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ABSTRACT

The t hes i Bqgl ytmetrl edlanocomposites for Pt
medi ati on, and Met ainsat ar iparlod Appl iocfat par
tivation t o exdpadndi ndhe c afdalicltiutriee s of

vironment al and Tdheleentrial aphpjl ectait vens
thal ate detection and remediation issue
chnol ogy f ofrr eeqgxuternecrye layp pllaw at i ons. The t
apters, beginning withtaem l1nanddantovegro
peri ment al techniques i n Chapter 2 . Ch
esenting findings and conclusi ons. Chapt

d Chapter 9 gives our recommendatiisons f
pi c.

One of t he significant advancement s m
tection usingfrféexBEBREE sobstserameéesal The s
T, O PMMA _ B aTa rod PMMAh aSireTi ®een engineere
stomized to detect di met hyl pht hal ate (L
hyl hexyl) pht hal at e ( DEHP) , respective
mbi ni ng ntoedmpfeiready ellr ew cwti-€ist wi p ddryimer i z at
oduced substrates with the essenti al " h

crostructuring within the substrates f a

d enhances-medaagedt caemi enal enhancement
e f iunnddiergsscor e the substrates'’ ability t
terference, essenti al for di fferentiatin

Il n the real m of water remedi ati on, t hi s

thal at e (iDhMP)®xucstenmgorZzat ed Pol ypyrrole (F
nocomposites synthesized via oxidative f

operati ve-l ieKd emt crodposrleist and the conjug



PPy ZnO |l ed to effecbseear eamdeall aofgeDBP aoc

aguatic environments.

I n the domain of metamaterial applicat.i
met amateri al s suitab1 eedgfuoernciy he egk mee mellwo
composites were crPaMiMAe dmaliy i ixntwe grhattiwa dai
combinati ons: AC_Znx0 W¥Mndr @staphct er iCagdgi @ed,]
PMMA voids beyond t he percol ati on t hr esh
interconnected 3D conducting net woeks, e
permittivity. I nterestingly, replacing me
drastically changes the order 6fofmB@nitud
The selection of filler candidates and th

fi teuni ng negative permittivity for the ELF

Il n summary, t his t hesi s has made sci e
environment al poll utants through their d e
effectively place a nanoncecendpofsorn e metwdmathe
wor king i n tdat erLiFngr etgd meommuni cati on tech
significance, the developed composites and

to sustainable devel opment goalnd ©bsyaf pr omo

l'iving conditions, aligning with gl obal e
technol ogi cal capabilities for societal be
Keywor Bel ymer Nanocomposites, Pht hal at e,

Met amateri al, Extremely Low Frequency.
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PREFACE

The field of materi al science has seen
with the development of pol ynedv anathaogceoompso s
properties of polymers as a platform and t
These hybrid materials exhibit remar kabl e
and barrier properties, ma ki ng otntkse m hTihgihsl \y
PID.t hesi s explores the pot e~rndteifalniofg pfalcytoe

pol ymer nanocomposites driving specific en

Pol ymer nanocomposites offer uni que pr
detecting and removing pollutants, Vi z.

surface chemistry of nanomaterials within

and selectivity, enabl ing t he accurate [
pht haliat)esThe (exceptional adsorption capac
pol ymer nanocomposites could facilitate t
pht hal ate mol ecul es. Utilising those pro

research has a@adkvebmpesdi taeslsv acapabl e of det

pht hal ates, contributing to cleaner water

For dielectric applications, we identif
of suitable metamafeegakscfyonptpktBBmmebps | c

el ectromagnetic waves belonging to the ext

t he | owe st frequency waves regul arly ut i
communi cati on. Pol ymer narmado mpalke t ¢ emp
excell ent candi dates for filling this gapg
nanoscale all ows for precise control over
creating practical med eafmartierg alkcsaptaebi They s

interconnected net wor ks and t he hi gh di el

conductivity of polymer nanocomposites ena



el ectromagnetic respomwsdg etgaielneryed anget he

theseperties, our research aimed t-o devel

based

met amaterials that can address the ¢

dielectric materials folt ot?i®d. specific freq

The thesis wbrkeisobasetlednobjectives:

(i) Synthesise certain innovative nanocompo

str

(iiYo

udefurmi ng features of polymers.

addr ess environment al or di el ectri

synt hesised polymer nanocomposites.

(ii Ddvel op polymetbhasaeadooompes i M@&ERSE substr

wi t

h high sur face area and tunabl e S U

sensitivity and selectivity of detecti

water sources.

(ivytilise theorepticiepni caphciatdy and chemic
polymer nanocomposites to facilitate t
pht hal ate mol ecules from contaminated w

(v)l denti fy and fil] the gap in the avail
appl i ¢at idoatw af r equ e nlctyo ZIHedgi ounssi n(gl Op o | y me
nanocomposites.

The thesil oleynmen | dldnocomposites for Ph
Remedi ati on and Met amast earigadniAspepdl iicnatto oelisg
Chapter 1 prtorvoidduecst iao nbrtioeft hien t opi cs cover
outlines the synthesis met hods and <charac
research. Chapters 3 through 7 present t
applications. chuismseelsl yt,h eChoavpetrearl 18 sduimemar y ¢
of the research worKk.

Chapter 1 provi des a gener al i ntroduc

emphas

i si ng-dtefeinrn ngt rduuahtiusrger catpwarmbe | i t i es.



the significardc e eanfedd att @ atgi phtdal ates fro
the need for dielectric metamaterial s. Th
pht hal ate detection and removal. Finally,
of the reported thesis worKk.

Chapter 2 introduces the experimental 1
Structur al char aatye rdiisfaftriaocnt i wtni |(iXReDx) X o a
Sstructures. Field EmissioBEMcannvegtiEd @&fc
mor phol ogegy,, asndupgadwmwtri cle size. Opti cal a
ul t r avwiiso lbete di f fuse ref-VWVest aDrRcSe smactRama
pectroscopy. Surface arealEBamdETdbresity
BET) aiJo yBeaidremnmda e(cBhhH)ques. Raman spect:

xamines functional groups and vibrational

c o — O»

sing broadband dielectric spectroscopy.

Chapter 3 deal s wi t h 3tahned atphpd | pabli met
nocompositesbasMMIA BEBRIS Gsubstrate for the
d diethyl pht hal ate i mpurities (DMP and
st em. The synthesi s, dhmasrealc taefrfiisnaittiyo ns t

d ssenfhaceed Raman spectroscopic (SERS) i

O 9 0 o S
oS < S-S9

=

e discussed in the chapter. The Surfac

—
D

chnique can amplify the Raman signal s
sensitiviitfy candlespetication of pht hal at e
me tfarlee SERS substrates with high selectiwv
of research.-basSeedmi SBRSustubstrates with tu

el evated specidnd fsuedlmcactaireea sites enhan

substrate and probe mol ecul es. These act.
transfer, increasing the intensitysz of the
using a nove-empmoadiglerle drsoouwtwe .3 ( BThewd8aTi O
incorporated i nto a PMMA pol ymer matri X
Ssubstrates. The PMMA promoted mi crostru
formation of hot spot s. We hawnd hdememrdtr a



SERS substrate to sensitively detect two
We have shown that the substrate design ha
tuning, ensuring distinct Ra man bands an
ovapl These hotspots enhanced the weak |
driven by a <charge tramsfign natktisogaraoce® mme
interactions between phthalates and BT an
Thus, Chapter S:spmnksPNMA:; Barep dBa Tie@ as no
nobl ef meealSERS substrates for detecting DI

advancements in environment al remedi ati on

Chapter 4 introduces a -entohvyellh edxeytle)c tpi hotnh ¢
( DEHP a widely wused industrial chemical wi
DEHP detectors oft-einf ecatiilwtei omenpdd erveeadlé i cw st
contrastEnh8uackdceRaman Spectroscopy offer:
identi fgnmgnteanlvi pol | utant s. This study p
detection tool for D EHPf ruesei npgpoal ayendelr SERB | e,
Ssubstrate. The innovative design of the S
the pores ofSrdg@wbootucsorcoated onto a PMI
Unl i ke conwteemp ematlurhei ghynt hesi s met hods (
temper ageulr er swtle was empbkoyeldh et oP MMAo dpulcaet S
medi at ed dense arrangemeuns lod t snpioctrso ssi pghnei
enhances the weak Raman peaks of DEHP. Ad
and platform ensure no overl ap between t he
probe mol ecul e. The primary meahgaism di
transfer resonance, facilitateandd bPEHM.e st
Unli ke conventional chromédfegt-apmecreadhni
sensitive detection mfert eneo d f luesx inlyl ea SrERISI e

provindesfacient approach for sensing DEHP.

Chapter 5 focuses on the efficient adso
( DMP) using facil el-yncogrnpg diressti sce dP &Zli yncy rOxa Ic
pol ymer nanocompyoiseiltde ssynt hresahbhi @it hiPPwe & n ¢



through the oxidative pol ymerisation met I
characterised wusing various teckHniHgues, [
The study identified the PPy ZnO <composi |
adsor bent aftccrh DMPEB.or pBi on exp er ismperctty,0oswctoipl
examined the effects of contact ti me, adsc
Results showed that PPy _ZnO removed 91. 849
10 mi nut es, hi gl i dlotri negnviironpentalk i r eme
optimised conditions, the removal efficien
1 ppm and 99.78% for 20 ppm, demonstratin
|l ow concentrations of pl aet iecnihsaenrcse di "D MR q
adsorption i s attributed-li&aetmecrsymemregs s
conjugated benzene rings in the PPy _ZnoO, \

Il d primarily by el ectrost atiint eartatcrta cotniso.|

he

This research underscores that engineered
nanocomposites can bgeruftarl masmrade tph tdheavlea toep
of

fering a promising solution for water po

Chapter 6 delves imtbl ehieblientcomguo Nigt &

negative permittivity behaviour, whi ch hawv
potenti al applications in the electromagne
chapter focuses on desiigrmasntgrnuidaatdierdex pkgat nyg
permittivity in flexible composites, empha
composites were synthesised using Poly ( me
carbon (ACPxi daend( Znin)c -$ ihtr o u gslalt wmenriipr oces s
With the synthesised composite, we have ¢

extremdlrequewcy (ELF) regi me by varying t
fillers. Detailed investigations were <coO
f oami on, real permittivity, and AC conduc
negative permittivity wi t h hi gh order an
controlled by adjusting the filler content
for crexaithlngg ddmposites with suitable pern

applications, which coul d meet the heavy



met amaterial for the ELF regi me.

Chapter 7 also focuses on f | exfiorl e ¢ omg
the ELF region. The comp-esttuep,ol gmat hseat
process, consist of Poly (methyl met hacryl
titanat)e. ( ClahfTd O nher ent prsq merltuidd sn go ft hcea rra

di eélrecc constant and ability to maintain s
range, have augment ed t he composite's oV
permittivity in the desired frequency regi
matri x andl lcemrsamfaciflitated precise contr

composite's electromagnetic characteristic

_;
D

guiring tailored permittivity behaviours

and QGCdTilOerspsitthes cwenpe engineered to exl
n

egative pDetini titdn vii he efxrtegureedogy | (0BM F) ro
l nvestigations I nto their mi crostructur al
conductivity demonstr ateeed otfh an e gtahtei vger epseernr
could be finely tuned by adjusting the fi
flexible composites highly attractive for
permittivity values in the ELF range.
Chapter &scompyeBBeammaricdaptehdaddt adboius -
future prospects for the work discussed in

Throughout the thesi s, di verse categor.i
synthesi sed using di fferent polnaneeli c ma t
materials with enhanced surface propertie
research goal s. Chapters 3, 4, 5, 6, an
mentioned at t he beginning of t his synop

contra btuhe tthird objective, whil e Chapter
Chapters 6 and 7 ful fil the fifth object
met amateri al s. Thus, the thesi s, "Pol ymer
Remedi at i omat earnidal MeAtpap | i cati ons" , presents

and robust studies to enhasneede mnhheoapmpdadasic



t hrough t KHesifri nd tnrgu cptrwrpeer t i es. Mor eover,

mechani sms undemamicemiemg ,-BBE8S8depbkbmomal, an .
formation of interconnected networks drivi
for ELF region. The insights provided by

in advancing the wtniolciosngptoisan e f i poleynme r o

dielectric applications.



CHAPTER 1

| NTRODUCTI ON

Contents
1.1 Polymer nanocomposites
1.1.1lntroduction to polymer nanocomposites
1.1.Ql assification of polymer nanocomposites
1.1.Bnhancement in properties
1.1 . Mpplications of Polymer nanocomposites
1.2 Phthalate detection and removal
1.2.1lntroduction to phthalates
1.2.Phthalate exposure pathway and toxicity
1.2.Bifferent methods for phthalate detection
i . Gas Chr oma-tMagrsa plpyectrometry.
ii.High Per floirgnaincd eChr omat ography
iiiSolidEXhaseti on.
iv.Enzy-hé nked | mmunosorbent Assay.
v. Capillary El ectrophoresi s.
vi .El ectrochemical Sensor s.
1. 2.35IERS for phthal ate detecti on
(aEM enhancement mechani sm
(bCM enhancement mechani sm
1.2.ifferent methods for phthalate removal
i. Advanced oxi dat(iA@P)proces
ii.Biodegradati on
iii Membrane filtration
iv.Chemical precipitation
v. Phytoremediati on
vi . Adsorption
1.3 Polymer nanocomposites for metamaterial applica
1. .3l.ntroduction to metamaterials
1.3.CQharacteristics of metamaterials
1.3.MBegative permittivity and metamaterials
1.4 Moti vdttrloen wor k
1.5 Objectives of the work
1.6 Thesis organisation
1.7 References
Abstimacs: chapter aims to provi den a ndamdiuscd i @wn
to its gener al aspects. The <chapter of fers a
di scussion in this thesis, Vi z. , pol ymer nano
i mportance of and ways toe deltectdiasndugeaenck.di Bhi
al so highlights the significance of SERS subs
nanocompowatds. the end of the chapter, t he m
overview -opfr otvheditnhgeissiesvsh aptoenr of t he thesis is







Introduction

In this thesis, titled Polymer Nanocomposites for Phthalate Detection,
Remediation, and Metamaterial Applications.” we work to utilise the structure
defining capability of polymers, especially when they drive the formation of
nanocomposites. The resultant polymer nanocomposites were tested for
environmental and electronic applications. Wiistin mind, we have synthesised

various categories of polymer nanocomposites for the following three applications:
(a) Phthalate detection,

(b) Phthalate removal, and

(c) Metamaterial application.

The thesis consists of five different workiolgapters, each addressing one of

the above applications.

I n the realm of advanced material s, p o
versatile and transformative solutions, d i
domai ns. With theitri aimn,i quuiee 9d eara@mpd s iptreosp ea
potenti al in phthal ate detection, -environn
edge metamateri al s. Pht hal at es, ubi quitou

health and environmennal srupksnguehamowmadthern

Traditional detection methods often fall
contrast, pol ymer composites, with their
surface ar ea, provi de an u mmrde ceefdfeind ieaeln td
detecting phthal ates, ensuring safer cons.
detecti on, pol ymer composites could play

pht h-abateminated sites. Their abiulgihty to a
tailored surface functionalities enabl es
mitigating the adverse impacts of these ha
detection and remediation underscores the

i nddar essing complex environmental <chall enge

I n the burgeoning field of metamateri al

new frontiers. Their customi sabl e di el ect




Introduction

them ideal candidates fiooh wvoingutue uet engr onm:
characteristics, such as negative permitt
pave the way for revolutionary applicatior
stealth technology, and beyond.

Thus, pol ymer cdinep ocsointfelsu esntcaendofatenvir o
and materi al engineering, of fering innovat
remediation while also unlocking new poss
Thi s expl oration i nt oontshehiirghmulgthit fsa ctehteeidr

significance and profoundly under scores

technol ogi cal advancement s.

1.Plol ymer Nanocomposites

Using nanoparticles directly in variou:
instabil imgy, f rwdimcthheitre -tlwaorlguemes urraftaicoe, alreeaad
gui ck oxidati on, contamination, and hand
nanostructures wi t hin a suitable matri X
nanoparticles and idlilcawiimgn fodr tthheda r manb r
arrangement. These encapsul ated material s,
properties of t he host materi al with tho
superior to their individuadse omgptoanreindglss wvN
at | east one phase i n the ntaunnoemeprroep erratnigees,
adjusting the quantities of the host mater
host material, nanocomposi teedsalgannde poll a3an
nanocomposites. Despite ceramics' brittl en
guadsuict i l ity with appropriate fillers and
I

i ghtnessempadathuigdéd resi stance,otmakei mghdt he

aerospace industries [4]. Met al and pol yme
properties of their respective matrices, e
nanostructures [ 5].




Introduction

1.1.1 Introduction to Polymer Nanocomposi't

Pol ymaocomposites represent a groundb |
materi al s science, combining the versati/l
properties of nanoscale fillers. Pol ymer

materials characternsedrhbhyed wbthgmeanmbt |
one dimension smaller t han 100 nanometr e:
particl es, fibres, or pl atelets, signi fic

matrix due to their namceciareladmeenati oas]|[ 5

l ncorporating t hese nanoscal e fillers | e
mechani cal strength, ther mal stability, el
compared to conventional compo aict e o.nsBytl e
nanoscal e, pol ymer nanocomposites of fer

applications, ranging from automotive and
packagi ng, and biomedi catlunade vmacteesr.i aThipsr og

through nanoscale engineering positions pol

in modern technology and industrial applic
1.1CRassification of Polymer Nanocomposite
(aP)ol ymer/ Ceramic Nanocomposites

Nanocomposites comprise single ceramic

scattered in a persistent matri x. I nt egr at
results in a materi al that exhibits superi
sti f fougshsn,e st , and wear resi stance. Addi t i

insul ating properties of ceramics enhance

temperatures and I mprove I Osetbérmhle manmac
benefits -ceframolcy nteormposites is their abildi
applications by adjusting the type and am
matrix wused. This customisatiompekli odws fo
properties required for vari ous I ndustri .
automoti ve, el ectroni clsn, tahned Pboi loymmeedri/c a IC e

Nanocomposites <cat ePgMiMAy ,STwea nlda PaMMaAt Bdi eads




Introduction

substrates tfeoat ipdin hap mltiec atei on s .

(bl)norganic/ Organi c Polymer nanocomposites

|l norganic/ organic pol ymer nanocomposites
synergistically combineathhbparptriopleas i wst Iof
pol ymer matrices. Vheasaegg e narhec ompelsi sés eng
stability, and uniqgque optical or electric.
t he flexibility, processability, and i g
|l ntegrating inorganic nanapartiodlassa,db®uch
material s, into polymer matrices results i
t her mal and chemical resistance, and novel
all ows for devel oping mat eri al i fwida h t a
applications, -p@anfyonma nfcreo ms thriugcht ur al C 0 My
materi al s i n el ectronics, eneRPYyZngdt or age
composites, which belong to this category

pht hal atessfsomuagoas.

