Energy (eV) Binding Energy (eV)
(C) D G (d) C=CH, -COO- C-H
C-0-C -C=0 -Oll
TN~ \ r\
. /17300 .\ _FeNi-CA _ /
= ; ; =
S, & . -..v\ ) NW r\
2
£ z ~ /
5 5
= Iyl Fe-CA k=
—FeNi-CA
——Fe-CA
Mi-CA Ni-CA
800 1000 1200 1400 1600 1800 2000 1000 2000 3000 4000
Raman shift (cm-T) Wavenumber (cim-1)

Fi gB4€a) XPSlmpectraCAaAf FRNIiO 1s XPGA(€Epe(clt)ra o

reftteeher and hydroxyl groups bonrdmend®G( Aa) i pt

refemndetroasmd hydroxyl grpouR@Rambandpdacntdoaar o
(dPATIsRpectr a.

According tof[aR pretvrodecetdudyygen functi
i mpact on ¢ehei ¢ineseemrsaermdatH on. This is be

facilitating the displacement of el ectroc
i nteract paoodhs drip® Bhgnr®e O 1s XPCSABpg¢thbd a4 of
could be deconvoluted into four peaks as

C=Oat 5e3v@t.h3er and hydroxyl groups bwomtded t
532.V&t her and hydroxyl g ratu p Se3Vd.ofdnade d a ¢t eo
absor bad3 4al7efir Fouri erntramed ogppectr omet e
was also conducted to investigate functi
observedcnrma(Fi 3.433.)4 may be THt tgrrichiyteetdc hi o
Vi br atfi ®@nGbonds are obrderard peackida2&t 1
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assiginCeOOVi br 4aF oRFI R analysis also revea
functional gr eup ssuornf aclee wé N h has t he
el ectr dORaRt aleyBha vi ty

The combined charact er i-GA ipco sasneasl syessi sa ns hion
carbon network with a prominent mesopor ol
function as pathways for gas transfien, d
of electrolytearbbaoa mhéeerntésiomlfhef nanost
materi al provides a | arger number of act
enhanced catalytic actividgay.l oyvddicthedeal k)
abundant oxygen functional groups furthe
uni que structural CAeat logs @asdopw ofme Nii n
el ectrocatalytic applications.

34 .2l ectrochemical properties

El ectrochemical testing is an efficient

materi al sampfFest onr spet emecTooi nvesti ga
Sy ntsheke sma ted reicalrso,c hemi cal i(nmpleSl)a nwaes scpoencdt ur

the i mpedance NyquisFigdila3ra@Arsempré¢dhen
frequency range was observed, rkprasenthi
i nterface between the el eatrrcolryatdentaendd eaelr
gre®t{&t and the lineafregspoayser éqi arecc
War burg i mpedance refl ddti BgiCiAo BndC AfelNs i
showed Rimaad hCAFe suggestiergr 6matemnahnhdr h
ki netetecttroochemi8 alThree aiert ekrochassveed ft irainesnd @
mi ght be due to the chemical i nteraction
of FeNi alloy partiyglCgs|ard vtigHCGieapmeneet iame mi
were carried ORRcttaove (tah-@AaR eedlithhoed e . NO r e
wer e detected i n t he ewheat reonipylto€yA s g 5 UFre:
t hwveor ki ng (il @gdtbhBogdemlprar i son, a distinct (
emergedVavsiOré&versi bl e hymndtohgee np reelse cster o
accompani ed by an i ncrease i n current

occurrence of an oxygen reduction|[9.eact i
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3.0 0.1
(a) = FeNi-CA . (b)
25 * FeCA R 0.0
Ni-CA N
4 r'y < - 4
= 2.0 " . g 0.1
E . N =
= A =
8 1.5 u A Q -0.2
N Fasanastt 3 y
1.0+ ““.- 034 ! — O, saturated
& od - - - N, saturated
0.5 f“ ’," 0.4 :
0.0+ 422 : : : : 0.5 : : : :
5 6 7 8 9 10 .15 <10 -05 0.0 0.5 1.0
7! (ohm) Potential (V vs. RIIE)
©) 045 -~ - FeNi-CA (d) = FeNi-CA - Ni-CA o
C U Fe-CA 4 & Fe-CA A '
s . el Ni-CA _ TR T 5
é 02’ \‘5‘ ‘\\ § N " m g g mw m E E g 3.2 E
e ‘\\ fa L u E
o Tt lis=======4 = I Lé
0.0 B8O 248
— 3 - [ ] :
Ng -14 3 s " om g L ogoE " =
S S 60f " g
< .2 == 02
E A . m
.8 3 404 S s A 4 a4 A+ 4 a4
-4 T T T T T T T T T T
04 02 00 02 04 06 08 0.4 0.2 0.0 02

Potential (V vs. RHE) Potential (V vs. RHL)

i e Nih e 2gpmrd,sM(ncc)e C

Fi gB85@€aE)l BSyqui st

MMcautr sv,e s (-@oAf

Polsati on
t he ri

I n

curves of
ng elmodt/ tDQNea
tranmdmbber

addi®RR nact2ievi ty

ipBH O a t d

and

di fferemboal datuirodenst sa md

(del@zltcwinat ed

»edl élcti vity.

CAl, eCRE v a IR Ol

el ectrodes wer e rovast g stke d red lecitmrg d e
measur é&mgn(tcd.. 51 1l ustrates the measur ement
reduction on the disk electrodeoxanddatt loe
currenVsvat RHB on the ring EBiljecftarGARre NIT |

FeCA,

aitdh WNer e

respecti velGA eAdhihboiutgend Ntihe

deter mVne@V,4 942nbd¥ 00 s84626RHE,

hi ghest ORR a

most positive OORKt ggoveenyt ivads, n k€A aZzses hi
evidenced bycuhe esina [dBassdHlteyantgi vi ty and el
number were cal culd3atnad3Baga cAphpgde nndgi ktnoBtEhge. 1
to W.wWs. RHE gr.@actdg.e5:0:¢6bdleedtt i vi tCYA aofattaH g sE e
6 ®%i8 W, higher than th&£tA @amCA NeT me neimed tad ¢
number -OA Wa&adNiZ.,5indicating it-selactroent QI
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processes f pGam Tohxey geelne cttor oth t r ansf er- numb
CA electrode had "@RBHh headivingyt 6otrth@d o de

+4™MHO). Therefore, the incorporation of

the conveéaoxyman ofedipeztt hwamys o Mereover, th
of Fe and Ni greatly epnuhCadnFc(egd (2%d.)OR,R wleil ¢
contributes t o t he i-pyovewer prfodwrct it o m

t heel ectrocat@&li®B8i(eé)ph)eacti on

The enhanced ORR acQA vciotnyp aorbesde rtvoe dt hien nioenl

primarily attributed to the al | olyatntgi cef
mi smancdh el ectronic modificati on. This al
othemethilic alloys and i s kn@BwWyn Te einmmaarne

ORR acti viCtAy coul BeNiherefore be ascribed

met als catalysisg itome op artthiealc agrbamhliateir o ¢

conductivity, and the graphitic carbon f
defects. Here, the carbon defects could
cat hode, resulting in signifid2®BqI(2) i mmh
uni que g@anrpdhn tesaemturcitbuuteed to the generat
groups, which played a beneficial role in
(3) the formation of FeNi alltehyi nf atchie ietlaet
i mproving overall ell@ctrochemical perfor

3. £ 2 eFternat on oxi dation performance

3431Degradation efficiency of ACT

| Bect 40”2 t3heCAFecNit hode @©RIRI baictt @ A/ephaiy chhewa o

selectivity, providing essenti-Bentcomd{ EF
reaction.-Fdmteorel petfror ni@achceat mddessy nvdreesi
using acetaminophen (ACT), a common anal ¢
initialElpdtofochemiacfal WGllBgpadadbr med withi
el ect r occehiehmiwthaelc habri cate,gpl @aarn mumda dme e de |
NaS@s ol utuinocnt i onednasiedath erdeésrpoelcyttiev,el vy. S
anal ysis wearned i ¢ @ ¢etr edd&recedr mi ned amd et halns
concentrati omo no ftuoshi€ndgpwraisgohr mance | i qui d
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(HPLGVval uate the deagrn adatdiidrf.®aafefrit cf ioean dityd
el esbrption (ES) degradation of ACT with
presemrt gd a3n, 6 al ong with that for the con
degradati on oHFe nAtColn isny setleentstf iifoosl tl eorw ekdi nPestei
evidenced by the high Pvalaes €818 el0at9iodn
and G.099-Z4&N-CRe -CNIi, and edreaphmiotded )y (Fsigge.ect
S3(8)) . The degr adgarta pohni toef sAhGeTe tu sa st hae
aftarF(3.(a3.)6 with an aphkgs eonft mortODEieg on s |
S3(8)) . I n compari son, t he ACOA deeng@rAaNiat i
el ectrod@4sb5 @) ot wittdv corr es p d&médirnea cihicrrge al
and Oni'®d06respectively.

(@), 0. (b) o[, s, 2nd[, 3w 4m[ sm
0.8 0.8
g 0.6 5 06
& )
0.4 —=— FeNi-CA: EF 041
—e— FeNi-CA: ES
0.21—+— Fe-CA: FF -
0ol Ni-CA: EF '
" |—*— Graphite sheet: EF 0.0
0 20 40 60 80 100 120 012001 201 201 20 1 2
Time (min) Time (h)

FigB6ea) ACT degr adraetnitoonn i(nE Fers eacnpdr beol ne c(tErSo) s
(b) Recycl e usFee pARArd atrmade ei mfEF sykmgmL, Con

NaS Q@5 M, gHO,L/Onidh compr esmAe df cari rE R nsdy s2t0e m

0.L2 mN2andmA for ES system.