Polymer/Ceramic
/' Nanocomposites

Inorganic/Organic
Polymer
nanocomposites

Inorganic/Organic
Hybrid
Nanocomposites

POLYMER
NANOCOMPOSITES

Polymer/layered
Silicate
Nanocomposites

\ Polymer/Polymer
Nanocomposites

Bio composites

FigDliagram representing Classification
(¢horganic/ Organic Hybrid Nanocomposites

Hybrid inorganic/organic materials trar
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can be broadly defined aandnamoc@gmamo i tcoOIMpPW
are intimately blended. These hybrids can
from monomers and compatible organic/inor
systems (nanocomposites) i n whichreat |l eas
scallre.t his c¢class of polymer nanocomposites

and PMMApICaTes@stems intended for metamat e
(Pl ymer/ |l ayered Silicate Nanocomposites

Pol ymer /|l ayer ed si |la dcvaa nec enda nnoactoenrpioasli st ecs
of a pol ymer matrix intercalated or exfol
These nanocomposites exhibit superior prop
the high aspect rati o anldayerrsg.e Tshuasfea clea yae
significantly enhance mechanical strengt h,
when uniformly dispersed within the pol yme
of the polymer's flexibilidagmpaonsdi tteh emastielrii
with remarkable performance characteri sti

automotive, aerospace, packaging, and biom
(®pl ymer/ Pol ymer Nanocomposites

Pol ymer/ pol ymer nanocomposi ted ay e i nr
combining two or more distinct polymeric p
at t he nanoscal e. Thi s uni que structure
mechani cal strengt h, t her mal stability, a
di sipem sof one polymer within another can

materi al s performance, providing a balanc
These nanocomposites ar e particul arly ac
traditionahdpof gimer sbhpernf orsmarhc ea sc chatgihn g s,
packagi ng matgeerniearlast,i oann de |l reecxtr oni ¢ devi ces
and engineering the constituent pol ymer s,
properties of npoloywmepbpolt gmert o me et spe

requirements, paving the waygkotethaiot ogi @
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(B) ocomposites

Bi ocomposites ar e mat eri al s -bcacsmnepdo s e d

pol ymers combined Wi tmatgy rctelse ttioc corre an aet uer

friendly and sustainable alternatives to

|
(

B
b
a
d

e

e .

i
[
u

e

ma

mo

t

e

verage the strength and renewability of
g. ., fl ax, hemgsi ms d artén)ewa ifdreobmr @ s o ur «
ocomposites offer several advant ages, i
odegradability, and l i ght wei ght propert
tomoti ve, construction, packaging, and
vwelme nt and use of bi ocomposites suppo
nufacturing practices and contribute to

re sustainable future.
l1EBhancement in Properties

Pol ymer nanocomposites have demonstrat
operties due to the i ncl usi on of nanoim
vantages over conventi ohlaésef iénlearrsc eamedn:
clude remar k aibhn e me anpamiveanle ntps operti es S
dul us, and di mensional stability, ma ki nc
r various applications. Additionall vy, p
l vent and heat resibtapceenhdndiecgetbedr
rability under challenging conditions. T
d hydrocar bons further extends t heir u i
ability and heat di st amtcireerasteaemp eroantt uri

tter performance at el evated temperatur

mo k e emi ssi ons of pol ymer nan@comeosite:

n

n

vironments. Further mor e, t hese materi al

suring |l ongevity and resilience against

mprovement s, i ncreased electrical conduc

0]

nventionally filled polymers make pol yme
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for a awigke-pdr fhadrgrhance applications.

Enhanced
mechanical
properties

Electrical
and Optical

Magnetic Properties
Properties

Lightweight

Fi g RlepZesentation of pol ymer nanocompos.i

strudefurmi ng capability of polymers can en
1. 1Applications of Polymer Nanocomposites

Due to their enhanced properties, pol
di verlsiec aatpipons across various fields. Here
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Environmen
tal
remediation

Novel
catalysts

Energy
storage
and
saving

Sensing
and
detection

EM
radiation
absorption

Fi gD1agram r eprleascentiiomgs of pol ymer nanc
(a) Environment al Remedi ati on

Recentl vy, pol ymer nanocomposites ( PNC:

attention fi nwashtee waetaelrm tor eat ment and remed

guantity and quality of freshwater sources
critical chall enge. Water is vital for hu
but rapi d imadusitmcraeéasad i wastewater di scha
poll utants into the environment with detri
heal t h. PNCs offer a promi singefdeelcutiiveen &
materials for @&7r]e.atT hnegs ewacsonepwastietres[, combi |
nanomaterial s, exhibit enhanced properti e
fouling, t her mal stability, me mbr ane p €

photocatalytic activity, ahtli aacyr pfi ®MNCs
water treatment depends on factors such as

used, their i nteraction wi t h t he pol yme
Further mor e, t he met hod of PNC modi fical
remedi ation efficiency, and selectivity 1in
particularly effective in removing dyes, m
[ 9] highlighting their versatile role in a
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Dyes are extensively wutilised in texti
i mpart col our to product s. However, t heir
environment al chall enges due to their cat
removal of Idyttee rnendcerrucwast ewat er suitabl
ecol ogi cal har m. Pol ymer nanocomposites (
materials for dye removal from polluted

properties of pol ymer si rmasntda nncaen,o mad lelr u lad se
oxide nanocomposites achieved 98% removal

adsorption capacity of 334.19 mg/ g wi t h

cellulose/cl ay nanocomposites demonstrat e
met mel ébl ue [ 12]. I n anerdareoc ocsmpuadsyi,t epso | eyxahni
an adsorption capacity of 458.10 mg/ gL fo
|l i ke membrane diffusion and chemical adsor
effecti WE€Be $ % nagd dPyees piol | uti on i n wastewat e

Pol ymer nanocomposites (PNCs) i ncorpor &

serve as reusable magnetic adsorbents for

i nherent i n their nanopaorrthiecnltess . p oTshseesses PaN
surface area, porous structur e, and small
magnetic characteristics that enabl e easy
adsorption or regeneration. Thi BNGddr es s ¢
adsorbents and etnyhainrc ey @ hreea movwalusapplliicat i

The effectiveness of dy e removal usin
controlling several factors, such as the <c

the nanomater,i atthe Ada@eltt todosnablbbgd for prepa
structur al design ar e cruci al I n deter mi i
applications. Combining adsorption and phc
PNCs can enhance theirngfbincieendercommgcaraad
PNCs with magnetic properties offer added
and reused multiple times. Experi ment al C

concentration, pH, temperattume, dpeadr emov al
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process. Holistically addressing these f a
PNCs that demonstrate superior performance
scaling up production for Il ndust heal use
research to reduce costs and enhance pract
selective dye removal, regeneration capabi

and efficient separation from solutions

egloration in future studi €s t o-sdmalkgmi se
applications.

Met al pol l ution has escal ated gl obal |l
industrialisati on, posing significant envi
met al i ons from water sources has become

environment andPadluymaenr hreeadachomposites (PNC
effective materials for this purpose, ut i
efficiently remove heavy met al ions | i ke

and (Nil) from aqueoccosmpodiutedsnoff dheadvan

traditional pol ymer adsorbent s, including
enhanced stability, mechani cal feasibil it
For exampl e, PNCs i ncor porneetbiFrd@OHmat er i a

magnet i t-Na/pphalhy | @i neBW,j npahdcaobgzol e)/ grap
have demonstrated significanfl7¢ff Boteveaes

PNCs with magnetic properties facilitate
adsorption, addressing challenges in separ
water treat ment applications. Due t o t he
recycling performance, better mechani cal

solutimase, nppbyomposites have been found t
removing met al ions from wastewater. I n t
provides structur al support and acts as a
nanoparticles sonhés) bueduchkel hting and mag
exhibit rapid adsorption kinetics, ef fici
chel ation of metal i ons. However, chall eng

| aboratory to irnedsuesatrrcideafl b ascctcad\weds ,praondduct i on

1C
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and practical applications is |imited. Ful
adsorption capacities across di fferent me
met hods, and expl or et &N@sp evri ftdhr manrhaer caerdd | ro
capabilities. Advanced anal ytical techni
understanding the adsorption mechani sms an
l evel [18,19].

(bOptoel ectronics

For mo s t opticadj ugpaplidc agaloynmer sc ar e
composite materials due to their wi de ran
el ectrical conductivity, making them suita
OPVs. |l norgani c particl esy, senhance sppece
pol ymer characteristics without altering
t han 40 nm, t hese particles prevent opti
mai ntaining the composite's transparency
nanoparticles also Iimprove the stability
at mospheriandaced!| delgtr adati on. This protect

encapsul ation with gl ass I i ds compr omi s es
Il ntaging small amounts of i norganic part
preserve mechanical properties and provi de

energy and reducing organic structure defe
( cNov el catal yst

Nanoparticles eoxtheinbtiital siagsni ¢-acahy e tps a

media due to their high specitdfeipendaent ace

optical, el ectroni c, and catalytic propert
research into desi ghamdgh elmad hallwt etf imaitemnti a
purifying contaminated water and gases. C

nanosi zed semiconduciToz0 @DaOer iCaliSs zamadh WDs
val ent meQ a@s dnmok edrree bi met al chcasafkep d¢t |
Fel/ Ni, Fel Al , and Zn/ Pd [22]. These nanop

acting as redox agents for the degradat:i

11
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pol |l utant &9l yicrhd |Idr dpihrnagh g t s (PCBs) , azo dye
ali phatoirganochl orine pesticides, hal ogena
[ 23] . However, their use I n agqueous suspe
separating and recycling fine particles.

due to ohéebabl eopbre space, surface chemis
strengt h, maki ng -ttelhenm uiseéeal Thfeodraedsendh ¢ i ng
nanocomposites (PNCs) retain the inherent

whil e the pol ymenrhamacterdi xs tparbo vii d eys, process

i mprovements stemmmatgr ifx oimntneamaptairans.| el mn
nanoparticles onto polymer matrices, such
pol ymeric membranes,hbases efseesi vEhysmappug
particle | oss, prevents aggl omerati on, an

flow by freestanding particles.
(dB®hner gy storage and saving

Pol ymer nanocomposites (PNCs) are emergg
staogre and saving applications, owing to t
performance and efficiency. The integratio
in composites that exhibit superior me c h
electrical tyomaodwmptar ed to their components.
utilised in advanced batteries and super c;
storage capacity, cycle stability, and r al

conducti ve |In&reopgaratpihcelnees or carbon nanotub
n

significantly enhances the electrical conc
these devices. I n terms of energy saving,
i nsul ati on and b ng maweeirg hatl s ¢ o Msatnroyaatrit i c | e
aer ogeMed-@daqakriacnewor ks ( MOFs) embedded i n p
materials with | ow ther mal conductivity,

consumption in buildingsiandllinwdushei @&l gp
area and tailored pore structures of t hes
efficiency in various applications. Furthe

12
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flexible and wearabl e el ecbtirlantiyc san dw hdeurrea bt
combined with excellent electrical propert
harvesting and storage in portable and fl e
pol ymer nanocomposites hol ds gy tecartager o mi

technol ogies and i mproving energy efficien
(el ectromagnetic radiation absorption

Pol ymer nanocomposites (PNCs) are gaini
potenti al in electromagnetic (EM) radiatio
are designed to effectively absorb and di
mi ti gatomaggnrdteicct ri nterference (EMI) and el
el ectronic devices. The i ntegration o f n
composites that combine the flexibility a
unique electromagmemmiatc eprapsertiOae of t he j
of PNCs in EM radiation absorption is th
applications through the choice of nanomat

used nanopartichaesed nmhiueei alresa ploen e and

nanotubes, metallic nanoparticles such as
oxides |ike ferrites. These nanoparticles
magnetic permeability, essenEMaadabgsomrpteifdrec
in PNCs involves converting EM energy into
magnetic | oss, and conductive | oss. The h

properties of nanomaterial s enhance t hes
abpoi on efficiency. Additionally, the poly
and durability, maki ng PNCs suitable for

fil ms, and structur al component s. Recent
processimsg hafve PNEd t o t he devel opment 0"
absorption properties acRadgiso far eng udeen cfyr e(qRiFe
Mi cr owave ( MW) bands. These materi al s ar
sensitive electronicoegungpmeart pferdmr BEMh ¢ e

communi cation systems-seandonmsducisgeahbdhr

13
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Henc
mor e

i ndu

e, continued research and devel opment
ef fi cefefnetc tainvde cbEoMiIt she kil di mg aawiede aft &
stries.
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ensors find extensive applications in
cal di agnostics, and defence. Key req
I si ze, mul ti fwunctrieolniaahbiitlyi,t y af froarpdiadb i
itivity, and selectivity. Achieving r

es on maximising specific surface ar eec

ged as promising mat er ital st hfeomr TOFY

ctiveness, ease of fabricati on, and v
all ow convenient modi fication by inc
rials into the polymer matri xr,, enhanc
ectric properties, optical response,

bilities [24]. Nanofillers wused in PN
ue el ectrochemical, optical, or magnet
etection rates. This synergy of pol ym
rscores PNCs' growing role in advanci
ds. PNCs can be tailored to enhance
rporamnahgnédnmopai i cl es I i ke car bon n e
es, and quantum dots, each offering sp
uctivity, and catalytic or optical pr
ct varfirommssanaadydegol atile compounds t
environmesnuiatli ngo ldpuptlainctast i ons i n envi
thcare diagnostics, food safety, and

atnidmer emmad ni t oags nagr ec apraddé¢ilous i n dynami

iding ti mely feedback on analyte con
over, PNCs can be i ntegrated I nt o
of abricated sensor arraysityynismurdingeimro

chall enging conditions. Ongoing resear

14
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i mprove sensor selectivity, and enhance de
as reproducibility, i nt erdreme nctea b imaintayg.e m
conti nuous advancement s, pol ymer nanocompo:
in healthcare, environment al monitoring, a
I n this thesi s, our focus has been o]
exploration of pol ymedetreanamogmpasdt eese mé o
pht hal at es, as wel |l as their use i n metan
foll owing sections 1.2 and 1.3, we provi de
detection and met.amaterial applications

15
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P h
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di est

mol ec
dat e.
hetat a
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Pht htailoant ea nDde t Reecmo v a |

have employed Polymer Nanocomposites
| at es due to their versatile proper:
cations. PNCs combine the Dbenefits
aotietiesg enhanced surface area and t

ient phthal ate detection and remedi at
|l ntroduction to Phthal ates

thal ates ar e edsitbeernsz edneer idviecda rfbrooxmy | 1i ,c2 &
al s terdu dthu Fel gdeeyp iacrte cr eated by reactdi
hed or nor mal alcohols with phthalic
ni ti al reaction step produces a mono
er i n Bwbei aoblshéigpedntverrese group of in
i marily wused as plasticisers to enha
ul ar wei ght pol ymer s, making them t he

Their | owhingehl tbhionigl ipnogi nptosi natnsd al so r €

nsfer fluids and carriers. Pht hal at es
rtain plastics. Both | inear and bran
acturing, erihgl sonpaeriest étexobiflity
educed volatility. However, due to Vv
s shorter than C6 are rarely wused a:
i n products swels, avi npwk, flpaontng,ad
tics, and phar maceutical s. At ambi er
riess Iliquids with a slight Odor . Th
ubl e in water, mi sciande swiltuhb | mi nier ai
ic solwlkemnoei defl[sabhe dverview of C0Ommo
S . Their physi cochemical properties
chain. Volatility and water solubil:

gni tude, depeenngdtihn.g Goemn etrhad Icyhaiams t he
") i ncreases, volatility, plsaesti ci si |
| i popexitliriacdttiyomnidncoridase.

16
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dNalme s |, acronyms, and Carbon number

Chain length
(Carbon atoms)

Abbreviation

Linear Sidechain

Dimethyl phthalate DMP Cl/C1 [25]
Diethyl phthalate DEP C2/C2 [26]
Di-n-propyl phthalate DPrP C3/C3 [27]
Di-n-butyl phthalate DBP C4/C4 [28]
Di-n-pentyl phthalate DPP C5/C5 [29]
Di-n-hexyl phthalate DNHP C6/C6 [30]
Di-n-heptyl phthalate DHP c7/C7 [31]
Di-n-octyl phthalate DOP C8/C8 [32]
Di-n-undecyl phthalate DUP C1l1/C11 [33]
Di-n-tridecyl phthalate DTDP C13/C13 [34]
Branched side chain

Diisobutyl phthalate DIBP C4/C4 [35]
Diisopentyl phthalate DIPP C5/C5 [36]
Diisoheptyl phthalate DIHP c7/C7 [37]
Di(2-ethylhexyl) phthalate DEHP C8/C8 [38]
Diisononyl phthalate DINP C8/C10 [39]
Dipropylheptyl phthalate = DPHP c1o0/C10 [40]
Diisodecyl phthalate DIDP C9/C11 [41]
Diisoundecyl phthalate DIUP Cli/Cc11 [42]
Diisotridecyl phthalate DITP C13/C13 [43]
Cyclic alkyl side chain [44]

Dicyclohexyl phthalate DCHP C6/C6 [45]
Different side chain length [46]

Benzyl butyl phthalate BBP C4/C6 [47]

17
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OR

OR'

O

Fi g.Genelr. al chemical structure of phthal at

or branched al kyl groups).

Lower mol ecul ar weight phthal ates, such as
pht hal ate (DEP), and dibutyl pht hal ate ( DB
andr speen al care product s, including fragran
and nai l polishes [48,49]. I n many indust
denaturation purposes. On the other hand,

particularl yhalliateea hyDmbHXR)y,| @orhd ext ensi vely
in plastic product s, i ncluding toys, where
40 %. The plasticising effect of phthal at es
point below 25AC [50].

1.2.2 Phobalrat pa¢ékway and toxicity

Human exposure to phthalates is extens
ubi quitous sources. Gi ven t he chemical ;
pht hal ates and their distribution, mul tipl
Shouel dcobnsi der ed. Direct exposure to phtha
inhaling air in both indoor and outdoor en
household dust, and consumption of drinkimn

not e t hat pl hetahcahl at es o0 chaood during storag

preparation. Additionall vy, medi cal treat
phar maceuticals and the wuse of toys, COSsn
household items contribute tnd apdtoleasl antod e x
effectively block phthal ates, all owing the

18
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the foetus. Il ndirectl vy, Pht hal ates can al s
and find a way to all organi sms throughout
exXposure scenari o, making it di fficult t o
each source to overall human exposur e.

Pht hal at es, wi dely used as ©plasticiser
have been |l inked to numerous oathvdrhsag heal

exposure to phthalates can disrupt endocr

i mbal ances. This disruption can affect re
fertility, devel opment al abnormalities, ar
particubbes pbavbeabeen associated with | owe
in men and early puberty in girls. Addi ti
metabolic disorders, such as obesity, fata
ki dney damage acned, ibnys uil ntne rrfeesriisntganwi t h | i
They are also l i nked to respiratory i ssu
particularly in children. Further mor e, p ht

been connected to adverse outacr@mepsr,etiemanl u

birth. Breast mil k can transmit phthal ates
foetus and infants. These exposures can po
essenti al for vari ous bi ol ogi cal function
Adlitionally, pht hal ates have been detecte

The cumul ative and pervasive nature of phi
potenti al to accumul ate in the body, rai s
[ 51] .

1.2.3. matffeedse nftor pht hal ate detecti on.