The es$ecptrioon performance was asmAsaed a
0.L.2/ mMNcat mosphere. The r-€Apulteashowed &ahpo
and high surf ac% elreescat,r oacchheineivcead 5s30r pti o
comparison to the monometal |l i eCAc atnh otdhees ,
system siiqroirfeiacdemtilttydmihg .1 2T0Ohe rate const a
0. OnBibht o Omibhe hdi cating enhanced oxriedaacttiivve
degr adaRurothnher more, the electri-€CA|-CRaergy
and-CNi based EF processes wd&r et eew ad aulad welda ta
are shlawrn ei Bh& average business electric
I n 40RThe <cal cul ati on r &€dAu lbtass eidn cEiFc astyes tte
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hi ghest el ectrocatalytic performance i n
consumption -CA mpr@AceMdi Moor eFoever , a positive

value acco3d37dndgcabe£qt hat the sole metal
synergistic effect on | mplroo wiprighmt [seatdloe cc
and N i csompomrémtct rochemi cal-CAecdtommadeas e
di fferent me Na l€ Ac o Wte€€t, @b KL .-GLre) wer e al
compamed .. STBBhe® r esuloNg -€Ah avw t thh &te : F&Ni mo |
exhibited the highest lenf ftihcei esrudys edgre BANGT dc
CA refeNb-EA eFemptlhief ydescripti on

Tab32cEner gy coamasdmpl comisrbirc itthy e e (FEERCIA yrsd fears t «

FeNb-€A with a met.alOpreartaitoi oonfa | 11 @ogry dli,$ @Noan s : A
50nM, oHO.

EGer El e c tcroi

EF sy | ( V (V t (1 ogmacd g) o

( k Whakk  ( Ahddg
FeMiA 0.0 2.45 2 1. 213715 79. 3¢ 21. 42
FeA 0.0 2.62 2 0. 826 127.0 34.30
NiC A 0.0 2.51 2 0. 706 142.7 38.53

The reusabCAiwygs offurFtelNer studi edndntdeonae:!
reusing the washed and dried cathode in
i n t heFeenteocnt rsoy s tCeAm swiitlH % eMiehetli 84 conse
aftemi ER@Q@.(b3.)86 demonstrating relatively
cathode. 1t is noted that the degradati or
|l ead to more organic breakdown, wiFi lg. a
S3.(1@)b) ). The above fti ndheagisndemparsdtiadre
mol ar rati o of 1: 1naonno s tefafcaadrndven y a e rmagg¢
performance of contaminant degradaGA on.
el eeenbon system was indetsesdolby oxheasi omn

and ede@rcpgtrioon.

I n gener al, the degradation of organic ¢
oxidation processes. Il ndirect oxidati on
reacftrievee [8aRdi dal s urt her i nvestigate the

10



f Fe and Ni o)

-Chap@3tSeyrnergi stic effect of
reduction and H2O0ORemtcdn v@arnta @e

degradation -WAtlkaththedeFeNqguenching exper
usitregut anol (MBHA) saaveargbeernzagdi-Bi@ne as(p
alO)scavdgrderak dFiiwgwemaldi.W( cordegrpothaaman d
Pseddostder fit ar &ppendmixgwB)tSh3i.nh dkeheed , t h
ACT removal decmidltsoe domifOhdohne n0O .TOB2A1 was adde

system, indicating t hat c @AtCall ywa s yOaHx i mhian
Additionally, about half the apparent r a
pPBQ, indicatin®.tReepeesendengesgggesant

reductO'onaa®eld ectron SpEADNVag]foll owed by s
reduct oc@and ocdnvi®eHsi ¢éh twas noted that Al
degraded even BfHt emwhti ltdh amapyt bree adft r4 but e

sorption processes.

0.025
(a) (o] ]y - .
R7-0.998 DMI 0.0H
0.020- n
~ 3
' 0.015 S
£ 0,010 R*=0.999 g
= R?=0.996 =
0.005 ﬂ
0.000 : : . : : :
No scavenger TBA p-BQ 3480 3500 3520 3540
Magnetic field (G)
50
(c) {120
—_ ® —_
= 401 ‘ =
: :
S 1™ £
= 301 =
g =
5 {60 -2
S 20+ T
E z
o,
o 130 B
S 10+ c
T =S
T
0- {0

0 20 40 60 80 100 120
Time (min)

FigB8Tea) Theraetiieat ehawepgeerst rat-e const
CAEFsyst eBSR(bpienc tFeABEIFsy st em, @pdofdaft Hon (r e
ankydr oxylgemediaddlon ( bCAEFsybBhen. i €GoRdNL i onc
10ng/ L SQaMM, ogHOmMA20wi t hout -aMyr-8Q2noM., TBA
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The gendDltadMdaspeci es was further verifie
(ESR) spectroscopy -tursammi rDgUPag ebstg,t(hlss.. §ph
The -fiome characteristic signal with a rel
typical spe®tHr smpi mf aMROt s, cddH irrardincga lt
the -EANEF d&8locdssiti onal EJR $pheotsreRiMRBQI| «
O;spin adducts pr olesdp etchiee sp rdoudr u[&igi @mhieo f e
these results indicated t-GQAte |ltheat trAdT sd/esg
was dominated by indird@H roaxdidaali o np Imeyih
rolecodfbendyané idar ad i calgiaman t adeid vhe loy gde |
a process involving th8AN et t on pobdusad
di hydr oxyb2anpBB)x aznedichy(dr oxy baRDHBX & aci d
Thu®Hconcenwasatdenher mined by thedhsgtswo of
producwhsiamh t hen be meatseucrhendihgeuser.e g u HP& Cst
ll1énol /IOHofwas finally mpmodwraaed i afnt am 1 e
FeMiA as the cat hoKieg.(d®3h blue | ine in

I nterestingly,-géeher @ ewsb Nk edMlas c tqruaant i f
found to be relati v3e8N®. |eal / Ime@s @ Irfiichgy.r ed
3.(7c) ) bhaf tTehre 2 ow c gOpaclkesnd rrvad d-Owi, told eBHdp Nit e i
activity and s'é@lReRgt iivsi tlyi kfeolry tdhuee -2 éot ei t
decomposition as an i nt@H BadadiAzcer dongr o
stufiB,est he presence noafnoepnacra piscal febsb B dmat oy
for t he modul ati on of t he | ocal el ectr
H0:t hr ou §grhatahwey, tlheadiemdgOHad iBoensiadfes, t he
FeOson the surface is capablx®t ®OfH. cdbalexpil
t he mecha®kr sthu ot OHHNwWIttlCAFe WICT degradati o
anfDH generation in tgd Ls yEhAtNapno wa e mpt paannndi N
external |l yOwseurpep | meals uH ed .Fi s , & &Faloeft eACT r
removal emanld/ BHoaf®r oducti on wéreeabseownedTa8s
it could be c-GActudediloyreas faMNieofnf i ci ent
2eORR but also as &l ihkd eacadtgeinedtu shArtreant o a
prod@Older adi cal s.
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34. Dp2sami on of key parameters

Opt ¢ mig reaction par amet eranhvaansci bgn edfeigoi
performanceFi @as Fh@wnnifhuewecmadM@T adegr ad
efficiency was investigaRKieg.( a.nh& pafia enldow

rates of 0, Q/ thin Owére andurdd 6t o be 0. (
O. OnmiGh(i nset), respectively. These finding¢
removed even in the absenkBet orfe neoxvtadr naaflt

The dissolved oxygen (DO)flcowmcreattegsathefnor
t he reaction was al so me anseutr eerd kuisti n gv
al umindssespnt ved oxygen probeFi gahladd .t8heh a el3
concentratioaeriani drhe s ystrrmgny Lr eafctherd tlloe
accompanied by a change in pH from 7 to
i ntermedi at e product s of ACT degradat i
expenent al |l yFirgl e8%bu8hi shows that the pH
3in the absence of any contaminants. Besi
the anode during the reacti are.sr altt oonasylke
oxygen evolution reaction ( OER) oncccruerarseed
in dissolved oxygen concentB3@8phtlBo8 Samid| aal
mechani sms of oxygen generation from OEF
reported in other [ @9PRPctTrhec mémiveealr esyd tt esm
oxygen generated from the &gndodby tO#¥a cFel
cathode for tre Asordmastciuosns eddfA edaatl h eede Hack
surface armpoaeanwdl luamege enabling enhanced
transfer o bf odi seglednoeterciot IO P ofCoHsequent |
Ogenerated at the ano@@rwawu cdufofni eivemt wt
aeration, whi eehf fie€t avemos @| uctoisadnr epoptae

el ectroclrgenendt Hon [u4B0Ber aer ati on

2H,0VY &+ H'+0, E%=1. 23 V (38)
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(a)l.()— & 25 k=u.l]15minj (b)]g_ _ [ Before reaction
207 K016 min” , - [ After reaction
.57‘ k=0.020 mfn_] %l 5
0.8- N k=0.015 min
"os ” 124

£
]
Q
on
< : & - n
@] 4 0 20 40 60 30 100 120 Q 9_
0.4 Time (min) '§
. - < 64
1 —=—0 L/min ]
024 ——0.2 L/min S A 5
| —*—0.4 L/min
0.6 L/min
0.0 T 0
0.2 04 .6

0 20 40 60 80 100 120 0
Time (min) Air aeration rate (I/min)
(C)l 04 = -+ k=0.054 min™ . (d)
. h 6 k=0.021 min 4 [ Fe
| =+ k=0.021 min?! Ni
0.8 g 4-. k=0.022 min’! a
= - on
] -'? & / g 34
o 061 0: e
S S =
@] 0 20 40 60 80 100 120 g 24
0.4 Time (min) o
T H, =3 'E‘
024 P < .
|—*—pH,=3 N
004 © pH, =7 L
P9 : . : . 0 : : =
0 20 40 60 80 100 120 3 5 7 9
Time (mln) Initial pH

Fig88€a) The effect of air aeration rate on
concentrations before and after reaction und
initial pH on ACT degradati ominaonddéd) dMeEL a
initial pH GCd4aonhi/tLi,92@MNMACT
The i mpact of current on degradation perf
regul ate el edtergoradtagc A m&@C&FravaemT hed with cul
efficiency increased to amAexmABRBOgw) $B. t4
The electron transfer rate increased wit!
for the ge®xandticonsefucent production of
radi[ch!| slowever, final mACTvade grgahdgdrtt iltghnama tt
2 OnA, and a decrease in ACT removal ef fi
conditi onsmAsaniA.4681 B0t kkedsec rcemassseesdmifht om 0.
0. OnliBhwhen the current w#As t amAcdrOealsiesd rhay
attributed -dloeat rhdam hreegd ud otuiron 89 [9dx yagredh 1
the occurrence of Ry dri adge nr (@eve®lY tain) &innv o |
These factors arX:gentaadbunabl d ebdrngd to
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efficiency of ACT degradation. The highe:
at a cumAeftuofemhOmAke®dmi resaf t2.nz i% ACT
withim nl20t an initial pH of 5. 8.