Detecting pht hal at es i n environment al
anal ytical met hods tail ored t o their Sp

concentrations.
Gas Chr omaMagys ahegct r-MIetry (GC

Gas ChromMasgrnt8mphet-mM$) (IGL a highly effe

18
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anal ytical technique widely wutilised for ¢
vari ous environment al and bi ol ogi cal S amj
separating pht hal at e compoundemilcas$ed on
characteristics using gas chromatography
identification and guantificatiM®&n t hrough
of fers exceptional sensitivity, all owing t
concentrationsicas comphexas mat r water, S «
ti ssues. MNMSwavesm, pG@sents sever al chall eng
instrumentation and data analysis requiren
operate and interpretor elB€l tca.n Damptliemepr e
consuming -ianntdenlsalveyr often 1 nvolving extr .
steps t o ensur e accurate -Muamday f inoati on.
di stinguish between different isomers of p
in i@deonnation.
i iHi gPher f or mance Liquid Chromatography (HPL
Hi ¢Prer f or mance Liquid Chromatography (
anal ytical technique widely used for dete
separate and quantify thdse HPAM@p o wan dssa mpr ev
containing phthalates is injected into a
where the phthalates are separated based
phase. Different pht hal ates elute from t he
times), allowing for their identification
achieved -vussiinbhgg eUWpectroscopy or mas s Sp
gualitative and quantitative information a
its advaotagaesy ianda sensitivity, HPLC ha:
requires expensive equipment and consumabl
and maintenance, and relatively | ong anal
screening met hods. Addigtlieonwail i ly, sé&pPa&arCat m:
structurally similar phthalates or present
met hod devel opment and optimisation.
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i i $olF-Phdase Extracti on

So lpihda s e extraction ( SPE) i s a widely
detecting phthal ates i n various environme
concentrate analytes from complex matri ce:
selectively ret aiirds smhmpH aelsatwehs | fer amtleird er |
are washed away. This concentration step e
anal ytical met hods -Make $Smesc tGH@noenartyo g @@ h )
Hi Prer f or mance Liqguid Chromat ommgraap hlyow( HPL C
concentrations. However, SPE has i1ts | imit
sor bent mat erials and optimisation of ext
recovery of phthal atesondMomiengeresp pPeEi alainy
procegsl|l arge sample vol umes, and may suff
efficiency depending on the sample matri X
solvents in the elution step also raises ¢

di sposal

i VEnz ylmenked Ilommwemdas Assay (ELI SA)

Enzylmenked i mmunosorbent Assay (ELI SA)
t ool for detecting phthal ates due to its
anti bodies specific to phthalates are i mm
mi creot iptl at e. When a sample containing pht
pht hal at es bind to the antibodies. Thi s
enzycnoenj ugat ed secondary antibody t hat pr
change or fluoresdaemde sidgnali omporELS B i s
advantageous for its simplicity, speed, a
However, ELI SA al so hasshlairmict tricesl. alnt i b

specific to the phthal ate refadiintyeraevsati,| awh i

for al |l pht hal atreeacompobuwndswi t €r osstsruct ur
compounds canpolseddveoréaubkes, necessitatdi
specificity validation. Additionall vy, ELI S

sensyytasitinstrument-MS wmet hHHPASC, | ipkaer t GCul ar

21



Introduction

detecting phthal ates at very | ow concentr a
v.Capillary El ectrophoresis (CE)

Capillary El ectrophoresi s ( CE) i s a P
i ncreasingley ewcttiilnigs @dhtfhald ad es due to its h
and sensitivity. Il n CE, pht hal ate€ mol ecul e

tsize ratio as they migrate through a narrtr
solution undereltdetnind | fuiemlcad. oDetaemct i on ty

UV absorption or fluorescence detection,

pht hal ate concentrations in complex sampl
waters or bi ol ogi cal f lwdidmsg rCéEp i df faemrasl ya
mi ni mal sampl e requirements, and t he Sim
anal ytes. However, CE has some | imitations

separation conditions for different pht hal
physochemical properties. Mor eover, CE regq
and expertise, making it | ess accessible

techniques.
ViEl ectrochemical sensors

El ectrochemical sensor s represent a r

phtthasadue to their sensitivityjteapid re

monitoring applications. These sensors f ul
el ectrical properties that occur when pht'l
with speciThics manteeti attsi.on typically | ead:s
i mpedance alterations, whi ch can be guani
pht hal at e concentrations. El ectrochemical

portabitliimey, moreiatlor i dgr ebatbveéelyi esw anpnst

to conventional analytical techniques. Ho
Il i mitations. One drawback i's their suscefr
compounds present in complex saampyy e matri c
and specificity of measurements. Additiona
reduce sensor performance, necessitating r
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To tackle these chall enges, we have chose

Spectroscopy qURER®) tdedtrercti ng phthal ates i

1.2.4 Surface Enhanced Randeent epecotnroscopy

Sur feanchemanc e d Ra man scattering ( SERS) S
effectively employed as a spectmgscopic m
various biological and chemical -species |
sensitive analytical technique. 't can sig
cresssstion of molecules adsorbed on the SE

adsor beds ,mottreeul pci dent photon undergoes

whi ch Il nvol ves the adsorption of i nci deni
internal mol ecul ar vibrations, and subsequ
anstokes l i nes) . The ®BSHRS ftechnisqgqumi nsitnaan c
preparation and high sensitivity, sel ecti

enhancement factor (EF) of Ramé&hoscatteri .l

18 enabling even a single molecule detect:

|l n swmfhameed Raman scattering (SERS) s

of substrate plays a pivotal role in deter
of t he det eflotaiddant i pma¢éys. nobl e met al Subs
made Gorladm GiAeuw) ,( AGppeamd( Cu), have been the
to their superior plasmonic properties. W]
strong | ocalised surface plasmon resonanc

enhancement of t he Ramdasmrdiegnaln ftrhemr maelue

These substrates ar e k nown as nobl e met a

substrates are known for their stability,
for detecting various chemical Bed biolog
expensive and someti mes | ack specificity f

| n contrasfreaolSERSmesubdlstr at es have be

over come s ome |l i mitations associ ated wi t h
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materi al avail abinciltuyd e Tshuebsset raaltteesr nnaat d ev efsr

|l i ke graphene, transition, mméndl doxhdésofe

Ti20, or semiconductor nanostructures. Al t
exhibit | ower enhancement fact awrng qu & an n
advantages such as chemical tunability, |
integration into variousbhadewi cseush.stFant esex a

provide uniform enhancement and possess un
be taistpeedfforsensing applications. Addi't
can be modified to enhance their pl asmoni
under different environment al cfornede t i ons.
SERS substrates oifs ra@searcdthveai medcaat br o:
applicability and affordability of SERS

applications.
1.2.4.1 Mechanism of SERS

The mechanism of SERS involves two pri

el ectromagnetic (EM) and chemical (CM) .
(aBBM enhancement mechani sm:

The electromagnetic (EM) enhancement i

pl asmons, which are the resonant coll ecti

onduction band of met al nanostructures. T
inend |l ight at specific wavelengths, | eadi
known as | ocalised surface plasmon resona
significantly boost ss echtei oRha nbafn nsoclaetctuelre sn ga
on the metal PRurpfrope.rtTke b$E met al nanos
control |l etdunend bfyi needj usting their si ze, S
composition. Addi tionally, tuning the str
can further modul ate SERS eshbédonpoemenb. tRkea
surface on smooth surfaces, while on rough
roughness a <critical factor for EM enhanc
|l omgnge effect, i ncreasi-agcttiheen Rafma an aslcyat
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mo | e cluol ceast e d sever al nanometres from t he f
enhancement mechani sm of nobl e met al SERS

explained by this EM7dnhancement process |

Enhanced
Raman scattering

Electric field

Photo induced M

charge transfer M -
Analyte

Enhanced field EM and CM active
SERS substrate

esent at i &bmsdckatre ctthieo nme c h a

Fig.Grlaphi
t adapted from reference

of analy

('D_1

c al
e (

r
fig
(bOM enhancement mechani sm:

The chemical mechani sm (CM) I's anot het
enhancement of Ra&amanivanast tfeori ragradrydss mol ec
on SERS substyawas. sThhipertleedoby observatio
et al . [ 58], who noted that the Raman peak
ti mes greater, thadi ¢&titngf orheN presence (o
mechani sm beyond the el ectradmdqnetlivee s( E M)e
chemical structure of t he anal yte. The C

interactions and charge transfer bet ween

adsorbed analyte, enhancing Raman scatter
direct interabei et hketwaeostructures and t
shearatnge effect, usually | imited to the fi

formation of a new surface complex throug
phoitmduced <charge ttrhaensgdcelrar iwhabcihl ialyt eorfs t
analyte molecule, thereby seebandDhhf56he Ra
EM and CM mec hoacnciusrmsi ncahni gchd y sensitive SEI
t he EM mechanism generally pl aying a mo t
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mechanism is chemically selective, whereas
[ 57] .

Selectively detecting a speci fic anal
mul tiple anal ytes poses a significant c h
mechani sm (CM) p rnoevciedsessi t a el agt ievnihtayn,c e me n
chemical i nteraction between the analyte

selectivity.
1.2.5. Di fferent methods for phthalate rem
(iAdvanced oxidation process (AOP)

Advanced Oxi dati on Procesad¢snentAOPs)
technol ogies that remove organic pollutant

processes generate highly reactive speci ec

which have a high oxidation potenti al and
of orgtaamicnamins i nto harmless end product s
water . The fundament al principle of AOPs
radical s, among the most potent -oxidants

selectively with orgaeimc doowmp d thmrdu,g hb rae askei

reactions that wultimately |l ead to their mi
Common AOP Techniques:
x Ozonati on:

o Process:3 Ozeneai®@ol ved i n water, decompc

radi cal s.

o Advant ages: Ef f epcotlilvuet aangtasi nasntd vcaarni ooupse r at

and aqueous phases.

o Disadvantages: Hi gh operational costs ar

and the potentpraodufcotrsmaltiikoen borfo nbayt e .

x Photocatalysis:
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o Process: Utilises ta (seemgi.contdut&prun atinct
activated by UV |l ight to generate hydr ox)
o Advant ages: Hi ghly efficient and capabl

contaminant s.

o Disadvantages: Uv | ight I S required, w h

chall enges related to catalyst recovery &

x Fenton a-RdnPbpoptBrocesses:

o Process: I nvol ves the r®Ogctwidarm dfermydrrsodg
(Fg to produce hydr oxkéntoadigrad ses sThies
enhancem&YWtousvingi ble | ight.

o Advant ages: Rapid and effective degradat
enhanced by sunlight, reducing energy ¢CoO0S:¢

o Disadvant ages: Generates 1iron sludge tha

conditions (pH ~3).

x Per ox ank® ( O

o Process: Combines ozone and hydrogen per
hydroxyl radical s.
o Advantages: The synergistic effect i ncr
degradati on.
o Disadvantages: Requires carpdmudxicetmrat i
and may form secondary pollutants.
(i1i) Biodegradati on

Bi odegradation is a natur al process by
bacteria, fungi, and al gae break down comp

nomoxi ¢ substancesti cThliasr Ipyr orceelsesv ainst pfaor t
pht haTlmeé edi odegradati on of pht hal at es i nv
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reactions facilitated by microorgani sms.
presence of oxygen) or anaendbng Onnthbhe &

environment al conditions anfchi shermcessbi a
begins with ester hydrolysis, where estera
of phthalates into phthalic acid and al coh

acidcua s t hrough p a tchlweaayvsa g € uccdhe dav sange @ jat h o

facilitated by di oxygenases and MO NOOXYC
mi neralisation into carbon dioxide, water
enzymes invol ved in oODhRdatkirem.s Miycrd ®o ragmd i
capable of this process include bacteria

Rhodococcus spp., and Sphingomonas spp.,

Penicillium spp., and Phanerochaete <chrys
al gaeThe efficiency of bi odegradati on i s
conditions (temperature, pH, oxygen avail e
and abundance of specific microbial specie
structure ofecfoht ealdaygddipdilciwoet met hod enhan
natur al attenuation of cont api odumde ss .wi t ho
However, bi odegradati on rates can vary, a
products persi st i n t he t reenrv i rtornenaetnnte,nt .n

Optimisation through bioaugmentation or b
enhance effectiveness.

(iii1) Membrane filtration

Me mbr ane filtration is an advanced sep
pht hal ates from wat elrodanlde wearsa gecensad b mi Thi

me mbr anes t o selectively all ow the passa
retaining others based on size, charge, €
highly effective for filtering ®ouwWt cont ami
utilises various membr ane types with di st
poll utants. Mi crofiltration ( MF) with ©por
removes | arger particl ¥lst raanfdi |stursapte nodne d( UsFo)

0.01 to O0.s1 rmitaricmmetmacr omol ecul es and <co
( NF) wi t h 0.001 t o 0.01 mi crometres remec
including pht hal ates OGsmadsids vgdIRO)t wiidrms .po
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smal |l er than 0.001 micr omedgwvwels, odlfiemisnatthier
al most al | di ssolved salts, organi c mol ec
invol ves passing water through these meml

where the membrane acts as a barrier, al |
whileimgtahmbmhal at es and ot her contami nan/
per meat e, is collected, while the retentat
i S di scarded or treated. Thi s met hod [
environmentally friiemgl ypr andstfdmixs dtliegn a
specific removal needs. However, chall eng:
organi c matter or scaling, high costs ass
energy, and needing to properly dispose

mai ntenance i s essenti al to prevent foul i

performance.

(iv) Chemical precipitation

Chemi cal precipitation is a widely wutil
from water, transforming solfudd eephy hal at
separation. This process involves adding
ferric chloride, or calcium hydroxide, whi
precipitates. These precipitates are aggre
enhaghctimeir size and settling speed. The s
sedi mentation, filtration, or centrifugat:.
appropriately managed. The treated water
remove resadsal enbemiogreéeeée. i Thipsht matl ao e
effective, straightforward, scal abl e, and
However, It necessitates careful handl ing

and considerati on ioaft eadd dwittiho ncah e nti ocsatls uasses
management . Despite these challenges, chen
technique for phthal ate removal, balancing

(v) Phytoremediati on

Phytoremediation oadclkr $oma Pphemremedi ap
pht hal ates from contaminated environments,
of plants to uptake, degrade, or i mmobilis

29



Introduction

absorb phthalates through theaeaisr plaoats and
ti ssues where they can be metabolised or
typically involves selecting suitable plan
efficiently without compromi sing their groc
under gani ciadcha ansf ormati ons within the pl
invol ved I n detoxification pat hways. P h
advantageous due to its environment al frie
extensive excavati omtHoweéeweeari,calt hd r eeaf tf mecnatcs
phyt oremediati on can vary based on factor

environ
Conti nu
promfisre
solutio

Consi de
t he ads
(vi) Ad

The
materi a
solutio
surface
Van der
Common |
andari o
met hod
adsorbe
the ads
efficie
of t he

concent

ment al conditions, and the specifi
ed research and optimisati on of P
enhancing its effectievéressvas a
n for phthal ate contamination in so

ring the cimahteonges ofechhegqgabsyewe

orption pgltchali qjituees tfor o eamwateer s ampl
sorption

adsorption technique for phthal ate
|l s to capture and remove phthal ate
nNs. Adsbagpéedopr oscseasswhemeree htt hat he

of solid material s, known as adsor
Waal s interactions, hydrogen bond
y used adsorbents include activate
us modi fied materials |ike graphen

passes the contaminated water throu
nt material. The phthal ate mol ecul e
or bentedwedifregtt weilr concentration i
ncy of adsorption depends on factor
adsorbent , pH of the solution, t e
ration ofpphohal ahesadaéabtbentadmay b

or di sposed of, depending on the materi al

Adsor pt

ion is favour-efdf efcotri viene® s s, mp@ainidc iathby
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remove a wide range of contaminants from w

Il n the o@rlk,sepbdbl ywmer nanocomposites ar e
adsorptive remofal ynoefr pnhatnhoacl cantpeoss.i t e s ( PN
emerged as promising materials for the ad:
water due to their uniqgué ypr ophesrstei ecso mgprod i 9
comprise a polymer matrix embedded with na
to enhance adsorption efficiency. The nani
met al oxi des, or clay minerals, provide h

sites that attract pht hal ate mol ecul es fr

matr i x i n PNCs of fers mechani cal streng
functionali sed t o i mprove adsorption pro
mechani sm invol ves(ephgy.s,icdan iaé¢er &Vawil eansf o
i nteractions) and chemical i nteractions (
pht hal ates and the composite material. Fa

the type and concentration orfi smtainop,argh,cl e
temperatur e, and the initial concentrati on
such as tunable properties, scalability, a
research aims to optimise PNCs for efficie

in water treatment applications.
1.Bol ymer Nanocomposites for Metamateri al

Pol ymer nanocomposites (PNCs) have garne
potenti al applications in metamaterial s, <
properties derived from pol ymers and e mb

materials offer tunabl e electromagnetic r

making them i deal candidates for designing
optical, acouptoper tainedls .t heey maht egrati ng N
pol ymer matrices, PNCs can achieve unusua
and adaptability ma k e PNCs promising for
met amateri al research.

1.3.1 I ntroduction to Metamaterial s
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Memat eri als repdgeemrmtrea o6t tsicngnce tha

physics, materi al s science, engineering,
composite structures with extrasomgadhihnary pr
"beyond, ' I ndteatahg pbasemsetamaracteri sti
found in natur al material s. Unl i ke convent
from their chemical composition, met amat e
attributes from engiTrheesreedstirmtcegumals stnrtea
el ectromagnetic waves i n preci se ways,
remar kabl e properties t hat ar e not achi e
conventionally synt hesi sed materi al s. Thi
el ecatgrnoent i ¢ waves distinguishes metamateri :
push beyond the | imits of natural materi al
Victor Veselago's visionary ideas in 1
field of metamaterial s, partiad¢ sl aviltyh ian e X
negative refractive 1index, as discussed i
materi al s are <characterised by effective
per mit (¥i)dintdy magnetic ¥pewhnecahbi drieycnddi al
under st anidntnegr atchdiorn wi t h el ectromagnetic
materi al s, whi ch typically | ack signi fic
frequencies, met amaterials can exhibit pr
t hese regi mes, | eadi ng dionatihre phbrpbmeati
Permittivity and permeability describe hov
magnetic fields, respectivel vy, influenci ng
conceptual framewor k, Mal kRas talm$itaesde ,i'"n Fi g 1
clhegori ses materi al s based on their el ec
represent materials with positive permitt)]
most dielectric material s. Region 11 i ncl u
doped semiapadlue tofr sexhi biting negative pe
conditions, typically below the plasma fr
ferrite materials with negative permeabild]i

above mi crowave fregugumnicngs.redhen,mogtadirn
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t heoretically encompasses materials with n
simultaneousl! y. It is a combination not f
exceptional properties as oyigeans|l ggobheor

=€
£<0,u<0
Double negative
metamaterials
Fi g Matéer i al parameter space cbandcterised
magnetic permeability (0O).
1. 3CBaracteristics of metamaterial s

i

Sever al di stinct features characterise

Negati ve Ref:r aMetiavnreatlemded s can achieve

i ndex, all owing them to bend || ight in
enabl es applications |like superlenses ar
how | ight interacts with the materi al

Tail oredmafBGhett co:Prmpleirke esat ur al mater i al
can be designed with precise control ove
controlling par ameters include per mitti
permeability (magnethi achielvdngespgmase)le
are crucial for manipulating el ectromagne
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TunahbilMetyamaterials offer tunabl e el ect
adjust ment s across di fferent el ectromag
tmability is essential for applications i

where specific frequency responses are r e

An
el
Th

po

Br

ra
ca
de

N e
e X
Pe
p o
p o
ac
h a
ar
Wi
N e
of
el
h a

=]

< ©

«Q @ @d S

«

e

r

sotropic Arna perttriogpsy i n met amateri al
ctromagnetic properties vary dependi ng¢
s directional dependency enabl es prec

arisation, and other wave characteri st

adb aPer for Mahaemateri als can operate e
ge of frequencies, from microwave to
ability is advantageous in applicatio

ices need tos hraunldtliep|sei gfnraelqgsu eanccryo shands

' inear: B8bmei aomet amateri al s exhibit n
ctromagnetic fields, rperaonpi onrgt itohneailrl yp rw
intensity of the incident wdwe. This

nall processing, frequency conversion,

ative pBMemamat ert gl s ar e di stingui she

i bit negative permittivity, a proper
mi ttivitaybirleafter soft oa tnhaet er i al to respc
arising 1its mol ecul es. I n convention.
itive, meaning t hey support t he pr of

ording to standarmetl amat eorfi @lhsy sarce . e rHg
e negative permittivity at speci fic

ses from their carefully designed sul
h el ectromagnetic waves imawapsarghat
ative permittivity in metamaterials a
el ectromagnetic fields, enabling ap
ctromagnetic cloaking devices, and an-

nessi ngermigtattii wiet y , met amateri al s p a:
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technol ogies that defy traditional el ec
avenues in optics, telecommunications, art
0 Negative p-efrhmesa bu hii d ye propertyrearises

structure of metamaterials rather than t
material s. Negative permeability means t
magnetic fields i n a manner opposite to
reversirregttlhhen odif magnetic fl ux when subj
phenomenon S cruci al for mani pul ating

frequencies and wavel engt hs, enabling su
cloaking, and annennBy deesmntgmolalpiphg ctahe oi r
and configurations of met amateri al s, en

responses across a wide range of frequen
i n el ectromagnetic device | deégyi gtno aancdh i e o
negative permeability mar ks metamateri al:

that rely on precise electromagnetic wave
1. 3N8gative permittivity and Metamaterial s

Permittivity refers tco ftihed de xctaenn tp etnee twh
medi um at a specific frequency. | n mat er
separate abundant free charges, this condi
the permittivity and affects how electric

- - P — (1.1)

The expression for permittixgi tiy ivmvoldvifrog

i deal pl asma across all frequencies, but f
frequenci es. Ex anmpdee st hoef ipol naossnpahse r ien caln d €
charged gases in | aboratory settings. Not a
component in their dielectric constant. T
frequency, the dielectric croenaslt,anrte soul tpilnags
in a purely real wave number (k) and indi
propagate uni mpeded. Conversely, bel ow t he
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constant is always negative and real, | ead
(kAs a result, a wave incident on a pl ast
entirely reflected, wi t h fields penetr at
exponentially within the plasma. This phel

are reflected by -lameawi dbhbsmphermal f «ro mmo wi
whil e -flrieqglueerncy mi crowaves pass through it
f or -bhaingdhwi dt h communications. The ef fect]|
negative when the frequency drops bel ow th

n thiss wkeshhave designed and fabricated

=)

egative permittivity.