O+ H,0+dY4® E=1.23 V vs. REY

I n addition to the aeration rate and c
performance -CAn EFhepr BeBBs was al so I NV e
demonstrated that i ncreasing initial p H
degr addtiicarenec % foéhh298mPnl28l ong with a
constant mfithoon @i@%3 g.(c3.)8 Considering pH
critical factor 4 8f edthiengcomegalt s daleia@th s n
i onsder different initial pFH gc(odBd.i8t Alotntso |
the system at initial pH 3 exhibited the
oFe i ons, asr emctsiuare.d Iptosits | i kely the m:
was free metaFisg) aBabbeerwvkedni nhe all oy
carbon aerogel can provide a porous mat

nanoparti clsemnsg tthheuns asachhbfiédBusi ng | e

Considering t he | eaching met al s Fentthoen c
reac(tdgomn ACT decomposition at an IiFmigti al
S3..195he results show that although the h
much sl ower Kkinetics possibly due to | im
i ons, acting as homogeneous F®nobnthkhat Al
degadation at an initial pH of 3. @G%rthet

aftemi A20was stil]l achieved at higher in
| eachi nkgi d.evEIAtshe(s i ndicating the potenti
practical applications. evén satoub dmeathaslbi &

|l eaching significtamedtyi il-@AtrcatskRablimd tEF DY
in the absence PRifg.any3 .efoindg atmi wwalnt dqontr o

poll ution causedi hythel sabedgmental tivons

The variation of pH values bef oFieg.a)nxd3 .alf€
This data i ndicattadti oat comdetrti ahnls, pt éde
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after the degradation process wh'édE@G8.0OER a
Conversely, txe hfromumirtdtdiuec t&feodH) (' EBael uct i on
pat hwa®9KHd 1 @adiCetaf SOHHOHr equired th'e Thwusl v
the anodic oxygeergavdledt asnaocouhdubeéi on s
source and favourable acid conditiloinketo

reactions.

3. Degygradati on mechani sms, pathways, and
The synergistic effCActsysbeser caac ibre tahéerF

i nteractions and enhancepmeenstesn cler ocoufg hEe aa

Structural efCrharcémbmnt s BReNi gh surface ar
s tcrtuur e. Such a highly porous <character:i
which all ows for more effective interac:
enhanced degradation rates. Besi des, me
enlabng the delivery of oxygen and enhanci
structure of carbon materials. (2) | mpro
t he FeNi all oy enhances &electronedgemnesp

otransition mbéeapartsatbopgsepPhithie car bon

increasing its overall el ectrical conduc
nanoall oy encourages the deved opmant aotr
role in modifying the electronic structt
i mproves its electrocatalytic properties

uni que graphitic carbon $touyggenefuactili

which play a beneficial role in enhanci ngq
the alloying of Fe and Ni |l eads to | attic
further i mprove the haectGQRR.ty and sel ecti:

The degradati on mechafdamstmo o fo XAiCdlatiine nt hsey ¢
CA may beed uammafriad ) ovad (i nindwaded uaosxyegen
reaction occurs at the platinum anode, r
oxygen fTiammds Hi n t he el ectrolyte. The ge
cathode/ el ectrol yt eedi nitnertfhaecnesedvaeic@izoeoT it i
uni que microstiCActcandoadre EmatbfFamls had rgtha toix
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utsati on efficiency, thus eliminating the

OER gen€rahesteél create a favecetamwine ORIR
Ssubsequent a0t i viahtei oai foffus eld oxygen t he
lereduction pat hwayl ®tfhoatmiinsg ti mererfmerdti hag re
H20:.. Subseqiaeunntdlieyr,g o éHs Clb@WM errsadoinc alt t h
heterogeneous R4dPtBHBonatreaelaxds edanbenEmulitrion o
Feds andgentkFoemst on r e3a ¢dtdii oon y( Eqqt al ysed by
especunadlelry acidic conditions. Finally, t
removed through a -scoornpbtiinoant i prno coefs seslse catnrdc
domi nated by tLhOeH hriagdhlcyalrseact i ve

[ Fé WH,O,+H'Y [ Ad+lAOHDO (31D
¢o ¥
oH e”[ L
ec P
N \‘;fi\\?oo' 0, diffusion 0, diffusion
k’ \\\QS /L ::f:::::::::::; /,s“ ::::%:::::::g }’
C Fe TR JE——— S fe————
L Ni o " _02.
OER (Heterogeneous e bl
p Fenton rcaclion): =Fe?* + \g
)
gﬁ_}:&t}:« ,.‘_fOH -
V‘"‘*,L\‘ "
(ACT) - © (Homogeneous

Fenton reaction)

Fi gB89Mechani sms of radical gener aCA olnF and /
system.

The proposed system exhibit®de tOhErRe ea td itshtei
created favourable pH conditi o sacftdrvatth e
at the cathode. (2) Generatedsatxygemcvi &
FeMiA el i minat ekttehemaneeadckrfadan on. (3) The
Ni components eCnAd ocweetdh otdlree wH @ NMi uni que st
including alloy nanoparticl es, carbon de
thus achievingditlyeORIRI @g0di wkhict a toin@an .
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The main degradation i nCA&r eneaarartaens soyfs tAeQr

i
P
0
S
d
d
o
1
(

C
P
a
a
o
e

t

denti fLEeMFEiug.id n&$3A.NWM9 TablhtedSBansled on t he
ntermedi at es, and referring to ACT degr
ossible oxidatilOhM patdhwaV soh&AGD)e.lBnALPT o
xi dati on bOeHy i nast t awcikt h on-amt he gcetupl
i mu | thaynderoouxsy Ra ot ¥ n |l eadi ng to Ni{Be 4 fo
i hydr oxyopr hmea(m ld¥e The detect€8-, 4

i hydr oxaycpehtegnRi2d)e g mRaél UMy dr oxyphenyl) (P3
ccurrence of hydroaynidapbisoni oaac DIf[@AELCTa (
0].1 Further oxi dati on | eads to t h-e fo
met hylpamio®d) beamzaoi(dP6gdci deple me dr ipnrgod u c t

oncomitant gener afl D,LB0.3 oS u basceeqtueemitd ey , ( A7)
roducts wundergo further degradabirgeaen re
cisucshsuagi ni(P8)ahgyidBoxypropanoi ¢ o xaealiidc

c{(B1nQnoj4 At the same ti me, et hanamine (
f the al kyl <chain -bdmiarceet (afd )d eb y Phy d racmxdy
nd of the degr adaptrioodnu cptrso cuensdse, r gaol la fcionnap
o ,C6H BandrgafliOjd i ons
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‘OH
H,0, CO,, NH,*, NO;-

FigBI@ropadsgd adati on pat hGuaaytso M f arAeGdn;H svheée y e
atom,-Nbhuem) .
The removal efficiencyChA felA&T triom tslye t pprmo
compared to othebasegore¢edn&lFegimaeidEEa 3.3
Al t hough s obmes eod pirhoec eEsSFses | i sted demonst
those athitwswey, itnhey require additional C
and hydrogen peroxide, external air/ oxyg
|l i ke solar | ight. This results in higher
FeMiAsyst em, which el i mi nke mtson hoere aapecmedstsi i
Further more, hi gh c¢cumAé tm |decande iatse € $ frems u
consumpti on, rai sing scatermppifocaftubdbose
FeMiA EF system offers significant -advar

effectiveness, and environment aladocvoampeatdi
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oxidati drecphmodeasgy efwat er treat ment .

Tab33s Compari s olbF wan-tha &Badctéhm ol ogi es for ACT

Curr
El ectr o« . dens Cacrt ACT k“’.
St u Experi ment a remc( mi
met hoc ( mA/ ( mg/ 1
al )
)

. 99. «
Thi El edtema 0. 05 SvMpaNa p 4. 4. 10 Witlo'O
wor 4

90 r
Dynamie [P = 0.2
flow 1 0. 05 9vQaNa p
[10]1 Fenton (Cathode: 4. 4. 15. / 0.0
coupl e me mbr ane,
anodic ¢ Ti 4Ofriogd
0. 05 9MaNa p | 95 %

aeration r. .
[10]14 EI edtema (Cathodd el 2.5 30. witlt /[

anod®iceTriam

0. 01 ,SMaNabp, |
hematite nc¢

[ Bp HNFPe’kn’eteotr (HNR®) 5L 5.1: 20 | O5°
(Cat hode:
anode: pl at
0. 05 9MaN ab5p, |
CuColFBH = 0
0.4 L/ mir
Cu ColFzH : 0.0
[ 710 / lee oR & ot (Cathgnldaepfhel_ll 10 20 913
anodiemensi
stable anod
l n®nd Row@j} i
At pH 3, gc
Goethit-e g/ Caf{hodatrbc 0.0
[ BP Fentor polytetraf,l 12 100 29
anoBe)
122L5 LGEHNd
mg/ L KCI a 0.6
[ B0 EI ed¢tema (Cathode an 8 5.7 18
pl at e)
0. OBV ¥'e
anlddé mBl Brat 98 %
3 (Cathode wi t |
[10]2 EI edtema steel ano 3.8 755 120 /
coatedl ROGAL mi n
DSA)
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0O.mM Fa=nll. M5

NaS Qa't pH 3, 100"
aeration. wi t |
[10]5 EI edtema carbeht, c 8.3 151 240 /
el ectrode: mi n
cylindrics:
0.4 MM BMO
NaS@at pH
Sl ar p Co 0.0
[1D el e<EEND ( Cat hoddief:f ue 50 157 5

el ectrode,
sheet)

3.oncl usi ons

This study coBBtswysteom aompoeed of OER a
a novel FeNi all oy carbon aerreongeeMala.s Tah eb i
CA exhibited a typical carbon aerogel st
parti chkes c(arebdin deffantcd,i ommad agXYyErs, re
2eORR reactivity and selectivity. -CAcor p.
endowed it with a fast el emtron efansfe
supeerlieocrt rocatal ytic properiAesex hi bi ttehd
functionality as an "®@RRi andntb kat Eadé&adgrs
HO,acti vatOH nr aidnitcoal s t hrough proposed he

pat hwayGA cFeenNiachi eve efficient removal o]
9 while maintaining good catalytic actiywv
was achi eved rwiqtuhaouvetmenh for external a
significantly more 1 sdusotnr ioafl |rye aacptpiloinc apbe
up t 0% 9Y%.nbov al of ACHenthorno ugi dea{eicot wton od
processmahtefrfut2bBer more, ACT degradati on

a reasonabl e degradation pathway has been
i nsights for the advancement o ft rHoennnt oovna t
systems with a waasrtgeewa toefr stursetaatimeanbtl.e We &
highly eff-etfentiaedcompaared to other rej
plan further experiments wiathi cont hienrt oc aan dci

flow system.
3. Accknowl edgement s

Qi an Ye receiveGhifruand$ algo Ifd&r rOBEQiPHeC® 20 @0 6
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4.1 Abstract

Combining electrocatalytic oxygen reduct.

Fenton (HEF) reaction i s cognesniedrearteidn ga r
radicals to decompose organic miccolpalt u
car bon aerogel (CuCo/ CA) , was successfu
bi functional <cathode i n an HEFd s§Go teeamt rTi
to the devel opment of distinctiwe nrhiad rma st
groups, carbon defects, a | arge surface a
features endowed CuCo/ CA awiitlhi trya paindd eel nehcat
and selectieligcgt for ORR grwocess. I n the c
achieved its dual functionality by <cat al
andiint &ettiuvati on to generate highly reac
oxygen evolution i n the system eliminat
enhanci predf fietcst icvoesntess. The system demonst
of camdigaat e pol | inttda btiso,t iiceg | wmchiangeadi cs,
After six consecutive runs, CuCo/ CA EF s
good adaptability wit-henmastalialdi tpyH a nad

consumption highliohtCAdashanpeténti ahtotr

in EF technology for water decontaminat.i
4.2 I ntroduction

l nefficient bi odegradati on of anti bioti
pollutants (POP§L]iTetrheyenvinro mM&€nNt a c ¢
frequently contaminates water bodi es, h a

mi crobi al [c2lmMmM@ni $i €ésequently detected i

water, drinking [WRajtAs @ande walst ewaher need
met hods i s i ncr-fast og. (Hbh)e Eleces », whi
h yrdo x y | radicals (LOH) for pol l utant 0 X I

process (AOP) for breakingd4fiown these pel

| EF systems, hy gDp) 0 g esn gpemreqa iait deedlvod &lt r on 0 X
reducti on reactidpl &ORRt he Equatth omde, av

HOt r ansportation and handl ing cpmhpar e
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Subsequentl vy, L OH radical s are Pbgduce
FE(Equat)Réh effectively decomposismed e wtair v ¢
oxidati on. However, homogeneous EF syste
bel ow 4) and r ed'adde[tdi¢oot & rneufoaurse , Fei nt eg
material s wi t h dual fueteconahi tiORR,

siH@activation, hold significant appl i ce
activabvtomm lo®H Hde peenldesctoonona rcemdeox cycl e o
active sites of the cathoé'ded whioehsehpmi|

r a nf grze]
O,+ H'+ 2 Y H,0, (41)
Fe%H,0,Y Fé% i+ AOH (42)

Ensuring highflfOHR ipernocdyd B tni e ahcet ihoent erreoq ui r €
can sel ect i@gley ecvaita lbegmoec tHr on pat hway an
acti vwvatesyHeld LOH. Previous-Eftadtesi hgv
production in materials such af8hdmégret
t hrdeemensi onal [ ®qraonuds ccaarrbdoadhrD JnHaorwoefviebre r sa c |
rapid electro generation of LOH r em®maigns c
efficdleynwsi «adf both selectivengenkOBHt oODNa
el ectrocatal yst. It -bampbeemt repmbi eat itd
metals with carbon composite catalysts |
activity by regul ating i ndimprdauvail n g mea vad
per formarj€at al ysts synthesised through s
and cobal't (Co) find extensive appl i
super caplac]iiEors baftit2]r aad el ectrofch&]mi c ¢
I ncorporation of Cu and Co species has b
performance, such as specific capacity al
most crdicieal ciat amlyisk es 9 yns tFeemg 9 nChoapvpee ra ihoil
reaction k=11 a OM''sYH ( wi td( Efud@td3mmpar ed t
Fé'k=7 eM'id and can function effec{ilBé¢ly
Additi on&dlhIlCypaitrlseodadost abl e r ed o?Xs ppati erst ii:
solution and on the sur f@eee daxhieldi td egrr ead
organic [plo6l]l ut ant s
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Cl+H,0,Y Cd% &+ AOH (43)

To enhance el ectr oc actaarl-byetsi ecd ancatievriitayl,s aan
el ectrode fabricat[ileg/n] ciamdlomd,Bafegnody &g bamh if
(GFL.9]Among them, carbon aerogel (CA), di
good el ectrical conductivity, and high s
for el ectr o[d20]d oan satdrdu d ti ioan carbon aeroge
for metal or metal oxide catalysts. The

of the catabdbyptisonaoadpadist wdsai ses pol |l u

sites, |l eading to [elh&océadrcatahakysyoeagt
Co on microstructures, electrochemical pr
not been systematically reveal ed, and aj

efficient electdedenmamienatl ohoremaites t c

I n this work, a CuCo carbon aerogel ( Cu
cathode -ER sy&eemroThe cathode microstr uc

porosity, and chemical composition of Cut
of @A,/ Co/ CA and pure CA. The synergi sti
mi crostructur e, enhancing ORR activity a
ability were systematically investigat ec
acti vw@ai eswiHtt uvout external aeration. React
radi cal generati on mechani sms wer e reve
Recyclability of CuCo/ CA was invebséerimgat €
stability was ievadbwst esdi i meda tcaonnkt r eact

extensively catalytic properties were fur

4. 3 Experimental section

4. TheEmicals and reagents

Psheet elsoturodd fvaem the ShanghaiTe€huxi
but anostCOHLCH 9ad wpcwred from Fluorochem
(8602, 99%), titanium (OYprxaycsyuc Ifiantee h(yTd rSe
CoH2€E105, 099%), hydr ogen20p eorboaxlitd e( 1(13)0 % cwel t\
( Cosfl7G2)2, Anal yti cal,niRteraigengc i afdNdydr och
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(HCI , 3-D %ne 4-foy t5r odo X h(ERNNP QHL NO,0 97 . 0a%)d p
benzoquiH@,n e OY8CW%) wer e s CGAlrcrevdicdier okn Bi § ¢
Science Ltd., UK. ((CEp®@@) 9(8%)), afcoerti@atled e(ht

37%), Nafion (5 wt %), sodium hysrGox9?&8%) ( N
and aceltOgn eO9(9& %) were acquired from Ther
( N8 G 99. 5%) , 288G f ur6 %) ,a canddsGhe t IO®®0 19 %] Ch
purchased from Fisher Sci£®RtiAnal ytUKcalSo
grade) was bought from BioServ Ltd., UK.

4. a2 hode synthesi s
Referring to the fabrication methodol ogy

workR,1]synthesis of CuCo/ CA cathode (mol ar

stages: Gel ati on, sol vemtt if@xgEc.h ddgstrdt gt
schematic diagram of synthesis process.
Cu2+ C02+
£ < -

& s i 2. Solvent exchange

». .‘ - e 1. Gelation e g 5

K] W Formaldehyde A T

Resorcinol CuCo RF Gel CuCo RF Aerogel

S % 4. Carbonization
i Co N 950°C N,

N ‘ Rt -'.‘ e
el & YY" |
- Nawe T A e "
- _ 3 P v}
= e Helix
. y .\ - 4 C}l(_"f) Cfn‘bon Aerogel
i Nadab L (CuCo/CA)

_____________________________________________________________________

FigdrL®8chematic di agrsdamgsehowinitd efsdiwsr of CuCo.
similar process was wutilised for the syn

The synthesis of the CuCo/ CA cathode ( mol
stages: (1) Gel ati on: i n which 11.011 g

ul trapure water, foll owed by 15 mL of 3
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sodium <carbonat e. The resul ting mi xtur e
di ssol uti on. Copper (I'l) acetate7@®, 2430
metallic precursors for Cu Cop rCeAp a rweedr eu ntil
solution. The resulting solution was mag!

acubgl dss dmwhi ch wasetail ghlt | iy hel agmgcur sor

i n twWed mwas cured i n -kaathe po vteenmpuesri antgumag npurl ¢
30 AC for 1 day, 50 AC for 1 daatyi,omnan ®d Oa
processes. (2) Soaldewds exemange :f thm tmoe
natur-alblby &iefore the resulting wet gel we

for (r2zefbrresh the ,acensowmrei rey etrtyorzaddud) r epl
water within the carbon structure. Aceto
its | ower surface strergpsgeh, shryeidgme f onli B¢
sol vent exchange the gel was | eftdaypy, dr
yielding an aerogel of specisadtiicondi nfeinnsa |
shaped carbon aerogedt iwars wiutbhiect @ dt wilme ¢
Gero TZF 12/ 38) under a flowing nitroge
temperature was ramped at a rate of 3 AC/
was hel d for 4 hour s. Ml tieon cpmptces s on h
CuCo/ CA was allowed to cool to esanbi@&ntan
I ngtreat ed cat hodeFewmittomi ns ytshteene.l ectr o

The syntheandg €wé I ICtA/ CArough identical st
02430 owofpper (lain}d @®cced7@a3letg (1 1 ), arceestpyelaatcievte
the precursor solution. The pure CA was
precufTlheormet al @u€ei/dCAs at étg&®&.pper (1 1) ace
0O.5848do0balt (l11) aCe€@:lCACald €@adBpper a(nldl )f oa
an@. 2g22obalt (l11L) acetyl acetonate