1. Motivation for the work

The rapid advancements in material scie
of i nnovative materi al s wi t h uni que pr o
nanocomposites stand out for their abilit.)
and nanomaterial s.thé&ébe paenbocomaoset of i s
dependent on-dehiemirngstcapgalbirlei ty, whi ch ©ceé
controlling the dispersion, orientation, é

—

he pol ynméire mattrnivati on for sbmmaresedrch v
as the need to expand -dtehe nungl ictaypabi | itthy

polymers for relevant environment al and di

For environment al applications, we <cho
detection done temdwhael wi despread wuse of p h
products and their significant I mpact on
Pht hal ates are known endocrine disruptors,

sources necessitates ed If e cmteitvheo d &l e t ePcotl iyome

>

anocomposites offer unique properties tha

(i) The high surface area and tunable surf a
t he composites coul d enhance sensiti vi

accur datid iicchedn on of | ow concentrations o
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(ii Yhe exceptional adsorption capacity anc
nanocomposites coul d facilitate t he e

pht hal ate mol ecul es.

Utilising those proompeorstiiteess ,o fo upro lryenseera rnc
devel op advanced composites capable of de

contributing to cleaner water sources and

For dielectric applications, we identi
availyabot itsuitable met amateri al s for e xt
appl i chftioo#isD. el ectromagnetic waves belongi
| ow frequency (ELF) regime are the | owest

for wireless transmPaelsymar amanacoommpuaans ictag $ o

properties that make them excellent candid
to be engineered at the nanoscale all ows f
properties, essenti al f dhecrseéeddfcnmirneg acti c
capability to create interconnected networ
tunable electrical conductivity of pol ymer

mat eri al s wi t h uni que el ectromamneti c res
frequency range. By | everaging these propc¢
advanced pol ymérasednanedmpnadietrea al s t hat C @
current | imitations and meet the demands o

frequency regi me.

1. ®bgcti ves of the Work

The research conducted i n this thesi s
outlined in the previous section (1. 4). Ba
of the thesis can be |listed as foll ows:

Synthesise certain itnenroivaaltsi vteh anta nuotciol mpsot
struagaeéefuirmi ng features of polymers.

i . To addr ess environment al or di el ectri

synthesised polymer nanocomposites.
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ii . Devel op pol ymer nanocofmpeoesi EER® aselstnr:
wi t hh hdwgr face area and tunabl e sur f ac:t
sensitivity and selectivity for detecti

water sSsour ces.

AV Utilise the exceptional adsorption <cap

pol ymer nanociompbai ¢ees heoefhiicci ent capit

pht hal ate mol ecules from contaminated w

|l denti fy and fil] the gap in the avail
applicati-lomw firme geuxetnrichyo IMedg i ounssi n(gl Op o | y me

nanocomposites.

1.Brief Outline of the Chapters in the The
The experimental work has been conduct e
objectives. Chapter 2 provi des a det ai |

characterisation techniques andudeyx.peri ment

Chapters 3 to 7 present the detailed exper

3 primarily focuses on detecting DMP and
andMMABT SERS substrates, addressing t he
Chapter 4 diyvyco$seas ftlheexn gpit eale rreadt shMMA ST
SERS substrate for DEHP detecti on, provi d

Chapter 5 highlights the removal of pht ha
PPy ZnO polymer nanocomposibhbedaemeekRah@asmi ng
behind t he removal process. I n Chapter 6
nanocomposites based on PMMA_ZnO_AC are d
negative permittivity applications at e X
t heoretical e Xod lassnmeat itdchre orrogat eCch aiprt er 7 deal
of a ceramic hybrid polymer sn@napbmpesite
which exhibits a high value of negative pe
t he concl obaphmgroavAtdhes c o mmeonndsat f or future

endeavours on the present study.
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Experimental Techniques

2.1 INTRODUCTION

The focus of this chapter revolves around the experimental methodologies
utilised forsynthesising and analysing the synthesised polymer nanocomposites. The
synthesis mainly involves synthesising metal oxide nanoparticles via thestgd
reaction route and the insitu and oxidative polymerisation methods for fabricating

polymer nanocompsites.

The structural characterisation was conducted utilisingayX diffraction

(XRD) techniques. Morphology, structure, and size were analysed using Field
Emission Scanning Electron Microscopy (SEM). Ultravioletvisible diffuse
reflectance spectrospy (UV-Vis DRS) was employed for optical and adsorption
studies. The Brunaudemmeti Teller (BET) technique accomplished surface area
and porosity analysis. Raman spectroscopy was utilised for functional group
identification, vibrational mode analysis, andurfaceEnhanced Raman
Spectroscopy (SERS) studies. Broadband Dielectric spectroscopy was employed for

dielectric spectroscopic studies.
2.2 SOLID STATE REACTION ROUTE

The solidstate reaction route for metal oxide synthesis involves the direct
reaction of solid reactants to form metal oxides. This method typically entails
heating the solid precursors, which could be metal salts, metal oxides, or other
metalcontaining compounds, to high temperatures in the presence of an oxidising
agent or an oxygerich atmosphere. The reaction proceeds through -solid

interactions between the reactants, forming the desired metal oxide product.

The solidstate reaction route offers several advantages, including simplicity,
ease of scalap, and the ability to produdegh-purity metal oxides without needing
solvents. Additionally, this method allows for precise control over reaction
parameters such as temperature, heating rate, and duration, which can influence the
phase composition, crystallinity, and morphology bé tresulting metal oxide

nanoparticles.
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Muffle furnace: A muffle furnace plays a crucial role in the sedithte reaction
route for synthesising metal oxides and various compounds. Solid precursors
undergo direct solidtate interactions within the contied environment of the
furnace, where precise temperature regulation optimises reaction conditions.
Typically housed in ceramic crucibles or boats to prevent direct contact with heating
elements, the precursors are subjected to elevated temperaturestinyasobd

state reactions. This process facilitates the formation of desired metal oxides or
compounds through the diffusion of reactant species, leading to the growth of
crystalline phases and nanoparticles. The muffle furnace's utilisation in the solid
state reaction route offers notable advantages, including simplicity, scalability, and
the ability to synthesise materials with controlled stoichiometry and morphology.

The present study adopted a programmable muffle furnace for the synthesis process.

7

R AVE mmmmm 2 =

Fig. 2.1Image of the muffle furnace used in the study (located at the Laboratory for
Mesoscopic Sciences and Devices, Department of Physics, University of Calicut).
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2.3SOL GEL SYNTHESIS ROUTE

This approach is a highly adaptable and optimal method for producing a
variety of oxide materials. It generally allows for precise control over the
morphological properties, texture, and chemical stability of the solid produced. The
primary advantages ohé sotgel method include the high purity of the precursors
used, moleculalevel mixing, and the homogeneity of the resultinggell products,
which exhibit high purity in their morphological, physical, and chemical properties.
As indicated by its namehe method involves the formation of a sol, or colloidal
suspension, through hydrolysis and subsequent condensation reactions of precursors,
typically metatorganic compounds or inorganic metal salts. Factors influencing the
properties of the gel, known aslgel parameters, include the type of solvent, type
of precursor, precursor concentration, acid or base content, water content, and
temperature. These parameters impact the initial gel. Gelation occurs when colloidal
particles agglomerate to form preitgtes. Following gelation, the resulting wet gel
mixture, which is in a sensolid state, undergoes drying and calcination to produce
a dry powder. Aging, the total time between gel formation and drying, is also
crucial. The resulting sol can have variogsructures, shapes, and dimensions,
which, upon gelation and calcination, yield fine crystals with diverse structures such

as nanoparticles, nanorods, nanowires, nanotubes, nanoflowers, and nanoflakes.

2.4IN- SITU AND OXIDATIVE POLYMERISATION METHODS

We synthesised various polymer nanocomposites using thsituin
polymerisation method, including PMMA _SrT40 PMMA BaTiGs,
PMMA_AC_ZnO, and PMMACaTiO:_Graphite. Additionally, the synthesis of the
PPy ZnO polymer nanocomposite was accomplished through the oxidative
polymerisation method. The detailed synthesis procedures and properties of these
corresponding composites are thoroughly discussed in the subsequent chapters of

this thesis.

The in-situ polymerisation method is popular for synthesising polymer

nanocomposites, wherein the polymer matrix is directly formed in nanofillers or
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nanoparticles. This method involves dispersing monomers and nanopatrticles within
a solvent or matrix and initiating polgrisation to generate the polymer matrix.
Crucially, nanoparticles serve as nucleation sites during polymerisation, facilitating
the uniform dispersion of nanoparticles within the polymer matrix. The process
encompasses vital steps such as dispersionewtagroparticles are evenly dispersed
within a monomer solution or melt; initiation, initiated through suitable initiators
like thermal initiators or catalysts; growth, where monomers polymerise and envelop
nanoparticles, forming a polymer matrix with disged nanoparticles; and finally,
termination, which occurs once the desired polymerisation degree is attained.
Notably, the in situ polymerisation method provides numerous advantages for
synthesising polymer nanocomposites, including precise control @reparticle
dispersion and robust interfacial adhesion between nanoparticles and the polymer
matrix. Additionally, it allows for incorporating a wide range of nanoparticles and
monomers, enabling the customisation of nanocomposite properties to suicspecif
applications. The #Hsitu polymerisation method emerges as a versatile and
extensively utilised approach for fabricating polymer nanocomposites endowed with

improved mechanical, thermal, optical and electrical properties.

The Oxidative polymerisation method is another highly regarded technique
for synthesising polymer nanocomposites, wherein the polymerisation process is
initiated through the oxidation of monomers in the presence of nanoparticles or
nanofillers. This method involves dispersing mononaTd nanoparticles within a
suitable solvent or matrix, followed by the initiation of polymerisation through
oxidation reactions. Typically, this process includes crucial steps such as dispersion,
where nanoparticles are uniformly dispersed within a mon@uokition or melt;
initiation, which is triggered by oxidising agents or catalysts, leading to the
formation of radicals in the monomer molecules and subsequent polymerisation;
growth, wherein monomers polymerise and encapsulate nanoparticles, resulting in
the formation of a polymer matrix with dispersed nanoparticles; and termination,
marking the conclusion of polymerisation once the desired degree of polymerisation
is attained or when reactive sites are exhausted. The oxidative polymerisation

method offes numerous advantages for synthesising polymer nanocomposites,

46



Experimental Techniques

including precise control over nanoparticle dispersion and the promotion of strong
interfacial adhesion between nanoparticles and the polymer matrix. Moreover, it
facilitates the incorporatiomf a diverse range of nanoparticles and monomers,

thereby allowing for the customisation of nanocomposite properties to fulfil specific

application requirements.
25 X-RAY DIFFRACTOMETRY (XRD)

We us-edy XDiffraction (XRD) fmhrastehe st

identification of our pol ymer nanocompos.i

critical I nformation about the crystallog
crystallite size of the synthesised mater:i
swessful i ncorpor ati oBa,TafOnOj | ends ChTh® Sr
Pol ymer matrix and to study any changes 1in
to the polymerisation process. The compreh
us ¢t ostuamnddert he structur al integrity and mo
nanocomposites, which is essenti al for <co
their functional performance.

X-r ay di ffraction ( XRD) i s a trhaepi d ana
continuous interactriagrs @fmi moedc HhHr @mma tai cc aX
Thes-eays, filtered to produce monochromat
sampl e. Whaeyns thhiet X he sampl e, they scatter

on tthmmi catarrangement within t he mat eri al

determine the phase of crystalline substar
di mensi ons. By analysing the resulting XR
"fingerprintal sofi nt htehec rsyasmp | e, researcher .

structures by comparing them to reference
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2.6 FIELD EMISSION SCANNING ELECTRON MICROSCOPE (FESEM)

We wused Field Emission Scanning Electr
detail ed morphol ogical and structur al stu
met al FPESEIMspr owiedseod uhiigphmh i mages that al |
the surface characteristics, particle size
pol ymer matrix and the embedded nanopart.
under st andinncg tohfe niamfolmad eri al s on the ov
composites. The insights gained from FESE!
optimising the synthesis process and enha

nanocomposites and metal oxi des.

Fieldi &mi Seanning Electron Mi-edgpescopy

i maging technique that offers wunparalleled
and structure with extraordinary —resoluti
around gener attirnogn ab efaorc uusseidn gelaecf i el d emi s
|l i ke a cold field emitter or a Schottky f
exceptional energy and brightness, t hereb
highly focused el eetdr oonntme atnh ei ss ptelte me di rse
el ectromagnetic | enses, akin to convention
resolution and imaging detail. Upo-n intera

energy electrons gelmeuvidimlgvaecondasygehkst

and backscattered electrons (BSE), whi ch
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mor phol ogy and composition, forming the

Secondary el ectrons, emittedcti om twhe hspéee
incident electr-oesbkeamiohur maghs hwghh intr
I n contrast, backscattered electrons def |
provide insights into elemental ucempaositic
i mage, t he el ectron beam traverses t he S
orchestrated raster pattern, -smpgddi megingnal
i nteraction meticul ously coll ected and pr
detail edorsphdlacgegy , m topography, and COoOmpoSs
exceptionally high spatial resolution, ty
nanometre scal es.

Il nstrumeAntFaiteilodn :Emi ssi on Scanning Electron
advanced imaging instrument renowned for

composition, el ectronic structur e, and su
represents a refined iteration of the <cor
empl oyimagnselemittted from a field emission
regions of a -g2pgcipmenern. almrrighe FESEM t
emitted from the field emission source unc
field gradientol Wmbhhi hhe paess#roew il ®evredduc
of ar o8untdo rlr0Os , ensuring opti mal el ectron b
el ectrons are then focused and guided by
focused beam. Uponatsdrrii &li,ngt Heheelsaanprl @n mb
emi ssion of secondary electrons from each
and radiation angle of these secondary el e
of the sample. A detcacndar yc aglteaiaterso nsh,e ceom
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Applications: In materials science, it is instrumental for investigating the surface
morphology, microstructure, and composition of various materials ranging from
metals to nanomaterials. Moreover, FESEM plays a pivotal role in nanotechnology
research by imaging and c¢haterising nanomaterials, essential for designing
nanodevices. It facilitates the study of biological samples, providing insights into
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cellular morphology and biomolecular interactions. Additionally, FESEM finds
applications in geology, forensic scienaad materials failure analysis, contributing
to geological mapping, crime scene investigations, and understanding the causes of

material failures.

Specifications:In the current study, images of all prepared samples were captured
using theModel ZEISS Genini SEM 300 (CSIF, University of Calicut) [3].

2.7 BRUNAUER-EMETT -TELLER (BET) TECHNIQUE

We wused the BET technique for the surf.

pol ymer nanocomposites and met al oxi des.
charactericssutriacep acaiefai, pore volume, and
material s, providing cruci al i nsights intoc
these parameters i s essential for opti misi
various appl iacsatadosnosr,pts wom, and detection.
pl ayed a vital rol e i n correlating t he

functional properties of the synthesised n

The ratio of surf alkel dg elai tttol ev od iugmei, f iwcl
material s, becomes highly significant whe]
nanomaterial s, the increased surface area
intriguing properties thas.arhrecabaéertyiasses
the surface area of nanoparticles is cruci

i s one of the most effective methods for d

the atomic | evel. This twbhbhi gse nemwalklneswnf
the BET surface area, named after the scie
computati on. The BET theory was formul at ed

and Edward Teller in 1938 [ 6]
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Surface area and porosity represent t v
significantly impact t-pbhageatheéem aalds usBibs
in surface area and porosity among partic
di mensi pne®foecaaly affect the performance

particularly in electrochemical applicatic
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i s released into the sample <cell t hrough

process ceases once t he gas pressur e reac
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Subsequentl vy, as adsorption | ayers form, t
materi al and its quantity is measured [ 7].
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I nstrumelhhheti ostrumentation of a BET anal
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porosity of materials through gas adsorpt
system, enabling precise dosing of adsor bz
sample surface under veg. eddowpgsedswirtelsi rantdh
chamber, the materi al sampl e, usual ly I n
subjected to a controlled environment me t
pressure during adsorption. Thei ngdeesr shand|l
pressure regulators, and flow controllers,
the sample chamber at precise flow rates a
process, the vacuum system evacuates the
gases ofr contaminants to ensure the accul
measurements. Cruci al for monitoring the &
measure the adsorbate gas pressure within
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calculgasondedbdbrption at different pressur e
data acquisition and control system gover

setting experi me#t anle pnoma metremgy tod rtdael ad

Finally, slpyesciisal $ sfetdwaarnea processes the co
mat hemati cal models such as the BET equat
surface area, pore vol ume, and pore size
insights into thermatserial's physical prop

Appli cREToasal ysis, widely employed in diyv
understanding surface properties and poro

applications. I n adsorption studies, it o]
adsorption behaviour on solid surfaces. Th
removal, and drug delivery systems, where

vital factors. Porous materials |ike zeol
fam BET analysi s, providing cruci al dat a
sur face area essenti al for adsorption, S
phar maceutical s, BET analysis aids in ass
drug pamfiloalesi ng dissolution rate, bi oav
pivot al for formul ati on devel opment i n d
nanomateri al research, BET analysis charac
nanoparticl eses, namodc o mpaonsoistt ruct ur ed mat e
optimisation of materi al synt hesi s and

applications |l i ke sensor s, catalyst s, and
materials science, BET laynabysebucciohdtriimhat
properties, pore structur e, and textur al c
and composites, influencing their mechanic

Specifications:In this study, the surface area analysisenecorded bYBELCAT -
M1 CSIF Calicut University using thez2Njas adsorption method [3].

2.8 BROADBAND DIELECTRIC SPECTROSCOPY (BDS)

We used the Broadband Dielectric Spectr

dielectric properties and relaxation beha
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met al oxi des. This comprehensive analysis
dependentr edsipeolnescet,ricconducti vity, and mol ec
material s. By examining the interactions
i ncorporated nanoparticles, as wel |l as th

gained val uabl e dmasnigshmss afnfteoctti mg rmé e p ¢
potenti al applications of these advanced ¢

BDS analysis are discussed in detail i n th

‘ector voltage
analyzer U2

Fig. 2.5 (a) Schematic diagram of the BDS Analyzer [Ib) | mage of Mo del
Novocontrol -BDBES aAkrnaneynwderof Physi cteasedni ver
for analysis in the thesis).
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Broadband Dielectric Spectroscopy (BDS

mol ecul ag, dgmaommgassi ng rotational fluctua
hopping, and charge ‘transport. By extract
dielectric function, comprehensive insigh

dynamics can bg dethivedt hOperlagpuddzey range

BDS explores a wvast dynamic range, el
fluctuati ons, charge transport phenomena,
external boundariedecthius preopatings tbe
investigation. This technique facilitates
regarding dipole dynamics and mobile charg
mol ecul ar system. BDS omesa&s wife ssytst e mfsr, e guinen
both energy storage and dissipation proper
for characterising electrochemical systems
monomers to polymers in vauioss anhadtebasse

The schematic diagram of5 t(hae BDS set up

Instrumentation: At its core, a frequency generator produces alternating electric
fields spanning from millihertz to gigahertz, adapting to the desired analysis
frequency range. The sample holder securely accommodates the material sample in
various forms, ensuring consiste positioning for accurate measurements.
Electrodes, typically crafted from conductive materials like metal, apply the electric
field to the sample and capture its response, minimising interference with dielectric
properties. An amplifier boosts the elecal signals generated by the sample, while

a detector measures these signals, containing vital data about dielectric properties. A
sophisticated data acquisition system records and processes signhals, employing
analogto-digital converters for conversiomto digital data for computdrased
analysis. Controlled by specialised software, a computer manages the BDS
instrument, setting parameters, visualising data, and extracting key dielectric
properties such as permittivity and conductivity [12]. Temperatargrol systems

are often integrated to regulate sample temperature, which is critical for ensuring
accurate measurements due to temperature's influence on dielectric properties.

Optionally, humidity control systems maintain stable humidity levels, pdatig
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useful for moisturesensitive materials, minimising their impact on dielectric

property measurements.

Applications: In materials science, BDS is instrumental in comprehensively
analysing polymers, ceramics, composites, and biomaterials, sheddingrigheir
behaviour and structwgroperty relationships crucial for various applications.
Specifically, in polymer research, BDS aids in understanding permittivity,
conductivity, and relaxation dynamics, facilitating optimisation for applications
rangirg from insulation materials to electronic devices. BDS is indispensable for
evaluating dielectric materials used in critical components like capacitors and
insulators in the electronics and semiconductor sectors, ensuring device performance
and reliability Moreover, BDS enables thorough analysis of electrode materials and
electrolytes in battery research and energy storage systems, contributing to the
development of safer and more efficient energy storage solutions. BDS is a vital tool
for studying the diectric properties of biological tissues and biomaterials in
biomedical engineering and biotechnology, advancing diagnostic and therapeutic
applications. Furthermore, BDS is used extensively in the food and pharmaceutical
industries for quality control andafety assessment, as well as in environmental

monitoring for analysing pollutants and guiding remediation efforts [13].