433Char asateon met hods

Xray diffraction ( XRD) patterns were obt
(1. 54pPp6scannidngnge bphelPA to 80A with a
Shi m&XRau100 instrument . The surface morp

t hrdugghesol uti on transmission electron mi

12
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Themis 300 instrumentayTbepeehenggogdyspeD
executed using the same iIinstrument empl o
ray photoelectron spectroscopy (XPAY was
radiation) manufactured by Ther mo Scient
Co2p orbital spectrum scanning on the Cu¢
the el ements on the surface. Expefument ¢
refl eccttiroan wsepree recorded wusing a Ni<ol et
pressed KBr pell et s. Defects and disor de
using Raman microscopy (Horiba Scientifi
excitatiodnmouUl.c® mW ISdser ponwer ,Tos pontv edsi
the surface porositsedi chohwmateisonaoMi the ms
i nstrument wasadseidpdtsommpltti oinn idot her ms
7K. Precomduowti ng measur ement s, t he sampl
ces¥ aoh 3Q® effectively eli mbdabepahng
a acquired within the rangaofwerel sel
to cal cul atEenmdheel |Berru n(aBuEeTr) sur f ace area.
pore size distributions wa st haeckBogmpdeitstt
enda ( BJ2HB)i tnme tdhaotda col | ected from t he

4 4FE|l ectrochemitealt spropert

Cyclic voltammetry (CV) telsdcst rwedes scgpsardn
CHI 760E el ectrochemical workstation ( Chi
are the working electrode, the bul k CuC

Subsequengt loyf, tithte powder was di spmbsed i
Mi FQfrMwat ermL Oaf75et halnoovit amMdedf2®Hn sol mti on

of sonicati on, t heeLneswast acgigopgcat al mstgl ia
el ectrode surmm)ceandi ldenfgt entad ud at | vy, for
catalwmstl afyier . The obtained electrodes Wwe
pl atsmeent and Ag/ AgCl served as the count

The CV curve wsaatueabededl &@@a0Co FHH ewi( Oh 1
scan r anVed sof BeEG ore starting the txdotr, t
3min to achieve saturation,LlL/amnd adédr atuigdm

test .
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El ectrochemical I mpedance Sspectroscopy
empl oy i negl eac ttrhordeee system, in which the bu
working electrode, and platinum sheet a
referemmale®] eactespectively. The EI'S expe

potentiostat (Gamry, 101GEPHaAacwiotsls an famp
of m@a.

Rot at i-dhigs k ienlgectrode (RRDE) testing was u
( ORR) activity and selectivity.M D&t vol't
pH 3 using an AFMSRCE rotator wuni't (Pine
preparation of catalyst i alk owa st hied ecnattiacl ay
pi petted and spread onto a gl assy RO&r bon
setup conmpricsydonfdias® (ah.d2 44705P ic8HB 6wigt h a

catal yst | oadisgd ¢ hemaliltgwi oifg-d BWBRT @i @aht r
temperature, the modified RRDE was empl o)
an Ag/ AgCcCl reference electrode and a pl a

the electrol ytod owammsBBrlaeTateldi wimnht ©& t he ce
working electrode, the backagxadurod phwerrree ru
the same rotatpimn annpge etvd(sl)6 @dse st éhdoFu ndchedr

then subtractedsftrioom tclue VERR Thal &rti ri ng
constant pdYtestitheofedxeBsi ble hydrogen e

4 5l ectrochemical degradati on

El ectrochemical degradations were perfor
(1m0) , i n whi ch t hed plaatdi nuym t hteeseétse d 4 ¢
(CuCo/ CA, Cu/ CA, Cod¢ A waenrde peurmpel aGuia, g 4.s5
anode and cathode, respectively. Tngéd Lsi mi
tetracyclineo( TS)ONasdeDedbr oQYwat)erwi (t Me rM
Mi Il Iipore), stirred rwim h( 235 ma gFneenttiocre | beakErE
systems, sauDLCl poween7 6 @ mancdi®@f i gured for t
the electrocatalytic reaction, was conne
current mode was used. No additi-bPematd ome,]
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reactions, while compedssedeanftuayki nhder
aerati on r astoersp.t iFoonr (elB)cotBryostement 1with a
(B at mospherma nofwa®. 2nai nt ai ned during r €
aerategdf owimi2mD Wri or to reaction to remove
solution was adjusted to 25@®e adneds iprHe da nvda |dt
oxygen (DO) concentration -wereHQonoOdodErdac
UK). Water samples were withdrawn fMmar me.
syringe, foll owed bem ffiillttreat.i ofrh et Icrad thgohd e
cleaned -pviurtéh wdttera for t he r ecuyscel aebxipgartiyr

assessed based on the decomposition effi

4. 3.6 Analytical methods

The concentration of iViCs wape anteracsic e@y u@s$ M
at a detecti omnwad]elTlheen-pitstesubddar 3K6i7net i ¢ moc
to describe the remgd allCeradep rTeG eint s Eq wna ttii
concentratGroenpremghits, pol |l ut ant mgdkdokcsent r
apparent r athe a@moehpsrteasnetn t(smirreacti on ti me (

I (Co/C) o bl (44)

The concentrations of metronidazole (MN2Z)
wavel ength of 318 nm faadd, AF]Be nmo n creenstpre
acetaminophen (ACT) wpaesr fdoertnearnntien eldi quusiidn g
( HPLC, Agilent attl22® 4 lemfuii rpipteyd Iwli)t h an Ag
Porosheldl181 20 |EUGnn (2. leminm X hBO mmmj | &. P ha
of Sol veatter( A Wi th 0. 1% trifluacedaoatitc i &c
0. 1% triifcl macriaacelthe gradient &3 %B,i o, mirrm
5% 5%B, and 65%B.n: T %Al ow rate of the n
mL/ mi n, and the irllB8atiopnl volamedw@SALOw
HPLC at 320 nm wavelength using an ident
adjusted td5>%B, mamd D558AE.: THHREA col umn t er
mai ntained at 40 , andmitmme fl ow rate wa:

The concentration 040) hyemegean ep e waxi daes

13



-ChapitCurCo carbon aerogel as aF entfamc:
processes: Unveiling synerg-i stic

colorimetric analysis. This rebGeadmmplnex h
with detecti obWvpsepdotrmegdc apy ngt a detect i
[ 26] Speci fically, 1 mL samples at speci f
reactor and introduced into a mixed sol
oxysul fgt,e O.Ti S of 32SK) ,sudrdfdir3 cmlacoft
all owing the solution to stand fHyrdr D&y i
radicals (LOH) were quantitatively deter
acid (SAD2.Apldn LthHhs, e@pBLi MeSA was added
NaSQel ectrol gektosel upprhedchae toear mi ned t i me, 1
mi xture was withdrawn for anal ysis-usin
di hydr oxybenrDzHB Ac) aaahiidd Y2d 250X y b e RDzHOBI Ac) , a cwiedr ¢
detected at 320 nm waveleodpti hedphiasg KBL
water with 0.1% trifluoroacetic acid (Sol
acid (Solvent B). The {§5%R, eand us9ehiioBw.a s
The column temperature wasamai whai setl at
Under these exper iDHBMt alrDldB2h dbe x hobbhst ed, f
times of 1.85 min and 1.7 min, respectiv
by summing t he eDoHhBcAe matribdd B2A,.06ns of 2, 3

Met al | oadings on the fabricated electro
Pl asma s Spect rMSmetRer k(iINCPEI mer El an DRCe
ground up using a pestle and mortar befo
mixte of hydrochloric acid (HCI) -lainguind t
mi xture was graduallyxomhtaotllde dnhoaot tpelmpte
evaporation of the acid. Subsequentl vy,

t emperaantdurldd, mL of nitric aci d was added.
heated to reduce its volume to 5 mL, f o
filtration ¢nhrowmgihngae O.i22 er . The dil ut
determi nedMSusiTmg p€Rsence of radicals wa
Spin Resonance (ESR, Bruker EMXplus EPR

sptnapping agent . wahse cdoentdewcttieodn ionf a.gQuHe o
detectizovmsofdnlkc@ealuct ed in a methanol me

reacti viragi odl §Owi th DMPO and the potenti
13
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aqueous environments.

4. 3Continuous stirred tank reactor

The operational stability of the CuCol/C
continuous stirred tamkr gaeatca mdr st iCEBeNd&RY) | «
di agoafamt he reac¥Fog. i.4. Bhhebwrheacnt or compr i
cyl i nsdrapcead gl ass cell, two peristaltic p
supply, and containers f omreadaddtei st occiks pof cese:
Two peristatic pumpes awesrtee aednyp | folyoewd otfo Te
redor. One pump was used to feed the stoc
was used to collect the treated solution
reactor solution vol ume. The <cell was e
CuCo/ CA <cat hcond ei-enitiestclh r ad@ separation. A ¢
0. M5 N9@and a model cont amigrMdntT Cs oweurtei oun
Continuous stirring of the sample soluti
PTFE macg nbeatr .

4 Rlesults and di scussi on

441Char asat eon and el ectrochemical perform
Physical and chemical characterisations

catalytic mechani sms and performances.

cat hode was f i r srtayandil fyfsregd-tidddg2e ulgXR Xu Co /
exhibits a mixed phase compriOsi Adpregeeanmhis
di ffraction peaks (44.2A, 51.5A, and 75.
pl anes of Co indicated the incor[2pr d8thieon
charactdpea®R2aitcs 2attri buted to the crystal
car pg.n Peackvsalates2 of 36.4A, 42.3A, and 61
(2 2 0) pO[aln2e]svhao fc hCuni g ht be beneficial

catalytic performance. Additionally, the
Cu pPBdPsenf i rmed the successful i ncorpor a
aerogel framewor k.
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¥ Graphitic C
+Cuz0 “Cu =Co.

—_
QO
S

.
Mmoo
M /

Mo e 5
Ko v o it bion]
Cuy O #05-0667 ‘ |

Intensity (a.u)

Cu #04-0836 ‘ |

Co #15-0806 0 _
10 20 30 40 50 60 70 80
26 (degree)

Figd2ea) XRD patgt)erHRSTTEM h)mages, (h) El ectron
(i) HAAEM i mages of CuCo/ CA cathode; EDS maj
(m) Co elCa@entCAonN

Hi gresol uti on transmission el ectron mi c |

magni ficati oRisg .d2b@d )sshoWwmey ni |l l ustrate th
metallic nanopar tDlIcdrens iwi tChu Cao /dGAa meTtheers eo
t he organic aerogel matri X promot e t he
car lmanieing .(2e) ) . Notablsatiparitwidlhi gr amhibto

previously reported when transition meta
met al senavdhws ht he materials with good el ec
efficient traBfpoHRTEAM ikElagge?df)oiyns pr ovi de
i nsight into interlayer distance and el e
spacingnmf agdre@érn8&8dpectivel y.,Ocdily eapdncCa
( BO) pl anes, and the electr&€o dilBHfAr alcnt i o
accordance with XRD findi ngrsay Fsupretchterronsocroe
m@ppi ngeg.i(Aa()m) Fagdiclearly show that el eme]
both carbon matrix and nanoparticles, wh
centr al nanoparticle area. The distribut
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correl ated, with both being predominantl
scanning results), possObl yndeentoagthe
exhibits homogeneous distribution on the

tr

fu

a previous[3d upgys ibtyi Les earrmaél ati on was
nt ent and both activity and selectivi
dicating the significhBingg3agf eoxhy dan sf
ansform infrared spectroscopycORTARNI 0O

nctional grougesl cmat tdhdkekessynftwvoesobvi ou:

abl4aoemanDlie3emare attiCO®anedi €0 bond s

r e

OH

on

spe¢di veddi tionally, strogcgicads @rsjptoinan
vi b[rf8atiwdhn ch indicated the presence of
synthesised CuCo/ CA. By comphesrgfbDheE

cat hodes, the doping of Cu and Co el eme

fo

rmat i onc oonft aoixnyignegn f unct iTé@adr ogurposu. ST, h ee s

higkesol ution spectrum obt atrmed pfhrod m e |ICal

sSp
do

a l

estopy (PXPES)3b)nis deconvolutedoxwnwgent!l
ubly bound t@ad®58 derVBtomer( CeenrOd hydr oxyl gr
i phatic &um@aéBReoMiyhle rs haankde hydr oxyl group

atb33&/0 amdface abaor b3\ gd¥aAecordi ng to

St

UdBy the intabodsaenbayegmmt agirnoiunpgs has a |

i mpact on the el ecORRcfadcraltyhe cOpme@rcatsiso o |
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C-0-C —
(@) oy -CH -C=0 C=CH, (b) €=0 O1ls
ey COO- ] C-0 (1)
/ CuCo/CA Ly . . C-0(2)
) = Absorbed H,0O
5 - | = Fit
< Cu/CA T = o
= = Xperument
2] fo
3 8
= = )
/’f ..
VL
v ! - - A AN,
v
4000 3500 3000 2500 2000 1500 1000 500 540 538 536 534 532 530 528 526
Wavenumber (cm!) Binding energy (eV)
(c) (d) c-c Cls
Defects
—_ = C-0
3 =5 .
2 k] o
T-T
2 2 o
= = Fitting
5 5 Experiment
= =
| e,
800 1000 1200 1400 1600 1800 2000 296 292 288 284 280
Raman shift (cm-1) Binding energy (eV)

Figd3ea) FTIR spectra of svaxXrPiSo ussp eccattrfa@doefs ;C u(l
(Ir)efteatheer and hydr oxyl groups bonrderdd®G6 al i
(2) retflreers @amd ehydroxyl grpougse)b®Radmad tSpeato

cathodes andPg&dsyp€ctlra of CuCo/ CA.
I n addi ti-oonnt afiuonxcygtg eonn a | groups, carbon ¢
active siteselfeocrt rdGaft adlRIRR i det ot degr ee of
assessed through FRagm@Bn) spEwd rprscmoiplyemin p e
abDl134M(D ban®l583MEG band), whi ch repr
struct thryebrofdispd carbon atoms (suggestio:H
struct u¥he boif disped carbon atoms sasuggegst
respe¢8i vBeyyempl oyitmagpoadrlkaltii soiss,call cul at e
peak area are determined as: 1.88 (CucCol/
(CA). These ratios signify that while sy
and structur al di storti orse, otf hegy ampditi dii r©
compari sonp/dvtanleu ehiogbhseerr vied f or CuCo/ CA pr

synergistic effect of Cu and Co increase.
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activity. A similar bimetallic ef[fle®,t3 has
her mor e, desspreye oFri.Wgm{3g n) odbf CCUCo/ CA a
carbon defect [pralkndt t B85 ¥ eschc €E=0Of g rc

correspondspgecttrhiem.O Tlhese results indicat

—

Fur

defects were formedi dnurpngcdashe aofar 6o6o/
generation of oxygen functional groups.
for tédleedtwoon [@RR fpa micleigteanteirnagt it n .

The ORR electrocatalytic activity of CucCc
thredeectrode cyclic vokstammeM eMRIQQE¥HF) i n
electrolyte solhitg.04a) , Aa di sushcatpdaknat

vs. reversible hydrogen el ectroger(ERHE)T'tI
the catalytic activity of t hgdRCuTbé CAuct
metallic content of CuCo/ CA was dmaes min
spectrome®)y ywiit €QPcopper ( Cu) anavt ol aldt
0. &8 %, respeaekite.ve&Diye (to | ow met al l oadi ng
not observed in the full XPS spectrum, w
(Fi.§4(2a)). I-meddleuthiiogrh XPS Bipég.d4dbnnym -d fwo C

peaks of Cu 2p 3/ 2eManadndeuvd 522mr2t 3 pdBd9 8 ».
further verifyihg n hteh ep rGus@Gon/cEA ocfaXRIDde a
reskEi.gd () showseddleuthigm XPS spectrum o
emerge aV¥V &rB8de.VL95cobrresponding to i&€obi2tp 3/
peaks, r ed.p eAcctciovredliyng t p3,a Gu(elv)i osupse csiteusd y
as a -Fekhéowmatal yst andOlaavtd viaeemnapmwl ige

radical s, as dh8wnddiini éEgqabkyonit has b
Cé7Chredox couptesi pll ayolae in-lekkameiacgd i |
facilitatasatgiut athtocn pdnedr ate @Fdrok Yl rad

0¢ Q)0 V0O p6I51]].The presence of <catalytical
thus endows CuCo/ CA cathode with ahiokéder

catalyst to induce radical generation.
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(a) (b) Cu2p Cu 2p,,
0.0 (9327 eV)
z -
£ = Cu2p,
= = (952.2 eV)
5 -0.1 2 i |
] 5
S = !
. I
0.2 —— O, condition !
45 -0 05 00 05 1.0 965 960 955 950 945 940 935 930 925
Potential (V vs. RHE) Binding energy (cV)
(c) (d)
) 0020 ——— CuCo/CA
s CuCo/CA | Co/CA g — Cu/CA
9 o CuCA CA 2 Co/CA
E Y . 50 00151 CA
(:?\\D _// {ruu; e i it \CE_)/
g 4007 el 5 0.010-
LAV i g
= 3001 g u“),’m’ =
£ 92004 233993 3239~ i ; 0.005 1
5 | Y // & N‘“"""\\
3 Bl “ A \\N_\'
® 1007 / 0000 s
‘E‘ 0 Z T T T T
E 02 04 06 08 ¢ 20 40 60 80 100 120 140
& Relative pressure (P/Pg) Pore diameter (nm)

Figd4ea) CV curve of CuCol CAb)nCuhé@ppX@Sesp:
CuCo/ CAjad(scoripNeisompti on isotherms and (d) Po
various cathodes.

Tabdle Porosity ands ymetsdad s claotahdoi dnegss o f

BJH
Pl ot I CP [ wt.
BET t-Pl ot . adsor g
) mi cro
El ectsurfacmicro cumul a
vol un
(A g) ar ed gl ( g ) vol um Cu Co
97 (emg)

CA 601.4 480.3 0223 0343 / /
Cu/C 583.8 51.5 0248 0.0090.93K /
Co/ C 576. 533. 0.24 0.00: 0.91+
CuCo/ 574.2 453.1 0209 0296 1.00KRO0940.

Pore structure properties of tidaaedsoyimptheeos

desorption tEisq4 .g4e(@dk) ,Ihorivca. Th el synt hesi se

possess a BET D60fl%yceeu rapraesas i mfg Sh4ne ot her

aerofg®mBs The relatively high specific su
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active sites on the surface but al so i mpe
pol l utant compounds. Pur e CA exhibits |
0. 3c4iB g, it i's therefore speculated that
from the carbon skeleton, and the abunda

pore channel s.

Cu/ CA and Coi/gC@Mcryuregerhibits | UPAC Type I
rapid increase in gas adsporrepstsiuorne craepgaica
i ndicated a typi clad]. nNecgrlo pgo rbd ues asdtsrouw cpttura
observed for Cu/ CA and Co/ GAS5 imind hiams tsheo
| Ri.4.(4d) . This i s because nitrogen, as th
si ze, maki ng It unabl e t o easily penet
mi cropores nOsmaclalnenrott hbaen a2ccur ately det ec
and CuCo/ CA exhibit an-tiypet hgrsmeoksl| ¥ f e
their prominent [flesDhh®os®ucsbsenrwvatiuomes ar e
mesopore size distributions hmr a€dmdand
respectivel y. Il n addition, a rapid incre
region is observe@Aforntdotht CAgahtdeCuaC€exki
structure. M car opaorbes rfowicd i ve sites f o
wherneeassbacr o pores serve as channels for
supply and allowing electrolyteg@toThefo.

combination of two roles greatly i[mfaroves:s

A previous investigation found that por e
effect on el ectro&®.hemlli eatl r opcehrefnoircnaaln ciemp e
(EI'S) Nyqui st pl ots of four cathodes all
frequency range andf rae gsuternaéiygéhr{danjglen e(Th e ¢

transfer R} eoif steaarcche c(at hode was qualitat.i
radius of the semicircle i n the Nywguist
small est semicircle radius, indicating t
el ectron transfer kinetics, while Cu/ CA
I ts relatively inferior el ectrothaimi ctahle

synergistic effect of Cu and Co resulted
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carbon aerogel, indicating a more effic
el ecieiederol yBe interface
(@) 251+ CuCo/CA @ 04 CuCo/CA
" Cu/CA . Ng 0‘3--—-~gk Cuw/CA
20{° ColCA | < 02 T Co/CA
CA .00 Tt E CA
T 15 . NELLTTOT = 0.1 el
) . 0.0 e BT
&y 101 g < —
! ) -
N Y - g 2 /
5 f a - % §
L 4 E s——
0 a
01 = Z‘(lr::nm) " o4
5 10 15 20 25 30 35 40 -0.4 -0.2 0.0 0.2 0.4
7' (ohm) Potential (V vs. RHE)

Figdsea) EI'S Nyquist plots; (b) Polarisati
160 (pm and si mOloxameaauonHcurrent sOamolt/hLe r i |
NaSQat pH = 3.