Specification:In this study, conductivity spectra were analysed for all samples using
the Novocontrol BDS analyser Materials sciencdab of Dr. Mohamed Shahin
Thayyil, Department of Physics, University of Calicut, within a frequency range of

102to 10' Hz at room temperature.
2.9 RAMAN SPECTROSCOPY

We used Raman spectroscopy t o i nvest.i
vi bratiosalfrf aodeg&nhanced raman spectrosco

interactions within our pol ymer nNanocompo s

provided detailed insights into the bondin
the materi al sanadlylsewitnhge wudsi stper si on of n a
pol ymer matrix and identify any structur al
fillers. The Raman spectra helped us to
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synthesis methods dresthed heampbgs iethneash’'l i pirgo pt e

of their performance for wvarious applicat]
el aborated in the following chapters of th

Raman spectroscopy imetah od tpernitmarhialrya crt e
vi brational I nformation deri ved from sam
structures. I n this technique, when radi e

portion of the beam scatters fromsttclhh@ysamg

empl oys a robust | aser -souraeed mmomnoalyr ovn
radiation to irradiate the sampl e. The em
types,

1. Stokes scattering

2. Ahobkes scattering
3. Rayl eigh scattering

A crial aspect of Raman spec3t)wbscbpy i s
refers to the disparity ) nbewaweenmbbes obps:
radiation and the utilised |ight source. R
sides ofght hppeaRka,ylaend the shift patterns or
SinceStarkteis | ines are generally |l ess intel
l i nes, the spectrum derived from Stokes |
Raman spectraasidoepyanids cvaeprasbl e of operating
l'iqui d, and gas, and across a wide range

strong Raman scattering from ordered cryst

over signal s frrpohnmo udsi ssourrdfearceed pahnaos es i n s am
signal from crystalline material s. Unl i ke
phases alongside crystalline nanoparticles
peaks i n Raman espgeeamtai tfatciive tdetesr mihnati o
of composite sample bulk phases. However,
spectroscopy i s sampl e fluorescence, al tl

domi nant Raman signal s.
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Raman s pegctutdaddoses a | aser source emit
irradiate sampl es. As the | aser | ight i nt
Ssubsequemittityedd.e The Raman Effect causes a

emitted wave imamparl ednotno cthhreomati ¢ wave fre

Spectrometer

632.8nm /
Notch Filter Shutter

Mirror I Grating

]

¥ Pinhole -

ND Filter

Mirror \
Intederence/ﬁ -
Filter [—xorA

')h!miu‘.

Spectrum

Fig. 2.6(a) Schematic diagram of the Raman platformge{15],(b) Mi cr o Ra man
i nstrJuarsecnot NR®p4aitd®ment of Physics, Calicut
analysis in the thesis).

|l nstr umeAn tRaaamaonn : Spectrometer consists of s
that work together to enable the analysis

At i tiss ctoree excitation source, typically &
(wi th selectabl e grating L 900, L 1800)
ultraviolet,-inifsabée, rande.ne@his | aser be
speci men theoughlamspati mn system and | i gt
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irradiated, t he emitted Il i ght from the S
spectrophotometer equipped with appropri at
notch filters,ramnd Thesa cdmpo meretrs uar e cr
t he Rayl ei gh signal s and enhancing t he (
spectrophotometer is complemented by a det
(CCD) or photodi ode arrby, ceptaoahegaphel yR
scattering dat a. AdvaEmbedcdedaRamas I[ISplket r
(SERS) and Resonance Raman Effect (RRE) en
them stronger and more detectable [16]. Mi
amicroscope, of fer t he advantage of anal
mi ni mi sdi mgukcaedesampl e damage by reducing

sampl e.
Appl i c Mkt c-aman spectrometers serve as 1indi
scientific fields, of fering valuable insic

properties of materials at the microscal e.

chemicauretamnd def ect s present i n the sa
characterise mol ecul ar compositions and
Additi onaRdman mgeot r omet er s ar e i nstrume
transitions, al | owiamhga nfgoers tihne mantveersitailg apria
di fferent environment al conditions. Mor eov
study of graphene material s, facilitating
and structur al phbapedtiianlass eowi t pr ahpihgehn e pr ¢
Further mocRemanmisxpectr ometers ar e empl oyed
composition and i nvestigate pol ymer degr
vi brational modes and mol ecular interacti
polmer composition, degradation mechani sms
contributing to developing advanbcaesdednat er i

ndustries.

Speci filmattihamrss:study, Mol ecul ar vibrational
carried oMitc ruos i Rnagmatnh es p-eJcatsrcoomeNRe® i 4Mo0dded 2
nm green | aser) (Department of Physics, un
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210 ULTRAVI OLIESI BLE-VI(SYV DI FFUSE REFLECTAN
SPECTROSCOPY ( DRS)

We usewdi sUWwl e spectroscopy and Diffuse
(DRS) for t he optical characterisation a
nanocomposites and hmetqalesoxil deoewedThuess & ot &

materi al s absorption properties and el ec

visible and DRS spectr a, we determined t
characteristics critical moralundepkitaadi o
optoelectronic devices, adsorption, and se

UMvi si ble diffuse reflectance spectros:
reliant on two primary optical properties
scattempiemgi ps upon | ight exc8a@tnmn Whehi
obtained sampl e absorbance 4 st atnldeamr d c dmpa
reference. Refl ectance data-Moak benaoasednit
aiding in the dpettiecrai ntaandng ad ftdire ©omposi
measured optical band gap offers insights
an el ectron from the val ence band t o t h
phot oi ndueheod ee lpeacitrrso nwigtr mipfthaeelkbd pbobkooét al
mat erials. Consequently, iUV doerl ivn ésaitbel se tlh e
for the photocatalybasedadpphotatabal ps$t gg.r aj
band gap energy valakbsbepowom®.iOnetvhe ndi siab

while values exceeding 3.0 eV render t he
regi ovii. s UMRS | everages el ectronic transiti
the sample to glean inframmatiomsonaoxi aaboir
met als within metal oxi des. -VHeWEWETr ,i sa it
bul k natur e, whi ch provides averaged i ns

nanocomposite system.

Il n addi-vii oinh | dJVs p e c tsrpoenmestarbyl ei st oaorl ii mdia
studi es, of fering multifaceted <capabiliti
enabl es precise quantification of adsor ba
adsorption capacity and effngiermdydi of onale
UMvi si bl e spectroscopy ai ds i n character.i
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providing insights into their el ectronic
composi tioetni.mel tnsonr ealing capabohi toifes f a

adsorption kinetics, unveiling vital dat a
Further more, t hrough t he constwiuscith [oen of
spectrometry elucidates t he relationship
adsorptthbhe material's surface, unveiling
capacity and affinity. Lastly, analysing ¢
clues regarding the mechanisms driving ac
significantviamcementtheofadef ficient adsor be
comprehension of fundamental adsorption ph

diffraction rotating disc
grating )
", % | @ mirror
Pl sample

O’ slit cell
light source
detector
[:l B @—» and
computer

minor reference

cell
chart recorder

ERERNREEREENEN
EAEREEENEEEEEEENENEAEND
EEEESEEEEENENENSEENEN
ANl EEENEAEENENEREDN

Fig.(a@chematic di a/dgrsarl| ef Stphept Yldo®dt er set
Vi sidbalsec-d 5@/pectrophot omet er Depairttymeat of
Calicut (used in this study).
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|l nstrumeAt aUMliesn: spectrophot ometer compri s
components to analyse the absorption of I
sour ce, such as a tungsten Xenameatc Idamp ¢
emits radiant energy within the desired
typically a transparent cuvette made of q
analysis. The Iight beam is splittbgwga dif
one beam through the sample and the othe
absorbance of the sampl eLainsbedeéet sr rmhianmgd wi

correl ates absorbance (A) with the path 1| e
speciesnte@dpbest h@)Tabsompeinsity ©f l i ght
the sample is measured by a detector, and

the | ogarithm of the raty) ot @ft hédrei ntnerigiatly
afpassing through the sample (1). This abs
LCD screen, providing guantitative i nf orn

characteristics [19].

Appl i c®mnieonpsr:i mary use IS determining t he
samps and stwudying reaction kinetics, whi

reacti on me/nist osrpiercg.r onét er s al so enabl e q

analysis of samples, offering insights int
al saol uvabl e tools for detecting 1 mpurities
aiding in quality control and purity asse
of both i norganic and organic compounds

val uabl e i nt ortnhaetiiro n e laebcotur oni c structure
Further awWdarse,sp&dtrometers are utilised to

refl ectance spectra (DRS), cruci al for ch
understanding thejlr optical behaviour [ 2

Speci filcnattihoinss:study, bandgap analysis and
out Uusi ng75a Jsgpseca rvmet er , and a tungsten
| ampeweused as the source. (Department of F
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| n tchiapter, we have comprehensively expl
techniques pivotal to the synthesis, char
materi al s. Each technique provided criticeé
and optical tpreopmat e risal of, contributing

understanding of t heir performance and po
underscore the iIimportance of selecting ap
tailor materi al propeyrytuletsi ratrelsy ega \vfiircg afy
the devel opment of suitable material s.
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Ab st rDa ente:it hyl pht hal ate ( DMP) Ilaodle nDsiiettyh yd h tphha Ihaal
commonly wused to manufacture various artificia

the food chain, posing significant headth risk
effecti viei menddenealt i onf emapaanbcieldi tReman Ssupectrosc
of fers substanti al promise for detecting envi
effective tool for sensitivel yf rdeeet exHER S gs uDbMP ras
The successful Sdessuibgsnt rat ed hdi BERS on <creati ng
mor phol ogy of theaséeémitendocbopoBaf@i ®©n i nto a

Unl i ke tr atde mp ematl urhad ghynt hesi s mettemopdesr aetxucreee d i
s egle | routeyedistemplymt hébhezaleBa&i @rrangement C
tubul ar morphology hotspots on the substrate si
DMP and DEP. Moreover, the design ensures that
t hper obe mol ecul e do not <coincide, Tehneabpriinngar rpyr e
mechani sm behind B&EG(BHERS aadBi®MMWMAyl nsf ( PBT) i S
charge transfer resonance, bol steredwkent he st
PBT andirhDEBP.study deenfoined rtiaitnees seeenasld stti ve pht hal :
met hod usi nfgr eme bfl lee xmelilad SERS substrates. It ¢
t o conventional chremdtfegrn amhi &@r opudted nfiqrue sl et ¢

environment al poll utants.
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3. Introducti on

Sur femcheanced Raman spectroacabpbyt ( SERS) o0

widely used to detect trace substances. Tl
ot her detection methods because of I ts hi
time] SERS technique was intsercduoad 1i. 2. det

past t wo decades have wit meosbs eed-bnzestegeai isf i ¢ a
SERS substrates with considerabl[e2,s3¢gnsi t i\

Still, this substrate habBrisoamei ¢émmanat poaod
as wel |l as a |l ack of bi ocompatibility an
attention has been pafirdeet omafteaelrriiad at itnhgatn oel
perfornvalncel Nf 2particul ar, esemintoondlabbres pa
and chemical properties such as bandgap,
degradati on, tunabl e morphology, and excel
series of demands in SERS analysis [8].

The observation ef oSEREmMorconhdecsaoars$ac¢cm
can be traced back to the 1980s. The prese
enhanced Raman scatteri-agpthl wrdegr stmproditmg

SERS phenomenon. Due to thesyht medgiasg i amd
characterization technol ogi es, this pheno
semi conductor surfaces, 2 suwiht hasr eNia®,i v &lay
enhancemepfl 1]efTfheect back of sufficient exnp
systematic examination of the validity of
semi comemilhatmer d Raman scattehemgi We datntod n tgi
the early stages. With the recent progr es:
semi comrabhatnaere d Raman scattering has dev
increasing number of semiconductor- materi a
actctve substrates, such as met al oxi des, m
hal i des, ard esmemd siemglcenductors [ 2]. Var
have been developed to study the interact
hel ps oletoaien i aalt hunder standing of t he ex
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wever, it is challenging to compare the

iversity in material synthesis and proper

Merits of semi condueatcdrn venatsambdalrat as

l ecul ar Spierc i fsaistauk ysi andcapability. Mo r
mi conductor material s have some inheren
tractive to theoretical studies and appl

mi c ommdhuacant wed Raman scattering technique

Surface: pTlopesaemiesonduct or surfaces exhi
ch as better surface bonds to hold anal
mi conductors has & ssaudrveadnt agem i an bi obéae

omedi cal[ 1a3p]pl i cati ons

Chemi call Ditfafbiiclulttyi es with the reproduci
substdegradati on have been a significan
mi conductor material s and their struct
mpared to conventional metals. This make

vironmentfdl3J]conditions

Diversity: off hsuudbssemt esnductor Substr at
rpholnedgwdi ng guantum dot s, -dinmenmiamns,
nostruct udiemensainanamulnanof il ms, whi ch cc

iteria for [al.3pgarticul ar purpose

Optoel ectr:i ¢ ANEREISr oipretreanseist y can be borr
| owed mol ecul ar tta8ndistirane-tiop| shdlseéohbee
ansition t hiTalglhert hceco ulpdri znbge rtge r m. The b

mi conductor can be easparnyt itcuneeds bsyi zear

terial, and doping. Consequentl vy, the ¢
sed on the analyte, providing possible r
additioonst thed | owvel synt cendactterchni
Ssubstrates also play an[ B3kenti al rol e in
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The enhancement in the Raman signal i n SE
melcani s ms , whi ch wer e di scussed i n det ai |
section 1. 2. 4, for nobl e met al substrate

predominantly attributed to electromagnet:i

the oscil lealtea cotnrso nosf ofnr etehe met al surface,
pl asmon resonances (LSPR) [ 14] . These

el ectromagnetic field, significantly i ncr
mol ecul es. I n contrasgs, flhe esrpMmMacoemderct oar
the charge transfer mechanism [15]. Thi s i

the semiconductor substrate and the probe

states of the molecule arhd semdhandenstt hag pRa

semi conductors |l everages the material's €
amplification, of fering a complementary me
nobl e metal substrates.

Regarding the desiSEMRSamsd bdsawwalteemsmdmtr @fht ha

we worked on three different samples. Two
in this section, highlighting their uni que
chapter wi || explore tlye odnalhyesirsenmandi 8FF

providing a comprehensive understanding of

SERS Substrate Probe molecule Chapter
Barium Titanate (BT) Di Methyl Phthalate Chapter
(DMP) 3
PMMA_Barium Titanate Polymer Nano | Di Ethyl Phthalate (DEP) | Chapter
Composite 3
PMMA_Strontium Titanate Polymer Di (2-ethylhexyl) Chapter
Nano Composite phthalate (DEHP) 4
Pht hal ates were intreceueecednisn ldet di I& iln
mentioned in those se@tiboenesk,n oRethh aalsi cp oatcei ndt
carcinogens and endocrine disrupters, and
recently been of considerable concern. Ph
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industrial compound to I mpamdewpdllkahilcist y f
various applications. Most commonly, they
toys, bl ood cont ainer s, medi cal tubing,

numerous of h.6tThea oplaasgisbl e migration and b
phthalic acid esters (PAEs) can cause seri
t heir carcinoganisec umatinidngé.T@icentpreynitei epdt hal at
(DMP) and Diethyl pht hal ate (DEP) are two
and we have tried t e acketde ¢StE RtSh esm busgirmg epsa l

Di met hyl phtihal ateen( ®MtP))l e organi c comp
a pl asnt incainzuefracit uring various consumer pro
ability to impart flexibility and durabild@
applications <cannot be understated, as it
plastic proaduthem mare adaptable for vario
poses significant heal th risks. |t i's kno\

| ea

e

|l eading to reproductive and devel opment al
ched phthalmineaaild wadteer cfomdmi ners and
h

umans has been found to irritate sens
mal f or[mMa8t]Eaxaposure to DMP, whetheskt hrough

contact, has been |Iinked to adverse heal t'!
skin irritation. Mor eover, due to its wid:¢
environment al poll utant, capabl e of mi gr
accumul atiercgpsystemtser nposii ilgs | tomg human h e e
environment. Consequentl vy, there is a gro

c
n
regul ation of DMP to Dimeghyk phshalaamé u( L
ypical examplye cafucaml i pdudhtadiizl laci d est e
tilized in several plasticizing industri
mans. Therefore, It i's essenti al to det

u
ol utions.

Di et hyl phtihaltare @EDEMRp|l i c acid ester
increase the flexibility of plastics ar

—
(@)

per sonal care items l i ke perfumes, l oti or
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cell ent sol ubi lakiynganidt |a w evroslaattiille tiyngrr
dustri al and consumer applications. De s |
gni ficant heal t h and environment al conc
vironment and enter rtthiealf olouWmarh aa x1ip o 9 werad
ve | inked DEP exposure to endocrine di
vel opment al i ssues [19]. Prol onged cont a
fects such as hor monal i mbaltainaxle s, f
rcinogenicity. Consequentl vy, the monitor
cC ome cruci al t o mitigate i ts har mf ul
vironment .

n t his study, we dévelopSxeEHRSt wsoubisolblae e :
rphollwygcoaalt omi zed hot-se@mpear athuroeu gy nthhee s
Ta-Oof fering better characteristics t han

nvent i-toenrap erhaitguhr e r out e. The resulting s
man peaks attramated ThedBarbbEBRStsubstrat
boi dal and tubul ar hot spot s, show a pro
sed on charge transfer resonance, whi c
tecting DMP and DEP.

2 Materials and met hods
2 o0Wwemperature synthesis of Barium Titane

To synt hesnanophaTii@l es-st eapgesbalimfeit endd dt wec
th stepwise sintering was e mglroyadh.olAcet
re util-i emper atr sid® whydireo Imeddeirfiiveedd aBcaeltiad e
I was prepared wusing barium acetat e, de
koxi deprdagamwgl,, 2acet one, and gl acial ace

Il nitially, barium acetabB®AWawi tdh ssohy e a
i rring. The solution was then slowly <coo
-pRopanol wer e added. Il n the subsequent
koxide dissolved in acetone heappnadded t o

Xture was -texmpmereat uroel Dtdr@e)a twiheinlte (dSei oni z e
s gradually addedgsemukttaneoushyg. was car
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thepseeparation process to ensure proper ac
colourless and transparent sol was f or med
100AC. The resul ting xerogel s wer e t hen
temper at ur elsapteor egobtnaainmocpystalklihlee tfeitmago
powder was calcined at 900AC for 1 hour in
temperature, the powder was ground using a
850AC via a st epewiisneg prroougtreaammed si nt

3.2.2 Synthesisnarnod®MiAo BiatTe Osubstrates.

Fl exi bslteangdelinfg pol ymer matrix films wer
PMMA <c¢rystals in an acetone solvent. As t
transfor med i ntrosias twehn etnyga,n oBpaalsic@ €$ es o wer e ¢
introduced into the mi xture while contini
ensures uni form dinamempairancoéest wet Bami Ohe
The stirring process ,wahsomogremnieonwasd whnt iel

formed. This gel exhibited consistency t he
shapes. The resultant composite fil m, her
was <cast to achieve a thicKrhessPBdlf fagpr o
fl exiblestamdi sg@l hature makes It an I deal
requiring adaptable and durable material s.
over the film' s thickness and ensures th
ehancing the film's mechanical and functio

3. 2.3 [Dpihmehtahlyalt e and dieckhysolpht ihah apreepar a

A meticulous process is essenti al to pr
with-lwlwt caoancentr at i oinmv e stqgiug ateido #f.p mA SsEtRaSn d
solution of DCeh,y | whpihahth aHas ea (mol ecul ar

g/ mol, is made with 8.4 Ol QH:ODMPvi ti mi | ar
mol ecul ar222wed gdal ,ofor pr ®EPseliy YskdOL oo m:
10®9pmt ock solution. Thi s measur ement i s

concentration Iis necessary for acc-urate ex
| ow concentprpart iDoMP, aan donDeEP sol utparnednwas su
This process involves the -pcpanr esftudc kd isloultuitoil
Speci fically, the stock solution i's thor
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cali brated standard fl ask, ensuring unifor
t hd usad on.

3. 2E4perimental procedure for adsorption

Adsorption experiments assessed the af
ethyl hexyl) pht hal at e) and the synthesize
synt hesi zed PBT. A 30 mg of @&iMsaddi 1 TOM0 x
mi| of 1 ppm DMP and DEP phthalate solutio
mi nut es at room temperatur e. Every 30 mi
wi thdr awn f orVi anaslpyescitsr.opb®t omet4«7% 0 (using
spectr ometleory)e dwatso eampal yz-ads beptinoniabdbl amnid
the wavelength of maxi mum absorbance.

3. Rabman and SERS property analysis

The nARacmaon measurements were perfor med
Raman Spectrometer (5320 nlm mmxgnitfaité¢ atni avra,v e
excitation power) for precise Raman band
DEP. SERS sensitivity was measured using t
solution coated onto a BT and PBT film ali

3. Restis and Discussion

3.3.1"May &iffractogram Anal ysi s

Il n the present study, tetragonal Bari un
| ower temper atimrsesdedrada | edi liinzetdhe previ ous
xerogel was fIhroeudr peeta k6 5 | AQ tfi mrgd wa s4 508b s er v
indi cat ifrog malhi on of the tetRBagomdal sphphaesd&,
splitting became more pronounced when the
temperatures (650 AC, 700 AcC, 750 AC, 800
in the degreerahspot mambrophi cNotably, t his

| ower temperatures compagreded med hpdsyi du glhy
the advantages of our modi fied synthesis

di ffraction peakesd oaft tdhe fscamemlte st esmipretreart ur e
indexed witBaTa Otetragonal structur e. T €
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nanoparticles were formed at a | ower sint e
particle size, c a-fché artneudl alb s iwiags t2h7e. 32e by el
Fi 82 displays the XRD patiseamploefs tahte dsiyfnftel
sintering temperatures.

The synthesized BT nanoparticles are
matrix to form-rayPBTT ffimdmtronsheanmXcd or mati o
PBT fTihhem. XRD pattern displays characteris
tetragonal phaisnedicfat Bagi @ hat the barium t
we-di spersed within the polymetpyksertbdacrtr
of these peaks confirms thsi ndwc ctehses f RMMA n

matrix without altering its crystalline st
hump observed in the XRD patteéeirmdiicataitng i b
t heexpected Idramlgeofordeng The iIintensity and
peaks suggest t hat the nanoparticles ret
embedded in the polymer matri x.
BT 650
1200
5 900
&
£
gGOO
2
=
o)
300
0 T T
44 45 46 47
20 (Degree)

Fi 8 XRD peak splittingcaolfcitnhaet iscanmp | e
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el ectronic properties, which directly inf
SERS. The bandgap of a materi al deter mi ni
particularly in absorption and emission pr

The diffuse refleceéesasnceveiplectha optica
prepared Bari un Tsiatnapnlaetse. (TBhaeT i ®@pt g c al ban
nanoparticles is deter mi ned -bbayn dc otnrsa ndseirtiinc

occurring between the wahgndauand damduct i
(k) A gEg)

wheldée,s the absor glt=ikénk ciose ftfh & ioahss otr(lbeanc e,
wavelength in nm), A is a co3isst anhte, pEgo tiosn
energys Bbaedin@emi conductbamdwiatph &dadi nect bar
esti mat ed Ub y]ep|soatatdihnegx t(r apol ating the | ineeé
t dhs() ] TheObandgap of silseoptaparcrdd aBaBi. @3 K
shown .8 FThgs PBrecise Isamcdgaemtdaeatl erfmirn atpita

material's performance in SERS application
50
BT 650
40 -
30+
NA
>
o=
3 20+
-’
10 4
o- %
) I L) )
2 3 4 5 6
Energy (eV)

Fig.3 ®ptical bandgap determination usir
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bandgap of 3.2 eV corresponds to photon
round a3l87owimyg,oBaeTFif@ctively interact wit
neficial for SERS applications using UV
ght absorption and the generation of str

bstratehs churnfsacees,senti al for enhancing
l ecul es. Furt ke smaroanbi weeln wBa hi Gnet al | i ¢
hances the | ocal el ectromagnetic field

osting the Raweni swmabdoftesungaceomvl ecul e
own as the electromagnetic enhancement
ndgap facilitates the chargaedtandessfberdm
|l ecul es, contributing to wonhenmmiwani nabhan
ctrons excited across the bandgap from

participate in charge transfer proces:

® S O

Raman signal

3.3 Raman spectra analysis

Raman anal yfsors titse usterduct ur al anal ysi s
noparticles sintered at di fferemsnt t empe
hibit tetragonal with C4v symmetoy. The
OO0l cmased on the cfax st alel ongordaepsh y f o rRa ma
Té(®P4mm) are 4E (TO + LO) + 3A1(TO + LO
mamkcti ve mode is predicted for the cubic
e presence of peaks?! af6ilc¥@}eitdoeds ar oun
2tmThe intensity of the peaks varies sli
onon frequencies and t hearre sryldn@etXisa s i n
own i.n4d #&FRgmaBn spectrum of the sampl es
mperatures (650AC, 700AC, 750/AC,a&0G®AC,st an
culiari ti esetorfagtomeal BagTiaQ e : thelbroad p
rresponding to [Al (HToorlr,esmposiamp peak |
TO+LO) ], an asymtceotrrriecs ppeak ato FIAA ot O)
d the pelaklat efdl12 ocmA1L(LO) armRd]E(THh®) ] p
ak atas30Brcers the tetragonal ophemgd omf. bar i
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A slight dapdatt8@fS0syexctra of samples i
the anharmonic coeupAli n@T Gmapdgo Tdhes’, 1 73 @m
303tmand the somewhnadebsr ocacdresrt i7t1u2t ecm he E.
The intensity of ‘“twhaes paesaski ganreodu ntdo 3tOh3e conv e r
+E(2LO) +B1, and the intensity of this ¢
i ncrease tiempsirmtteurrieng Ther e ar elatnwlo 5B(7TO)
cm in whitbbcdmé&smabsent at a sintering t
E(TO) mode with?dhiefqueney i dHt7lcyn t owar ds |
sintering temperashrirets st @8WHrALCs atntde t thieqht .
characteristic molecular vibration modes i

of tetragonal phase Barium Titanate nanopa

The Raman spectrum(dPfBTt)hd i P MMA aBa Tdie(p i c |
34(b) pbiegshia composite profile characteriz
PMMA andsz: Bad8hieO&®PdMMAci ated peaks are observ:
spectrum al ongside thes clSgpreadtfdrciadtliyc peeel
peaks of PMMAaarepgr s elmaibelcgm 700 orrespol
the stretching vibrations offr etghuee nacar broannygle
from 1000 to 1500 c¢cm T, al so reveals peak

met hyl elnegr(cCHps [ 2-61 enqcuyen rtetge ohi, gtvi br ati on

with med hywlrou@ld are evident, with symmetr
2950 cm T and asymmetric stretching around
33.4 Morphol ogi cal characterizati on

FESEM micrographs of t heTiTteatnraat geo n@mad w dpehr
sintered at 65BAC iThespowdeili s &pmear to b

pol ygonal structures caused primarily by t
drying process. Miloi r neeonvsei r o, nlais kmeacl uldbrod Hi &€ &€ e g u
pol ygonal structures are embedded in each

t he BpRir®i cl es 8Hhh(ocav)n. I SIEMFimi.crographs s h

uni for mity-siamald ndirgtorwi but i on of Barium Ti
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el ement al composition of the prepared sal

technique.

3.0K

oK  —, ,—,—————
0.0 13 26 39 5.2 6.5 78 a1 104 117 13.0

Status: [dle CPS: 31460 DT:00 Lsec: 500 0 Cnts 0.000 keV Det: Octane Plus

Fi 8 (®BM i mages of nanostructured cuboi dal
(bEEDX spectra of nanostructured BT 650.

EDX al so confirmed mhdai thaoamatae i omMNo ofi mBuwanm i
corresponding to the precursors are presen
t he sampl e a3r.e5. s(hbo)wrniitm omiag |l y, Barium tita
conventi-onhat e soéadti on, awkbiohbhtiaomotempehart
about -BD®AALC and sometimes at 1300AC. The
this traditional met hod is higbmy agdl omer

high 1impurity <contents due torehetironnhe
temperature hepheascregene@®dqgBiyosmhi g8 modi fied
met hod, we can generate highly »pure, hom
powders at | ow temperatures.
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Fi g . aF)ESEM i mages of voids exhibited by
(Bubul ar hospots exhibited PBT 65C
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The incorporation of Barium Titanate (
(met hyl met hacryl at e) ( PMMA) matr i X resu
mor phol ogy, notably observed in PBT fil ms.

nano-tuke struthaeresi dst bifnthe PM3BA matri x

Thi s uni que mor phol ogy hol ds cruci al i m
adsorption properties. The formation of na
are«ol ume rati o, Si gniafviad d mtbll ye  asnuprifiafcyei n &
adsorption processes. Additionally, the tu
net work of channel s, facilitating the diff

and enhancing adsorption eeafcfei coife-inicd o tFuubret
structures introduces additional active si
enhance the interaction between the adsorl
i mproving adsorption capaci-ltkye amd pdel egtlyi
exhibited by PBT films enhances the struct

adsorption performance.
3.3DBsign and analysis of BT as SERS subst

Clear and distinct -ERdamactege &Rlasnann SSar
( SERS) all ow for unambiguous identificati
species-ovEmeé appnng Raman peaks between th
probe molecule are <cruci al for accurately
changes inofhdhpr @eggseorbee mol ecul e. As demor
absence of significant peaks for the BT al
the SERS effect, thereby amplifying the Re
with Raman fingerpamnit. bands beyond 1000

Ef fecti ve adsorption of t he probe mo |
surfaces of BT i s cruci al for utilizing
pht hal ate detection. Analyzing the adsor pt
il lustr@8fedrewe&lig that within the first
mol ecules (from a 1 ppm solution) were ef:
Compl ete adsorption of DMP, reaching 99 %,
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The Raman spectra tafattehe eBhi BERSn g ubB:s
Raman fingerprint ba&8tads). aTlke poletsainned Ram
DMP are sh®8wvwna)i,n andg.t he Raman peaks of DN\
Ssubstrate 88a)s.hoWwme i Raman s pescetrriaesofof DMI
characteristic peaks that offer valuabl e i
Each molecule exhibits unique characteri st
as distinctive signatures. For ibMPudehea Ras
strong peak around 745 -ldmoddHi!l acnoer riespdine g
vi bration, peaks around 1030 -mphamaed 107
bending vibrations, a signifi-da#wthapeak ne
bendingn,vidmdataopeak around 1610 cm T att
vi bration. The di stinctive Ra man fingerpr
i nformati on for i ts preci se identificatic
substrates such asemBRAancléhek seetbantdiso ne narbd e
pht hal ate mol ecul es by |tceovienrcagliimgy tRmaemainn csr
all owing for accurate and sensitive analys

2.0
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Fi3jr.
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absorbhamar Spewitma thadt

substrate i N9 2DMPofs ol meé | OMP adnod rlc @
onto BT substrate in 30 mins. 99
experi ment demamdti mategs bede¢e sverab|B
and DMP probe mol ecul e.
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3.3D6sign and analysis of BT and PBT fil ms
and DEP phthal ate detection.

Effective adsorption of probe mol ecul es
of PBT fsielnntsi ails feoyxy their use as SERS sub:c
Analyzing the adsorption profiles3.09 DEP o
(a), shows that within the first 30 minute
solution)sswarld ys madseor bed onto the PBT surf

reaching 99%, was achieved within 60 minut

The Raman spectra of the PBT SERS subst
fingerprint bamBd¢pb)ardhehocwenrespbnB®PERg Ranm
are displayd®d whilFe gt he Raman spectra of
SERS substrate ar2.(®9)soTheeRamaaprdspac¥Freg. o

series of characteristic peaks thmad provid

analysis. Each mol ecule exhibits wunique <c¢h
serving as distinctive signatures. For DEF
peak near 630 c¢cm I-H canddrl easnpeo nbdeinndg ntgo vti lbe aQ |
aaound 1125 c¢cm T and IHL AOh acme Tb eansdsioncg avtiebdr a
prominent peak near-HlZ&h@nemblenduegt i bhat
peaks around 1600 c¢cm T attributed to the
di stinctinweerRaman fbiands are <cruci al for t

analysis of DEP when coated on PBT SERS su
and monitoring of these phthalate mol ecul e

accurate andssensitive anal ysi
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Methamwelsimnd the SERS activity

The enhancement in Raman peak intensity in SuEatenced Raman
Scattering (SERS) is primarily attributed to electromagnetic and chemical
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enhancement mechanisms. In semicondduased SERS substrates, like BagiO

the plasmon resonandgpically occurs in the longvavelength infrared region,
unlike metalbased substrates, where it is in the visible and-ifReaange. The
primary mechanism for semiconductmhanced Raman scattering in Badi®

charge transfer resonances. This processiias charge transfer between the
analyte molecule and the semiconductor substrate, which can be better understood

through bandgap analysis and electronic transitions.

When BaTiQ is exposed to UWisible light, electrorhole pairs are
generated. The phwexcited electrons from these pairs migrate to the surface and
transfer to the adsorbed analyte molecule. This electron transfer is facilitated by the
alignment of energy levels between the conduction band (CB) of the semiconductor
and the electronic sed of the analyteshown in fig 3.10This alignment modifies
the electronic structure of the analyte, potentially forming charged species or
altering its vibrational or electronic states, which can cause shifts or broadening of
energy levels. These modiéitions enhance the Raman scattering efficiency by
changing the polarizability, vibrational modes, or electronic transitions, thus
intensifying and altering the Raman scattering signals.

/ Charge Transfer Mechanism

DEP Alone 80 DEP on PBT
70

Defect level
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60 =6

e i Vé CB \
240 2 40

£ 30 E" 30
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Fig. 3.10 Charge transfer mechanism responsible for Raman enhanteiihe
defect level originates from DEP (or DMPhcilitating enhanced charge transfer
resonance in the DEP_PBT system (or DMP_BT system).

|

91



SERS substrate DMP and DEPdetection

Therefore, the SERS enhancement of DMP and DEP peaks observed with BT and
PBT substrates can be primarily attrigaitto the charge transfer (CT) mechanism.

As shown in Fig3.7(a) and3.8(a), DMP and DEP exhibit a strong affinity towards
their respective substrates. The cubdd and tubular morphology offers unique
advantages for enhancing adsorption and Suiabanced Raman Scattering
(SERS) performance. Cubeli#te structures provide increased surface area and
diverse adsorption sites, facilitating efficient adsorption of analyte molecules onto
the substrate. The flat surfaces and defined edges of cuboidstafir platforms

for molecule adsorption, while the corners and edges create localized "hotspots" for
intensified electromagnetic fields, crucial for SERS enhancement. Additionally, the
tubular morphology exhibited by the PBT film enhances adsorption dydang
channels and voids that effectively trap and hold molecules, increasing the
concentration of analytes on the substrate surface. The tubular structure promotes
better interaction between the substrate and analyte molecules, optimizing
orientation ad interaction for enhanced SERS signals. Moreover, combining
cuboidlike and tubular morphologies facilitates efficient charge transfer processes
between the substrate and analytes, enhancing Raman signal intensity through
chemical enhancement mechanis@serall, the synergistic effects of cubdikie

and tubular morphologies result in a highly effective SERS substrate with improved
adsorption capabiliies and enhanced sensitivity for analytical applications.
Phthalate molecules confined within these tulieteract via -electrostatic
interactions and hydrogen bonding with the hotspots. Consequently, the desired

Raman peak enhancement occurs through the charge transfer mechanism.
3.€onclusions

We have introduced a novel approach employing a noble {ine¢aSEFS
substrate for the sensitive detection of phthalates, such as DMP and DEP. The
design of this substrate hinges on the creation of "hotspots" derived from the
morphology of the semiconductor BaTifDtegrated into a PMMA polymer matrix.

This design stratggensures distinct Raman bands for the substrate and probe

molecules, eliminating potential spectral overlap and enabling precise detection.
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Unlike conventional methods involving higbmperature processes exceeding
1000°C, we utilized a lowemperature degel route to synthesize phagere
BaTiOs. The incorporation of PMMA facilitated the formation of densely packed
BaTiOs tubular hotspots, as evidenced by FESEM images, crucial for enhancing the
weak Raman signals of DEP. The underlying mechanism driving the SERS
phenomenon relies on charge transfer resonance, supported by the demonstrated
strong interaction between the paktes DMP and DEP with BT and PBT,
respectively. The direct interaction of metal nanostructures and analytes is
responsible for the chemical enhancement mechanism (CM). The effect of CM
requires direct contact between substrate and analyte. The chamécattion
between metal nanostructures and analyte molecules forms a new surface complex.
The photeinduced charge transfer in a newly formed surface complex leads to
polarizability change in the adsorbed analyte molecule. The shift in polarizability
further enhances the Raman scattering esestion and subsequent SERS
enhancement. Hence, BT and PBT systems can be proposed as novel noble metal
free SERS substrates for the detection of DMP and DEP.

NB: The next chapter discusses the sensitive and selei¢itection of another

significant pollutant, DEHP, using a different SERS substrate.
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created on dgeimi cpoonrdeusgccmfat @ &r nO a pol ymer PMMA .
convent i-toemmperhaitguor e rout e -t @ambpe readledroecdr cAod)e, wa s |
adapted to szynShgeai $ec&nfTi &nhancement of feebl
ensured bwartaegamearste of mi crospherical pore ho
platform. Also, the design choice of the actiyv
coincidence of Raman bands of the SERS substr a
meahi sm behind the SERS activity is the charge
affinity hbaendePBHBr TU®lI i ke conventional- chromat
ef fecttiivee gemdi tive detecti onusadfnga npfbtl éea Ineett ea |
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4 1Introducti on

Il n Chapter 1, sections 1.2.1 and 1. 2.2
toxi cidhaptTehri sreports our wor(ke tomy lah esxiygln)i f
pht hal ate (DEHP) . DEHP i s a widely empl o\
manufacturing vari ous everyday I t ems, I n
beverage bottsesfooafpatkédgesmuland PVC tub
not chemically bonded to plastics, it can
the contents they come into direch] contact
Adverse healtherepbdbseote tonlOD&EHPtoncl ude s
pregnancy durati on, reduced anogenital

abnormalities, and decrea8gd sperm motil it

Mul ti ple methods are proposed for the
teclgme of fers diverse approaches with spec
mass spectrometric methods often demand sp
of organi c solvents, i mi tisndg e t lmeniard y ssiusi
| mmunoassayhamaegnfgeaeceewct hvicrpssi mpacting s
while electrochemical met hods may have se
the various detection methods and their d
[ 11]. Al so wearhdavei 3§ nu g sppHlsc edife-e Bidevfaane d
Raman Spectroscopy (SERS) technique in se
1.2. 4, t he SERS &excel s i n significantly
out standing sensitivgtwoherdubebeati Vobtvy cba
thereby proving its worth as a valuable t
Anot her advantage of SERfesanabysi sscapeab
standard category of SEBSssupsartacel anvypl
sil ver. However, a notable disadvantage o
susceptibility to oxidation and degradatic
and signal r €bor] o d urkaii it laii tny nfgdy & vhiet ystafbinoll
methaalsed SERS substraAddi remaahschalchahges

di fficulty of creating opti mal hot spot s,
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of the probe mol ecul e and sunbgs ttriad seg iasnsdu e
remai ns a key chall enge i n ensuring SERS
|l ongevity based on noble metals. Therefore
a sur feancge neer ed flexifblee BEMRISe smbdtsalr at e
indi spRamahbhl peak ®EHP detecti on.

Il n this study, we developed a flexibl:
pol ymer matri x, integrating morphol ogicall
temperature synohéersngf be&trtTerO character.i
prepared through -ttehmep ec ann we ret iroconuale . hiTghhe r e

exhibits di stinctive Raman peaks attribut
Ssubstrates, adorned wi tsthomi car oprpcdhiredcu rcad d h
enhancement ef fect based on charge trans
advantageous for detecting DEHP.

4. 2. Materials and methods

4. 2.1 ChoosSirmgc@OPMWMArati on for a SERS substri

The selection tohfy|P MMA h(aRcorlyylnaet e) as t he

_..,
o
—

saurifaarcceed Raman spectroscopy (2SERS) [

D
—

hyl hexyl) pht hal at e) i's grounded in its
exibility of PMMA enablRS stuhbestfralreisc atthia

-+

adaptable to various surfaces and shapes,
controlled configurations [ 16] and (11)
synt hesis process of s edweiacno npdouscstiebrltymeaftaecriila
creati onspohnfermicado pore hotspots <cruci al f o
sensitivity.