To further investigate the synergistic ef
a rotadisy eiegtrode was used t o pefviagl uat
4. 6Gb) shows oxygen reduction currents o
corresp@®OmodiindgagtH on cur r é&ntomn meaes uriendg eaetl el

sweep voltammetry (LSV) outcome reveal s t

ORR performance, which may be due to the
hatwave pouwgmndbfifalCuChk/ CA, Cu/ CA, Co/ CA and
0. 056 V, T OV. 2a6n5d M. @04 71 4M (v s . RHE) , respe

addition of Co to Cu/CA increased ORR ac:
t he whhavlef pfthen€Co ACA exhi bits the highest
posi t iwaes eh gloft enti al ; howORRKr selechasithe
| owest ring current density testednce@n t
the sel ecQRR,i tays ftohre 2rei ng current exhibit
el ectrode compared to Co/ CA. The enhance

t hat the synergistic effect of Cu and

mi cr ost r uchteursey ndtuhreisngs tprocess, with abur
functional groups. The synergistic effect
single metal. Overall, CuCo/ CA hasviauwt satn
selectivity, so it can -Eatntadryseseysthemhted
achieve the highest pollutant removal ef
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44 Het er o -Feelnetcotnr gper f or manc e

4421Degradation performance and radical g
Utilising tetracycline (TC) as a candi dal
heterogendewnd oal esgytstems t o beFievhA.(Apnt ed
psedfidostder kinetic plots for TC removal
cathodes wunder neutr al pH conditions. Th
CuCo/ CA EF syst emhwas >was888.H6, 2.06 and
(0. 8B 7hCo/ CAY) (And8puheél) CAreopgdagRi(Behy (The
el esbrption (ES) of these porous <cathode
curremA @afimdl unatemo samheN e, where oxidatiywv
contribute to TCFidgm@a)al (d@Ashesdholwinne ) ,
(characterised by distinctive porous str
hi ghest adsorption capability of 65 %. I n
al most reachéd pOWweadd é at b 2i 6ssugmalfdele rarem
Notably, TC degradation employing CuCo/ C,
(Fi.g .6a)ol id | inhkes)Thifs ewas2.5ndi cative of
adsorption and oxidative degradati on p a
comparison, TC removal rate with pure CA,
67% and 6%%, yreswhe cthi demonstrated TC ren
mai nly ascribed-sbopthenrcapgbi ei efsftadti na
Cu and Co transition metals on carbon aer
the 1 mpact of Cu/ Co met al ratkFio§ awasT hfeu r t
CyGo/sCA electrode, with an opti mal Cu/ Co
removal efficiencymiaonf, A0h%. TWI t he moviad 0
CuGoe/7CA anCGo/e@WA el ectrodes were 60.6% and
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processes: Unveiling synerg-i stic
(a) _ — == CuCo/CA: ES (b) 0
L0715 -+~ Cu/CA: ES 1.0+
Co/CA:ES
0.8 CA: IS 0.8
ST
J 061 SR g 0.6+
8] =t O
0.4+ — 0.4 —=— Control
—#— CuCo/CA: EF 10 mM TBA
0.2 {——CwCA: FF 0.2 —— 100 mM TBA
Co/CAEF 1000 mM TBA
0.0 T (A F‘F T T T T OO T 2 lnI\V] p_BQ T T T T
0 30 60 90 120 150 0 30 60 9 120 150
Time (min) Time (min)
(c) (d)120
=y
= 100+
— =
5 = 80
o v
= 3
P 2 60
% [ ] L ® [} 8
£ T 40+
g
DMPO-0, = 207
. . : ; 0-
3460 3480 3500 3520 3540 CuCo/CA CwCA Co/CA  CA
Magnetic field (G)
80 20 100
(e) S U -
70 =) : =
2 60 [16 3 1507
=3 A =
= L14 £ 084 £
Tg 50 12 \; 2 160 E
2 401 102 2067 S
2 30 s 3 X 1908
< T e 2 5™ B
= 201 4 & E 120 8
10 =) 0.2 5
_2 IN s
04 Lo {0 =
: : . . . : 0.01— . . . . :
0 30 60 90 120 150 0 30 60 90 120 150
Time (min) Time (min)

Figdeea) TC remestar@tnon (EBgnbod EEEBTtBPSLt ¢
Effect of radical scavengers on TC degradat.
for CuCo/CA EF system; (d) Prodiucti @) oTOG)
removal (20epgrto)d vacntdi oHh  (ri ght) i n CuCe7/.MA EF
NaSQ5mM, TaéglQ, salicW,l inco acxitde rin.almAa € roat iEdn
systemnsdg mifgandmA for ES systems. (f) TC remova
gener@rtigmt) in the presemngdel)o fan@u Gox/t A npad W
H202( 5p0p m) .

Moreover, electricity consumptions of EF

and pure CA cathodes wer ed fhRal uated accol
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ECrck Whgl, Je | AWmjt / & 45)

whelE®@d( k Whrjikgg el ectricity consumlptsi ocnurpreern
( AYi,s averagei voleagtegpgg &V st, iT®e mals)s, | oss (g
commercial electricity pr[6R eAsnshabind Ki.i X
the CulCagd €PN EF system demonstrates excep
TC degradati on, achieving the | east el e
consumption for degrianditrhge eCaucCho /kGA EGr am sc
approxi matéth ohethat for -PertvomusBygt em
i ndicating the practical application pot

Tabd42eEl ectadrcsumpnd o st ar i ousCobEH istyisefnesths p H
NaSs@50 nmMM510 mg/ L, 20 mA.

EF EGc El e c tcroisc

| ( Vaver(aé/e: t ( anTC( g) .
syst (kWhidk (Akkg

CuCGOA 0.0 2375 2.5 1387 59 85. 5¢ 231
CuCA 0.0 2642 2.5 09811 134. 6 36. 36
CeCA 0.0 2.47 2.5 1.0a® 122.9 33.19

CA 0.0 2458 25 1. 0426 119. 6 32.31

To further elucidate reactive species in
CuCo/ CsAy sEtFeemitt an ol ( TBA) was used as a LG
chosen because of its hikgth.l@ &M &Y)E H.n sTt haen t
resulFi.g . Gn) show that the TC degradati o
increasing TBA dosage. The reac'ttioon0.r3ag4
hwi th the MJdOBAiiomt oFt.84) Sydamamgtrating
of LOH radicals in thebenxodatBhQu)e ehdagsg raa dsaot
used asraai ¢o®l scavenger with Jdak=@0igh r
1.7 MY [ . Our results sh@®Wed etdhato adddirt
degradati o rtaot e6 5f%.0o nT h87s e riemsiutl it &l Isyugugre
reducti ogr daadi caanl Lididae eenheedcitartoen pat hway,

foll owed by fuO4 handr edbes[BRodntrdt wlrOtdbr e,

spin resonance (ESR) spectrotcapypi wgsags
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directly prove thegadiecalts oinnof hé OBuUGmM
showhi.g.iec), the characteristic peak with
to DMP®O®l adduct waEFobgseremdutitnlising CuC
thereby confirming thleH.gelnheer ad @ xtnu polfet L (&
DMPQ@ @®@spin adduct Ww@Hs whsohdesecbadi stent
guencehxipnegr i ment s. The effective degradat:i
primarily induced by an indiregt wdhxicdatil
domi nated by LOH species. Under the attac

removal efficiencyhy wfas7@ché6B®veadt amder 5
condiFiig.ee ) ( | eft axis), demonstrating t
down the pollutants into mineralised pro

The concent rpdnernatodd el @t twaos al so quanti
of salicyl i[dl. aédsdshinghi@dPH t he accumul at e
of LOH in CuCo/ CA EF sysg¢gnar /wla sa fdtedre rinb On e

external aeration. I n compari son, the pr
Co/ CA and pure CA enaotlh oLdemérBe abc haenddo 15495.. 39
respectively. This result further indicat

pure CA is ma i nd o/r ptt h roonuTge loekeeSEteedn | s e s L

production rat-EentwywdOms®hesbowi egttbat t he
based EF system has a stronger ability t
reported EF systems, indicating that the

i n oxidative degradation of organic cont ;

Previous studi esObhawvebegnah erdteatd elcatr ol Ol
pat hways -boans eaa rnpddtne rHioavles e r the concentr
HOoover CuCo/ CA was negmoilgilb WweF{.@mneba s2u r eid g |
axis). odsehvani on may be -mittte i datehp a Di t
reactive LOPPR nAdcdimeida rad lelsy ,e-&ienn baonn usnydsitveit
gener ax0ceédn Hundergo chemical or el ectr ¢
di spropor t l0, &0i+dd,2 )and reduction at

(HO,+ 2Y2® 7. The plateau istiatat dsal ahat &
bet we@ge#hler atiiten camdumpti on or decomposi

14
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processes: Unveiling synerg-i stic
systembébs efficiency in maintaining acti:
degradati on. Similar research findings

within carbon matrix enabl e modul athieon o
acti vaitOpwina paatlHeway t o gerfé&ralTe OMvesdigal

CuCo/ CA participated i nOy,t hTeC adcetg rvaada toino n
generation efficiency were measured in a
exrtreal | yOadidg.dé6f i s hows that TC remoValL r
of LOH radical Wre sn g eermaecrtatoend tatme lp50mn  t |

HOoand g@ L2 CuCo/ CA nanoparticles. Hence, i
cathode can neteontgchecucal 2process of
HO,, but aliso asag #iva byosteon goefnedr at e LOH speci
to TC degradation.

44 . Dp2sami on of operational conditions

I n addition to inherent characteristics ¢
densi ty, pH value and aeration rate play
contaminants Fi.g . (EdF) sylsdwesnst hat the i1incr
accelerated electron transfer rate in ORF
potenti al l ed to side reaH®2¥Hs) sacth fase!
el ectron reduction of4.p&.y gWwint mmiism slh5b@/ nr & mo
reached its highest ImAvelHoonfe veD % atond i avw
curremtA tamdA®IOed to a reduction in TC de
74%, respectively. This&acehamngeseitieghtealte ia
of the electrical energy. Acidic pH condi

—+

o TC degradation imi.4.0/) CuCohC& EF bgstaas
of OHand LOH reqatiired, pfag Hdeppctddl, nd4ET
respectivel y-orTOkre hieqlte s tonfhitvaad ¢ ochotnasit mend
pH 3 condition, whil e TC degradation st
conditions of 5, 7 and 9, respectheretlon

system with CuCo/ CA cathode hpB goodi adaj
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(a)l(}— (b)l.of i: 1.08 bl
~ et 078N
. 084n!
0.8 0.8+ 7l 078w
= 1.0
QO 0.6 Qc 0.6
@) N 030 60 90 120 150 o 0 30 60 90 120 150
0.4 10 mA ’\ Time (min) 0.4 pgo = 2 Time (min)
—*—pH, =
0.2 —e— 20 mA 0.2 H. =7 v\\\
30 mA Pty ;
0.0 T 4.GII’I’IAA T T T T 0.0 T pHIU — 9 T T T T
0 30 60 90 120 150 0 30 60 90 120 150
Time (min) Time (min)
(C)I.S— (d)l()— REETITS
=) Co ' \ 2L o -~
ENES I Cu SRRy YN P
E . 08, _ 8 1.5_ g
= =0 084h
£ 097 o 0.6 )
E Q 0 30 o0 90 120 150
B 0.6 0.4 Time (min)
—; 0 L/min
Z —— (.2 L/min
£ 0.3+ 21
A 02 0.4 L/min
0.0 e ] 0.0 —v— (1.6 L/min
pH=3  pH=5 pH=7 pH,~9 0 30 60 9 120 150
Time (min)
(e) 14 Before reaction (f) 1.04 N, zero
~ 7 . ‘ gl
“Jo‘o 1o ?’ V277 After reaction - 0 d‘;“dotg’“
£ 104 7 0.84 pH, 337 317
e
o DO, (mgl) 0.52  8.68
=0} = i 0
= 81 7 7 Q 0.6 DO, (mgl) 247 1315
e 6 @)
< 61
D 0.4
=
s 4 / o
'é 7 0.2 CuCo/CA: N,
0 0.0 —— CuCo/CA: zero aeration
0 0.2 0.4 0.6 T0 30 60 90 120 150
Air aeration rate (L/min) Time (min)
Fi gdTlempact of (a) current (the oédrr @s.@B&ndi n
V, nRAO: 2..0/6 mA: 3I0B..402 0mA: 3..7/H/41 V) and (b) ini
CuCo/ CA EF system; (ch Metwalk i lomachi €g Caf ICAr
|l mpact of airflow rate in CuCo/ CA EF system

CuCo/ CA EF
Il nserted
NaS Q=5 0nM,

system;

Further mor e, t he
recorkieql. (7T h,

(pH 3)

as

condition

gr a-phesdee
AClITing / L ,mL2/0nDi.h o e Nper i ment

wel |

(der Deag rmidcs
gRsaetdoc

amount of |
a sk ifgur.t

did | ead t
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afteh Pe&ctiofji.pghreddicatdd that di ssol u
significantly reduced in the second and
| eaching of Co minm rCaactinen atfptpene alndgdP udc. e2d6
respectively. Uonndser( souuchheraspH H o5n,di7t iand 9
was al so negligible whilst achiFiwi.f/g) £ on:

O+ H,0+dY 4 E=1.23 V vs. RHE6)
H,O,+e+H'Y A OHHG 47)

Thiempact of airflow rate on TC removal e f
be negFi4g.i(Ml)e.( The observed rate constan
0.4 abdmion 6were measured a&l 0or&spet78el
results indicated that TC can be effecti
achieving approxi matelyh9o#®adecompbsmei o
oxygen (DO) was measured befsorai ranfdl ead tre
showki.g n(7e) . I nterestingly, foll owing EF
system without externalmghaeér atmgdmB, il whn & &s
decreased frdmdg7¢D) )MX.o As. 1Fhodn.n8Db y o xEyggueant
evolution reaction (OER) occurring near
t he -arecmted system -Eentcooomppread ee sesl,ecwhioc h
degradation of TC even without e xhtaenrinsals a
froER anode, even in the absence of a e
el ectrochemic Il slyrsteaednki taisowe |l do mtnisn € @ w s le
a drop in pH value; the pHrémnopped T om 2
mor e or | ess st abHiep4at8 dheunsdub3eudrmstee
HxXOcand LOHviZaedndake€lucti on pathways requit
H'i ons. Consequentl y/ i onrmai drmd exntnrgatai @am nwd ¢

gener attOcandoEOH radical s.

2H,0Y 4e+ H'+0, (4 8)
I n order to investigate OER acti vliitgguiadnd
interface 1 .e., bet ween el ectr dleyntteoenand

degradation experiment wa&s a&tamos glde roau.t T
was aer aifeod mw2idt h oNstri p out as much di ss

concentration befwasengld.k5a2anidon n¢nbgd aLs eadf ttec
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reactiigpn WOl e the solution pHi de(fr)ease
demonstrating that OXfaR neotsiplhle roec c ulrhri esd swrsc
to achieve similar -&&€r ateigomdsay stoeam,t owhihee

removal mafnt erealc80d on ti me. Thegisse greenseurlattse d
the anode it may be transf er ileidqg utihdr oiungthe
undergo a reduction process at t lceatchatdhego
characterised by its substanti al surface
storage and mass at rtamsd epr mrho wiit s ge @ fwofdidcQO

el egener a08Mrp 0As a result, thanokeg gemo \p
adequate ffofxgeunetrainong wHt hout the need
approach may-ebfee croirvee ciostcompari son wi't
HxOogenerati on met hods [ é8B@B#r i ng external

Il n summary, the synergistic effect of CL
ascribed to following aspCucQos/:CA( If)eaSturr ec
surface area and a structure with coexis

number of active sites to promote more ef

and | eading to i mprovedmesgpemes ecadlusd i oo
transport channel s, enhancing oxygen tr a
into the carbon matri x. (2) Enhanced el ec

in carbon aerogel, catalysing the graphi

fast r electron transfer. Furt hemantoir@en a f
carbon defects, which modify electronic
performance. (3) Enhanced selectivity an

oxygen reduction prexdesde.nchkorodo vCar ,antdheC

di st

a
e
0
0

graphitic carbon promo-test &ihrei nggd ngariadt p i,on
e
ortion and electronic environment adj
\f

actiofi tORR

Based on above findings, the mechani sms
degradation Rirg.8 1 hustabtgyd oxygen evol ut
pl ace near the anode, which are induced

oxygen subsequently diffuses to i1interfac
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througheduc2tel on pat h®Way The pxodlutentd po
CuCo/ CA el ectrode achieves efficient o0XVyoc(
need for additional200xWoer'oiwmpytpHtoad urread
oxygen evolution process establ iosxhygam &
reductionk@adti vati on. Cataddi'€wmaCl @o/aCA
cat hode Oatcdliwsgiitden toon producerhadghkbhly sox
enabling oxidative degradati on offamd gan
Cd'can subsequently *apdi'€fduclked bacthode®, Cu
redox cycle. This cycle pxraombtersharmoandsd ntuh
efficiencyFehfht omesgsésteemr oo

— = =

0 Y C 0O <H Cu » Co
& | 4 7 1
0,==0 ‘ i ANt il oW 0
- 2\2e~0RR; L o et T n e S OR-$U% =
1,0,/ B J | ST OFTOESE SR, Co RUTHEE: Sk,
. ClICo/(‘\.f\\\\ i ol ,"‘*26’ R - Y Co(ITl) &
. Cathods / - > e - - -
2 ) - » & - -
% S TR o7 |
/ - -~ w - = - - - -
> i - - - - - -
Micropollutants COHHLO P
(ACT, TC, MNZ, SA, AO7) ’ e
Figd8®8chematic of mechanisms for radical g e
4. Reyclability, stability, and broad ap
I n order to evaluate recyclabilit-Fewmtfomhhe

TC degradation experiments weifFe4dc(®an)ducitre
which the overall di fference i n TC degr a
CuCo/ CA-Felndotnr asystem achi evedmi8d %iTtCh rae ns
drop I n the readt.@dn9raheseonss aints (Se@g e
an integrated electrode, dTewntdompsnbadnr
good performance. The stability ofFtbge Ct
4 . () wusing a continuoWFs.4s(Od)r)r etdo & agm&ks4 & ma
under different flow velocities and init
CuCo/ CA EF system with a slower flow rat
hi gher removal perfor maname tduree .t ol hleo red eerc
performance of CuCo/CA instadbl ¢éehoeenc@gBo
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ti me, despite a slightly reduced TC r emo
performance may -rdeuse sttoa ntth ep +flcas e robtsya eonfo geed r
with bimetallic particl®p well protected

Figd9€a) TC degradation in 6 consecutive CuC
durirmg codrti nuous stirred CuCo/ CA EF system
Schemati c tdheagcroant ionffu o u sHeyntsan rrrecadc t&ileoend t sTy@s t €

stock solution, 2 and 8 peristaltic pump, 3
CuCo/ CA cat hode, 6 1 platinum aeade¢or7fi oWwgC
(d) Thalremoe of various micropol | umiam.t s i n

Conditi ons10pgdILl,8 NeA@M, oFH. OMA20zer o aerati

Further, the broad applicability of the
i ts degradati on efficiency with various
anal gesi c, organi cFiadc.(9d) Fagd . (daP)e .s hRoevs utl ht a
removal rates of tetracycline (TC), ace
salicylic acid (SA) and acid orange 7 (
respecti veél yrieacfttiem-f2-onéer Pgslead® mwenkl ol
contamit removal expefameldt.s, Thceho@wmCa/nCA
exhibited the highest apparent r Hifi.gons
14
























































































































































































