Sr ki ® chosen as the prime filler for ou
dielectric constant, promoti ngswrfeaxde ofmargn
enhanced Raman signal s, (sieinsurlese coemiat albi
with diverse experiment al conditions and |
of surface plasmons or ot her | ocal i sed s
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scattering sigmasd stuMaobledoveropeS&nriTi ©s of fer
for enhanced SERS perefofrentatnicveee amadk i vnggr siat ia

research and industrial applications in SE
4. 2. 2t elnopver at ureef sytnrtdcretsiitsm ti tanate nanopa

Conventional approaches to strontium t

el evated calcinati on and sintering temper

|l eading to challenges such as wagigtioemer at.
' imited control over moSEm)hol amgyg , ndtaalglee piam
cont eh®9Td ldvercome these drawbacks, we des
t wot epgeslolroute with a stepwise sintering
di ssolved in acetic acid, undergoes part.
presenpe opanal and titanium tetra isoprop
undergoes gel ation, drying, calcination at
achi ewspupé nanocrystalline SrTiO

4. 2.3 Synthesi snarfo cPoaviVpAo sSirtTed Gsubstrates.

Fl exi bslteandelInfg pol ymer matrix films wer
crystals i n an acetone sol vent . As t he
consistefcgnopSarTtiicx!l e filler is gradually
stirring. This process forms a thick, whit
shape for a composite filmcwinhkedaad hiPSKn
fil m/swebetarfdteed . h

4. BiG2t hyl hexyls)t ogtkt Isaoll autt@ on preparati on.

A meticul ous process I s foll owed t o [
consider i-lngw tthenawdntrraati on desirgd. 10r SER
Ol of28hygl hexy( SH:@:sht mal a¢ el ar weight: 390.
create a -ppmndaidadtlon. Thppmi hDEHPes okt hait o
contains an exceedingly | ow quantity of D
solution is meticuloudliynwgprndapansdeddanyartdhoen @
with distilled water in a standard fl ask.
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4. 2.5 Experiment al procedure for adsorptio

Adsorption experiments assessed the in
ethyl hexyl) phthalate) and the synthesised
was i mmersed in 100 ml of 1 ppm phthal ate
60 minutes eatatmoem tEempy 30 minutes, 30
withdrawn f orVi anaslpyescitsr.opb®t omet4«7% 0 (using
spectrometer) was empl oy eadd stoa pdn alny sseo | tuh e

the wavelength of maxi mum absorbance.
4. 2R6mamd SERS property analysis

The AR acnraon measurement s wer e perfor med
Raman Spectrometer (532 nm excitation wayve
excitation power) for precise Raman band
SERS ®Bensyt was measured wusing the DEHP pi

coated onto a 1X1 ¢cm PST film aligned on a

4 Besults and Discussion

4. 3.1 Structural and morphol ogical anal ysi

The el ement al composition tw©he tBBX prep
techni que, confirms the exrpaeyctdeidf ffroarcnmaitonon
of the PMMAssfyinltrm,es$rsEIdO at |l ow temperature

film are dAhédwnThe pegks of ST 600 match wi
0108434 conf isrinmhgefserhrat i on of 3t ecXKaryogonal
di ffractogram of the ST 600 coated on t he
PMMA and ST 600 peaks.

FESEM micrographs of the4lBSTdnf@i.| Mmhear e
| owempesgnthesi s r-aqdleormerdatteod nmoonr phol ogy
titanate (ST) nanoparticles. As seen in tl

packed structure I nterspersed wi t hheuni f ol
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attracti ve moropnhdou-boageye df opro tae nsteimailc SERS s ubs
through (i) deposition of the ST microsphe
(i1) the affinity between closely arranged
PST morphol ogy enhancaerse dtalcd | spati hgc as yro

enri chment of the Raman peaks of the probe
4. Raman spectra of ST nanoparticles and PS

The Raman spectrum of strontium titana
shown 4InD(E)g The pedknathe dpg&8ctcrmum of S
attributed to lattice phonon -3mA@B&cm20].
originating from the -OQylmoneds | ccanrleécai ngi
Alg mode. Slightly highappear sbe#tqcdB oy, t
attributed to the symimean&®c Dendset chriewgeadi
essential structur al i nformation. A second
in the +#d@ilemwisilddh ar i s eosr dietrdo msrciameg o éc o e
mode . On close examination, th68@8%tgmmode ¢
associated with the ©OtnrreOcl®ondsvi Atativems h
frequenci e§50&caumed EgBS5and Alg maddheacombi

distinctive peak. I1t's worth noting that,
titanate may exhibit transverse optical (°
modes. However, they are typicalltyhewveaker

Raman spectrum. The Ramand4lsipeg¢drum af mikxe
of the distinctive feataur elshef rpeemaklsotait t P MM
PMMA are observable in PST al onOnsicdeo stehe p
eaminati on, the signature peakbk7 25" PMMMA c ¢
(stretching vibration of the carbgnyl gr ol
t he-fmieduency range showcases peaks associ i
met hyl elnegurp€H | A rtelg@ehcghregion, ¥ibrati ol
groups are apparent, with damhetasiyenmsetr et

stretching Aaround 2980 cm
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(Dh)he Raman spectra of the ST 600 and PST
peak for PSOTOGOG'feammbeiybatdes SERS enhancemen
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4. Pe8i gn and analysis of PST film as a SER

Clear and distinct Raman peaks in SERS
anmgreci se anacoyisncsi.diTnhge Riaooman peaks bet weer
and the probe molecule ensure accurate i de
changes in the presence of the probe mol ec
the abaseagmgceighificant peak HarciPS$ST aftielsm SlEd
enhancement of Raman peaks of the potenti a

Effective adsorption of the probe mol ec
the PST film is critical for the methodol
substrate for detecting DEHP. Analysing th
substraten HIZA,shwevnnoti ced t Rhaoturwi t9h2i% otfh e
t he DEHP molecules (1 ppm solution) got €
99. 95% adsorption of the DEHP was achieved

Raman spectra of PST SER&Sb | £ubRa marn e
fingerprint bands are shown in Fig. 2B. T
shown .i2rC, Fiagmnd t he Raman peaks of DEHP <coa
are showhD. nThHe gRaman s peeettrhiym hefx yDBHP h(t Bia
revealrds ea ¢t characteristic peaks t hat p
identification and anal ysi-s180Threann g e a k ob
corresponds to the 80t rbeotnadhiimg tvhieb reasttiean gaorf

The peakl3at0ln@@8ents the stretChbhogdsi br a
within the | ong alkyl c¢chains of DEHP, subs
al kyl chai-h47 0'Tptess ks1 4a6t0t ri buted to the ben
met h-@H) (groups in DEHRE®PONHecorpea&pa@ands to
stretching vibration of the C=C doubl e bon
stretching vibration of the C=0 bond in th
1720 40 cmhe3 BOWPemsk gntiieée estretching vibra
CH bond in the aromatic group of DEHP [ 21
substrate, selected peaks of DEHP were e
demonstrat4d@Q&, i mhé&i gi stinctive Raman peak:
combination with the substrate suggest t |
detection SERS substrate for DEHP. Further
in the following subsection.
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mol eqBRama spectra of PST SERS substrate w
fingerpr(iGRtamahandpectra of DDODHPRPrepecmoa e

DEHP (ocBQomP&ari son plot showing the enhar
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fin
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t he
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‘ DEHP-Adsorbed Hotspot

g

:':g ST Microspheres ‘ Vacant Hotspot

Fi ¢#¢3.Schematic representation depicting ho
contribute to the charge transfer resonanc

bonding | ink the DEHP mol ecules attracted
Generally, the mechanismthehiRmmmanhe@eakhamec
SERS i s mai nly attributed to electromagn:e
pl asmon resonance -bans endo s E RsSe nsi ucbosntdruactteosr i s

| owgavel ength i nfrar edbarseegdi oonn eBu mnitkhe sLiShRe er
and -InR)ar The charge transfer resonances ar
for semi-cemmamucadr Ramairer €¢ atithertihngss case, d
Charge transfer between the analythk mol ecu
as Sy Ti ®© elucidated through bandgap analy
UMvi sible light-hgleamepaies zéne d thetxactSar & d O

el ectrons (gener atheod ea sp ap arrst) onfi gtrhag ee Iteoc ttri
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tnaferred to the adsorbed analyte mol ecul e
alignment of ener gy l evel s bet ween t he s
el ectronic states. Consequentl vy, t he ana
modi ficatablihy pbot minn g charged speci es or
el ectronic states, accompanied by shifts
modi fications enhance Raman scattering e
polarizability, Vi bi &t itomaanlsi moodeas, ohuel e
altering Raman scattering signal s. Ul t i me

contributes significantly to t-édareh amcheadhce mi

Ra man

Thus, t he

attri
PST

but ed

have a

spectroscopy, drivemraldywabpwpeegeafifcnal

SERS enhancement of the DEHP pe;
to the charge tr42nAs,f eDEHPCTan dne
strong affinity aided &y the p

arrangement facilitated by PMMA voids yie

densely di
for DEHP,

stri buTheeds ep olr cotussp 0'thso t sseprovtes ,d's ac
and their increaeandisyr fcond i gue a

and moblaecaffinity, augments the adsorption

wit hi
bondi
peak

n t he

ng wi

pores establish connections vi

th hotspé3.s, Carss egueunsttirya,t etdh ei nd e

enhappemsntvila the charge transfer mec

4. 3.3 (c).

Ut iSIr iTiSyeE RoSf ftohre dRRMMACt i on of DEHF

Sensi tOiuvi tsft:udy achieved a significant mi |

detecting DEHP presence in a one ppm sol
Protection Agency (EPA) in the United St a:
for DEHP in drinking water, mai ntaining a
micrograme 06g/ U)it[23]. In blood product s
transfusions, DEHP concentrations vary froc
SERISased detection ofdp mEHPo dlka sedl wtni an omrei r
and better toolromomenmahi+ eddit gt addhicent rr at
DEHP.
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Quick Afdalkyxihsomatographic met homass such ¢

spectromd3) yan-@e&hfigmhmance | iquid chromatog

highly sensitive-cbnos$ usodmplne iprveop avrea ttiionme an
The PST SERS DEHP detector emphasises 1its
rather than quaBeybhndattihan , oft hBEHWRK.T SERS
of f ertsi nteeadapid det-eaxcveaeromond anpyamis i @ & it @ e c

associated with traditional met hods.

Costf fect:Thenkeksexidrl es PMIMAr at e of fers di st
for DEHP Raman detection compared to the
provides an economical ypil¢arhpt useedt onnob

Raman spectroscopy setups.
4. 4 Conclusi on

We have demonstrated an effectirewe tool
pol ybmeesed SERS substrate for sensitively
successful dS&sisgmsof atbewdS&Rbased on the
pores of a semccaneddcoorth&rpgolOymer PMMA.
of the SERS substrate avoided an overlap b
DEHP mol ecul es, ensmur wing hawtcuaabeée g uiettye.ct |
convent itoemmmperhatguhr e route -{ @ampereadledroed sACl) |
route was adapt epdurteo 3:SryTnhtéh ePsMMAe epfhfaescet i v el
the highly denssanipresemee i ofdsS psbaedn hion stplo
FESEM i-mageed for significant enhancement
DEHP. The mechanism behind the SERS behayv
resonadmceked by the demonstratedszasnudbst ant.i
DEHP. Brolnivieemt i onal chromat ogerfdmltite veec hrreia
time sensitive detection of a phftrheael at e d

flexible SERS substrate adds a potent rout




SERS substrate DEHP detection

4. fRrences

[ 1] Chang, W. H. , Heri ant o, S. , Lee, c. C. , Hur
pht hal ate ester exposure on hkmgrn8theal t h:
147371. PMIDttp89bH6bHHBOLB. org/ 10.1016/jj.scitol

[ 2] Fang, L., Huang, T. , Lu, H. , Wuh a sXe d. . , Ch e
materials in environment al pol lutant el i mi
appl i Qo2BBioomchalmt 5pKdgi.. or g/-AWDBROL20R077 /| s 42773

[ 3] Chi, C.C., Xia, M., Zhou, C., Wang, X.Q.,

of 15 phthal atehasteasnpdh apsaen tsicrbugl tgaarse ous s &
J. Envi2rodf/5) Sc9.

[ 4] Luo, iQ.,, ZL H. , Yi n, H. , Dang, Z. , Wu , P. X
Mi gration and potenti al ri sk of trace phth
Wat er, Re0s2.8 ,13382

[ 5] Wang, W. L. , Wu , Q. Y., Wang, @.s,smeet DI, H
pht hal ate esters (PAEs) in drinking water
Re201252, i36230.

[ 6] Duan, C. H. , Fang, Y. J., Liang, J ., Gao, Z
pht hal ate plastici 2d0r954 ,i®B3 AismaGhidlne&ept oXxi

[ 7] Swan, S. H., 2008. Environment al pht hal at e
outcomes and other health endpoli&4a.s i n hum:

[ 8] Wu, W. , Zhou, F., Wang, Y., EXNpogure&. foVYa
pht hal ates i-n gbatsdreassagedati ons with thy.]
|l i ke growth fact,ors8I%,¢989600t al Environ.

[ 9] Xiangl e Meng, Ao Huang, Yuye Li, Xiuxiu Do
and seplattioeleectr ochemi ceatlhyd ddtbekdathi) mart eofonbi
br esapdectrum responsive and interfacial el ¢

Bi Ol / ZnO nanoarrays heteroj thrtdtpisan. dpi bbos
10. 1j01®Bi/os. 2024. 116121

[ 1013 I | Tate, Greg Ward 2004 Interferences in
May 204420105

[ 11]2zi gi ao Zhu, Renzhi Rao, Zhenyuan Zhao, Jin
Yang Yang, Xiaodong Zhang, 2022. eResearch
pollutants from environm@egR325,5108% 3n0a.l of Mo |

[12]Koss!lick, H. ; Sauer , H. ; Just, T.,; Vick, L
gold and platinum implants in rats studiec
286, 2748.

[ 13]Lu, Z. ; Si, H. ; Li, Z. Yu, J. Liu, Y. ;
Jiang, S. Sensitive, reproduci bl e, and S Tz

10¢€



SERS substrate DEHP detection

WS2 as nanospacer for 29HRS &iBdl6@di66 Opt . |

[ 1.4]Pal aghi as, G. ; El i ades, G. ; Vougioukl aki s,
pl ated versus titanium dental rnk®2&ntion pi:-

[ 15]Y.i rGg,YonglhigHiui mMinvuk Yan@i yww Xu e jHanng
Yanwg®i ng Lunz hkauoGe¥Wii z hSmen , Recent 9Pprogress
free substrendanded Ramdmcepectroscopy an:
215425ht t4p9s7../ / doi . org/ 10. 1016/ j.ccr.2023.21

[ 16JAnjKuLi buAlk.xander, -Exkgquemey ypllaosvmoni ¢ st at e
AGZnoO pol ymer composite for tuned r
appli gatmadregs.r esbul I . Aphtt ps2:0/2/4d,0liA1bER/§ 4 9 ,
j-.materresbull . 2023.112649.

[17]P. Bal ay a, M. Ahrens ,hmlaati Ki &nl 68, Jl.eeMaindr ,
Synt hesi s and characterigdat iAom olfer @aan o cSoyc
(20@®) 2804.

[ 18]X. Fan, Y. Wang, X . Chen, L. Gao, W. Luo,
Zou, Facile method mol tsiymeathals 5,6 eA dnesDrPAT 0 O
Ba) with | arge specific surClhhem. gMeatasr .and
201202, 1276.

[ 19]F. Zou, Z. Jiang, X. Qi n, Y. Zhao, L. Ji a
TempdH atee synt hesi s-d g e dmg®Beorpoovdsokuist e N wi t h h
vi s-l bigght ven phot o€Chteanl. y iCjooZ2rau@®p j 851 4 .

June 2006 Jour na

anat e
19821tb10417. X

[ 20JRaman Speécomaiam Fit
Socibbt(WY)cx®410. 1-2915h6j

[ 21]Yyuan Xiang, Menghua Li, Xiaoyu Guo, Yi ping
Yang, 2018 Ra man rapid det ectSeonns oo 6 andi
Actuator 84 9B 262 4 4

[ 22He Xu, Jianhao Zhu , Yuxi ao Cheng , Dongq

66 @Ag nanoparticles substrate for(2apid an:
ethyl hexyl ) phthal atetdrms: plBRstChemi cSaeln s4 >

[ 23https: /T www. epawatoee/gs d-& ad abmtisaarkii mant s .

10¢






CHAPTER 5

A

nNoRyelZnR® mpmahymemposite sys
rapid removal of Di met hy

Content s

5.1 Introduction
5.2 Materials and Methods
5.3 Results and discussions
5.4 Conclusions
5.5 References
bDmP
[ N ] - 'YW ) - o0
B o0 . 00 + 00
H L ] H o0 H
o0 »- (W ) H | ] DIMETHYL PHTHALATE
/ N " SN 5 SNT ¢—————p HYDROPHOBIC INTERACTION
JH H () - ssssss  H-HBONDING
_ ‘AO ) - 0‘ [ ] H e f\ n-n INTERACTION
U LN N i o <] ZnO NANOPARTICLES
H L I ',1 o0 H
Abstrlacdustri al manufacturing procela®eesd using
pl asticizers contribute significantly to the
that can remove DMP at | ower concenwaraltd ons ( -
application. The study aims farsiaffiacifeancti | &d
synthesised zinc oxide incorporated polypyrro
higheld synthesis of PPy ZnO was achieved tF
met hod XRD, FB3IBHM,chamdcBENMTi sed thhee sstyindyhesi s
found PPy_ZnO composite with O0.03 g of Zn O &
PPy _ZnO removed 91.84% of DMP from @a 1 ppm a:
rarity with | ower concentrations of phthal ate.
ian attractive and feasible materi al for remo
The enhanced adsorption phenomena a€*rlda kexpl ai ne
mi cropores and conjugated benzene romgs iin th
trapped inside the pores and are Meolndithlger e pi
andoéi nteractions. This research shows that en
pol ymer nanocompositepecdwlrdabheacdspddland smake h







Adsorbent for removal of DMP

me
di
t h
an
di
bi
6]
p h
pr
p o
p h
un

w a
da
en
[ 2
co
ad
ch
of

co

de
pe
dr
Ad

1. I ntroducti on

Pht halic acid esters (PAEs) serve as <cr
various industrial amptecanl ensfobdcipad
di cal devices, and cosmetics [1;2]. The
srupting chemicals (EDCs), pose signific
eir ability to disrupt hof®dne Phalpamndte e:
d sources of pht hal ates are explained i
met hyl pht hal at e ( DMP) , exhibit per si
oaccumul ation tendencies, | eading to the
,odf d 7, 8], air [ 9, 10], soi l [ 11], and w.
thalates into food and beverages from |
ocesses highlights the pervasive nature
tential eXfpasuhrvemalnl 4, 15] . Studies have r
thal at es i n vari ous matrices, i ncl udin

derscoring the urgency fdml]effective rem

DMP specifically | eachecsooilrtre watde rmi ne
ter, and poses health risks even at | ow
mage and org2abh .i rfrhe awi d@s gr2e3Bad cont ami
vironments with DMP necessit ad eef fiammedi a

6] . Various advanced tephndlad gpio s e X i ¢
ntaminated sourciesmectdiesrcrlb2d5,i ni deltwd il
vanced oxidation processes (AOPs), me mb |
emi calpipaéi on, and advan8Bf. sBaphi onet he

fers di stinct advantages depending on

ntami nant .

Chemical oxidation has emerged as an
gradati on, utiFerzti ' soxn eamdrst ,| i kz2o0ne,
rmanganat e, 3wmdng Howeees , [ Bbhese met hod s
awbacks such as secondary pollution or

sorption, on the other bsetfd,ecdtiaarechescyt
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versatility in removing PAEs | ike DMP fr
including molecularly i mpr-madiefdi epdo| mantee rsi &
enhance selectivity and efficiency but n
prcesses [30, 31].

Despite advancement s, many existing me
removi ng DMP at l ower cevoaodmrdt ramyvioman neynp
condi ti4@ids [Td®6 address these chall enges, t
novel et gimeoxi de nanocomposites with amph
efficient DMP removal. A novel oxidative g

solution suspension technigye edtd pPoomut ¢ Mg

of t he PPy ZnQsnaneoncsoumpionsgi scal abil ity an
properties. The study evaluates the adsor
across |low (~1 ppm) and higher concentrat.
the gap between | abocradt oapplefcfaitcacny ian de n
remedi ati on. The adsorption mechanism is
attraction, hy dTriongteenr abcotnidoinnsg ,asankdey f actor
nanocomposites' effectivenseoslsutiinomse.movi ng

5.2. Materials and Methods

The synthesis of polymer nanocomposites mainly includes three stages: the first one
is the oxidative polymerization of pyrrole monomer units into Polypyrrole (PPy); the
second one is the ZnO nanopatrticle synthesd;tla third stage is combining them

into a PPy_ZnO composite.

5.2.1 Material s

PyrraHse¢) (l®onomer (Spectrochem) stored I
chloride Hexah@ damaleyt(iFceaGl gr ade; Mer c k) [
oxi dantaguerotdemedi um, Zinc a€Ced®prGt hexahy
purity 98.5%; SRL), met hanodO((Me9.c%% pwerriet y
used 1 n t hi-di smoirlkl.e Dowatleer was used for syl
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5.2.2 SyRotl yepyirs od fe

Polymeation of pyrrole monomer was <carrtr
environment . About 0.2 moles of pyrrole w:
solutiomm6e@farrFee Cét hyl ene gl ycol under <const
| ow speed fdohe3besmuihuuaets. sol ution was vig

|l eading to the formation of polypyrrole. T
Fegdnd Fg( OH)e obtained black precipitate \
washed repeatedlunt wi tof dopitouwd edmavat er , e
glycol, respectively. The obtained PPy was

PPy with respect to monomer was found to
attributed to the susvabhkstyi nf§g eyblhl enpo
cyclisation reaction involving PEG or EG 't
established [29]. This cyclisation reactio
The washing process allowedcanmnoeffioaice et s

yield.
5.2.3 Synthesis of ZnO nanoparticles

8.5 g of zinc acet:@0®©@) 2BeOBh pdor aptuer i ¢t Fn
SRL) is stirred fddrst3dd |Imeidnutadseri mtd SWLAICe

coloured suspeoastiiomuauws|sgytifraored3 hours in
(99. 9% purity, SpecOriocchhadnm)e.d Tdhreomp,wids emlt oo ft
setting a white turbidity. The solution i

without any agitatrieonr.e mbovieadt iblye drnypiunrg ttihees

AcC. The resultant white powder was then v
remove acetate impurities. The residue is
AC for 1 hour -otverr evrod vad iedslel pir lmgfetn it in the
sampl e.

5. 2. 4. SYyPgZ h®©sceompbsPt es.
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Polypyrrole_ZnO nanocomposites were synthesized using the chemical
suspension reaction method. Initially, a mixture of zinc oxide (0.05 g) dispersed in a
0.6 M aqueousolution of Fed-6H:0 in distilled water was left undisturbed for 30
minutes. Subsequently, 0.2 moles of polypyrrole were gradually added to the above
mixture, followed by stirring for 3 hours to obtain a PPy _ZnO composite called
PPy 5% ZnO. Additional saples of PPy with varying weight percentages of ZnO
(10, 15, and 20) were obtained by adding 0.1 g, 0.15 g, and 0.2 g of zinc oxide to the
oxidant solution, resulting in the formation of PPy _10% ZnO, PPy _15% ZnO, and
PPy 20% ZnO, respectively.

FeCl;.6H,O
Pyrrole &2

Polypyrrole PPy_ZnO
L :
d 2 :)‘: o

Zinc Acetate

Methanol H ”:f:gé?:‘.
R

acEn) HZOZ
ﬁ

Schebfte Schemati cPK _IZInWDs tpr &@tpiaocrmt o fon

5.2.5. Adsorption experiment

Adsorption experiments wer e carried 0 |
temperature (RT) and speed. The effect of
varying ®#ooymptnOoicomposite (adsorbent) wi:
(0.084 mL in 100 mL) of DMP (adsorbate). T
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was determined as
L S R Y~ WV r\’?’u-é’?’é
0 Qi ¢€i mofmanQ—e—gaﬁ—ann

Wheoanadare the initial and equilibrium
the reaction medi um. The adsorffwasn capac

determined as:

Whemes the amountawmd ¥Ydssrbéaet vbgume o
sol utThheeshf ect of ot her i mportant par amet e
concentration within the polypyrrole matr
adsorption was performed usi ng-3tOhengoptni mi z
100 ml of a d ssoa lbuaft hee npDhMFh a¢ an®eentrati on wa
every 10 minWtesspsftigemP@WNr

5. 3. Results and discussion
5.3.1 CrystalyZsatOr composi of sP

The XRD pattern of pure PPy film shows an amorphous peak at 26.22°,
which indicates a low degree of molecular ordering, as expected for a typical
polymer. For PPy _ZnO nanocomposites, the reduced intensity of ZnO diffraction
peaks suggests that the PPy madiully encapsulates the ZnO nanopatrticles. It is a
sign of a high degree of dispersion [43] of ZiiOa desirable feature towards

adsorption capacity.
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iy PPy ZnO

Intensity(Abs. units)

Fi .1 XRD pattern Ryf Zy Ot PyeasdinkOe ®Pp oR y mer
nanocomposites.

5. Mo2 phol PggnoOfc®mposite

Fig 5.2 displays the SEM image of PPy _ZnO composites. The pure PPy and
its polymer composites demonstrate a particulate structure with a reasonably even
distribution. The SEM predicts a significant dependencenofphology on filler
concentration. An effective ZnO nanoparticle dispersion is essential for improved
polymer nanocomposite properties. The images of PPy show a uniform granular
skeletal morphology. Polymer composite films are comparatively closely packed
Hence, it gives polymemetal oxide composites with walispersed nanoparticles

as a coating layer on the skeletal structure.
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Fi 92 FESEM ( aspygnet hoPbsli yzpeydr r(doP R Za®d pol y mer
nanocomposite.

5. 3. 3AnBHTysi s

Fig. 5.3shows the BET result obtained from sample PPy _ZnO. The

nitrogen adsorptiowesorption isotherms of the Polypyrrole_ZnO composite show a
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type IV isotherm. Also, the loop hysteresis can be identified as an H4 type, pointing
to open, narrowslit pores in the micropore region. Fig. 3 demonstrates that most
pores are microporous with al1® nm range. Using Nadsorptiordesorption
isotherms and a BET plot, the surface aresi(Sand average pore diameter (Dp)
were calculated to be around 54 ¢gd* and 9 nm, respectively. The slike pores

on the sample surface can be assumed to contribute substantially to the adsorption

process.
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5.3.4. Adsorption studies

As mentionéd, ial Isetché omdsorption exper.
paper were madePydaiOngmadocompodi wRet-eirn 100

bas(eaddsor bate) solution.
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5. 3 E4fefctconcentration of ZnO in the adsor

The amount of DMP adsorbed on PPy_ZnO powder was investigated.
In the 1ppm DMP solution with a natural solution pH and an initial concentration of

0.1 mg L%, 0.03 g of each adsorbent was added and stirred forThé adsorption

capacity of the pure polypyrrole polymer matrix was observed to be meagre.
However, as the ZnO concentration increased (0.01 to 0.05 g), the DMP sorption
improved significantly, as demonstrated in.Fegt. PZ1, PZ2, PZ3, PZ4, and PZ5
represent the polymer composites with various ZnO concentrations. The adsorption
capacity was either maximum or found to be saturated for the batch of
Polypyrrole ZnO, which corresponds to 0.03g of ZnO. All further DMP adsorption
studies are performed usiag optimized Py_ZnO (0.03g) batch.

Absorbance (%)

200 240 280 320 360 400
Wavelength (nm)

Fimd Adsorption of 1 ppnPy DMO csomposiohem.n 1
area under t hiea amesaosruwprta onf pEMK present i n
mi nut es .
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53. 4. 2. Ef fect of contact ti me

The influence of contact time on the adsorption of DMP was studied using a
1 ppm DMP solution (0.1 mg¥) in contact with PPy_ZnO (0.03g) in the natural
pH - while the solution was kept agitated throughout the experimen®.5ghows
that by increasing the contact time fromninutesto 10 minutes, the removal
percentage increases rapidly from 0 to 98.15%. Then, it shows a very slow
adsorption tendency for the remaining 50 minutes. However, the amount of DMP
adsorbed increasesofm 95.18 to 99.19% in 60 minutes. The enhanced removal
percentage in the initial stage of batch adsorption is due to the availability of
increased surface area and adsorption sites. Furthermore, when the adsorption of
DMP reaches a state of saturation illguum, no significant further removal of
DMP is observed. However, an increase in the adsorbent dosage increased the
presence of unsaturated adsorption sites, reducing the number of occupied
adsorption sites. This leads to a decrease in the amount Bfdalsbrbed. Based on
the obtained results, a dosage of 0.03 g was selected as the optimal amount of
adsorbent. This dosage demonstrated the highest removal percentage, and the most

effective amount of DMP adsorbed within 10 minutes.
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the behaviour are shown in a figure of

The adsorption capZoaiOtywaobcompodPiot g pgdsolt
study was compared with other adsorbents
Di met hyl Pht hal ate from aqueous solutions.
be foundli nNdabbéy, theteomaseisighefadsaatnp
val ues among di fferent adsorbent s. The é
demonstrates a higher adsorption capacity

shorter time frame than certain previously

Tabb¥:Compari son of adsorption potenti al o]
removal from aqueous solutions. (1 ppm is

AdsorbentConcentr degrade Ti m Re

DMP efficie (miai
DMP i mprinte50 ppm 98 150 ([ 31
Acti vadegedr
carhenogel (
MWCNT s 40 mg/ L 70 [ 3.
Fe304/ MWCNTs 40 mg/ L 42.25 [ 3.
org&eomicul. 60 [ 3.
i midazol i um

-based Gemini

Fel Al electr 100 mg/ L 91. 5% 60 [ 3.

Fel/ Fe electr 100 mg/ L 38% 60 [ 3.
Al [ Al electr 100 mg/ L 26. 8% 60 [ 3.
Al / Fe el ectr 100 mg/ L 20. 3% 60 [ 3
Present Stud 1l ppm 91.84% 10
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process, and anefrorpmraebd dri ¢ o/r so,f tphoedsye adsorb
and -efofsaécti veness. Therefore, they are hig

from aqueous solutions.
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Fig.:7 Ef fect of adsorbate concentration

5.3.5 UtilityhdfhaPRY eZrmadsas bat e
't is crucial to assess the efficiency of
at both | ower and higher concentwaartlidons, ¢

situations.
5. 3Ubi Iti tlyowmer concentrations of DMP

The detection and removal of DMP at its lower concentrations is quite significant.
As illustrated in Table 5.1, studies on detection and removal primarily focus on
eliminating DMP at elevated concentratiofe current treatment methadopted

for DMP renoval at lower concentrations is ICPMS, but this process is highly time
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consuming and not cosffective. Large amounts of organic solvents raguired

for the removal process. Hence, it is more critical that DMP be found and removed

when it is present iits lowest concentrations. From Fig8, it is very clear that in

low concentrationsPPy_ZnO perforns effectively. Within 10 minutes, itould

adsorb 91.84% of phthalatd&.he | nset of the figure 5.8
absorbance atwistmaild e0 tiomt®e2 vl sutes of con
PP-¥nO. (There is a slight difference in tl
pl ot and the inset pl ot . The di tMfiesrence |
spectrometer for pkpeteri mewesern the dasktn

the characteristic peak for DMdremosal dr ast i c
efficiencyat 60 minutess 99.15% for 1 ppm DMBolution

Di-Methyl phthalate (1 ppm) - Adsorption
o= () minute
1.6 | *=—=t0

»

1 ppm DMP

3 ~——() Minutes
&3 —2
— z 4
(=] [—
2 1.2 g2 6
~— 5 ee=——3$
D 21 —10
o < —12
=
~ 0 4 — g
= (.8 200 250 300 350 400
!s Wavelength (nm)
172
<

&
F

0.0

200 250 300 350 400
Wavelength (nm)

Fi.g 5.8dsorption of DMHhat ilncwer shhomwse 1 threa
i n absorbance at smaller i ntervals within
and -2rPQ. This figure is also an exten:

12t



Adsorbent for removal of DMP

cCo
ar
su
w a
op
Th
h a
us
h i
w a
mi
ad
at
re
co
re
Ta

3UbBIi Bti thyi ggher concentrations of DMP

Ther e i s great i ndustri al demand for

ncentOragtaindmcs .pol | uti on occurs when | arge
e introduced into the environment. Thi s
ch as domestdiust sieavlagelj scharges, ur ban

stewater. As a result, sewage treat ment
erations. Among organic pollutants, pl a-s
e need for tdfeemove meedeoedbi ghly toxic
s garnered considerable attention. Amo n (
e of solid adsorbents in the adsorption
ghly effective decaclmogyuegf @em gaaneaticroqit a
stewater. Adsorption stands out due to

ni mal time investment Tk® mpamrae dahots oot her
sorbent s -bwintdhi npgo Iclauptaacnith i esc bmatsHeyrech e s i f |

t eanopptadsorb higher concentrations of D MF
par tFredam5Fi9¢ i s very <c¢lear that within 1
mposites can be able to adsoppm71TIIBG& DMF
|l evance of the present work compared to
bSlle

12¢



Adsorbent for removal of DMP

Absorbance (%)

" S ppm DMP
= () Minutes
e 1)
e 20
- 3 — 30
N — ()
z | 50
| Gm—
-g 2. 60
s
2
<
1
0 T
200 250 300 350 400
Wavelength (nm)
0
b 10 ppm DMP —0
=/ e 55
i 1
3.0 —_—20
— 30
2.5 —40
50
2.0 — 60
1.5
1.0
0.5
0.0

200 250 300 350 400 450 500
Wavelength(nm)




Adsorbent for removal of DMP
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5. Ad&orption mechanism

It has been reported that the adsorption of PAEs containing benzene rings in
the adsorbate-"i g nt@cialcitti aned ®whni ch are re
mechanisms [36, 37]. Given that the PPy_ZnO nanocomposite possessgateoh;
benzene rings, it is reasonable to speculate that it can form strong bonds with DMP
throuwughinteractions. Further more, previou
adsorbents with lorghain structures can establish hydrophobic interactions with
similar functional groups present in the target contaminants [38, 39]. Additionally,
hydrogen bonding may play a crucial role in the adsorption of organic compounds,
particularly those containing oxygenated functional groups or carbonyl groups [40].
Wang et al. 41] have emphasized the formation of hydrogen bonds between the
hydroxyl groups of the adsorbent and the carbonyl groups of DMP during the
adsorption process. In the case of the PPy_ZnO nanocomposite, the surface features

hydroxyl and amino groups. Theredo it can be anticipated that three types of
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i nteractiionntser(@cti on, hydrophobic interact
involved in the adsorption of DMP on the PPy ZnO nanocomposite. PPy ZnO
consist of oxygen atoms and hexagonal conjugation rihlgs. presence of nen
bonding electron pairs on nitrogen and oxygen atoms enables hydrogen bonding
with analytes. The conjugated rnhgsaaot it dmn:
with the analytes. Typically, the composite is +fpmiar, rendering it uable to
dissolve in an aqueous medium, causing it to float on the surface of solutions. This
hydrophobic characteristic allows nonpolar analytes to preferentially transfer from
polar aqueous media to the nonpolar extraction phase of PPy ZnO. The HPLC
chromatographs of standard DMP and extracted DMP solution with composites
confirm the absence of adsorbent within the solution after filtration. In addition to
that, the presence of slike micropores and mesopores in the adsorbent surface, as
suggested by BE can provide suitable binding sites for the DMP analyte
molecules. The trapped analyte DMP molecules have strong, nonpolar interactions
with the adsorbent surface. It makes the adsorption process efficient.

Based on our findings, as depicted schemayi¢alFig. 510, we can deduce
that the combined eefacectonof hydrophobic i n

bonds, along with the presence of-8ke mesopores on the surface of the adsorbent

and -t henteraction i s t hdsorgtionotDMB.I mechani sm
DMP
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5. 4. Conclusi on

In summary, a novel, straightforward method involving oxidative polymerization
and a solution suspension technique at room temperature hasléesaped to
synthesize PPy_ZnO polymaretal oxide hanocomposites with exceptional surface
properties. The synthesis approach resulted in -igld production of the

PPy ZnO through a cyclic chain reaction. The PPy _ZnO rapidly and efficiently
eliminatedDMP from high and lowconcentration aqueous solutions. The removal

of DMP at a lower concentration of 1 ppm, as reported here, is a remarkable upgrade
compared to previous reports. The demonstration of adsorption at low
concentrations of DMP is critical fothe realworld adoption of any phthalate
removal technique. The enhanced DMP adsorption is attributed to the synergistic
effects of slitlike micropores and conjugated benzene rings in the PPy _ZnO, where
DMP molecules are trapped and held primarily mcebstatic attraction, hydrogen
bondi ng, iamtderacti ons. This research under
functional groups in polymer nanocomposites can be utilized to develop high

performance phthalate adsorbents, offering a promising solutieveter pollution.
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AbstrFdcetx:ii bl e composites with negative permitt
attention due to their potenti al applicati on
capacitance. Thi s wor k ai med to -deduged and
negapemwmi ttivity flexible composites for their
were synthPResdiysé¢dea iiyhg met hAae i ylaadtb@a)nh ¢rACHRMMA,Nnd
Zi nxi de (ZnO) -$hrwupgdl wmmerninsati on process. The
to acquire negative pefmeguenvcyyregi mbebegextne

AC and ZnO filling content. The microstructu
conductivity of the composites wereaetiwmeesti ga
permittivity and its magnitude could be contr
AC_ ZnO. FIl exi ble composites with suitable pe

create heavy iTheusbjieal i ¢ emamaddc he tatrees hh ghil i dy ht
as an important part of this chapter.







Polymer metallicfiller-basedELF metamaterial

6.1 lntroducti on

Met amateri al s have dr awn attention due

physical properties, such as negative r ef
permeability. Properties make metamateri a
applications6f itchwltt atroe rdeal i se with nat ur e

exhibiting negative permittivity have gott

possible usage in antennas-7] 3, ndVel etaptacoD
wi t h extraordapacyt anreqgeat [ 8 e 9] , field tr
capacifd8hceetlf??. Earlier in chapter 1, i n s
gener al I ntroduction to metamaterial s, t h

characteristicm sodctmeamma.t3®.rd,alwe Have dr a

of metamaterials characterised by their ne

Literature reports compounds with negat

ranges,r ayr otmo Xradi o wawés, Fapl ekebn/ Aln Fi

material systems offer a negative permitt.i
C/$8lisystems at 10 MHz to 1 GHz [15], and N
100 kHz [16], respectivel y.

Based on the | iteraturiegnitfhiec arnetp oardt veadn cri
in metamaterials suitable for extra |l ow fr
present study, we f ocus -20nel|l EElcR rmentagnyedti &em
bel onging to the Extremely | ow doweesqtuency
frequency waves regularly wutilised for Wi
Their capability to cover the fundament al
and penetrate deeply into the conducting (
vai ous applications. The critical applicat

connected with subnCmregeaf stutbemaponest i[dl7] a|
met amaterials below 10 Hz is in the develo
for commoni dan underground environments wt

cannot penetrate. Met amatefiaggsemcow! antbenn
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t hat are more efficient and compact t han
application i s ehsorrseqiior e geerotp hp § i csa l e X
frequency electromagnetic waves can detect
geol ogi cal feat-Ureguehay aellde¢cti oomad mevt i ¢ w
t he body, maki ng t hem upsyef of f oterinnaalgi or
Met amaterials could be used to devel op mo
these waves, allowing for improved i maging
regul ated el ectromagneti c powegi mg, stulcehr d o

is a high demand for ELF field material s.

Fi g EA.elc.t romagnetic spectra with repor

Met allic fillers |ike Cu, Fe, Ag, or Ni
to makeomedsai t es. These meboerduat Bngief anacftie
fillers i n insul ating matri xes. Negati vel
refractive i ndex, or permeability of a met
the chemical composition and mecd@B8t ruct ut

Negative permittivity c-0amdosiltseos baeo nopbosseer
metal lic or amor@ihpo ufse Niil M@¢B:130 r( eFled .., HPavever
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