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ABSTRACT

This thesis investigates the development and evaluation of nanocomposite materials for
improved food packaging purposes, focusing on significant challenges in achieving
multifunctionality regarding the issues of mechanical strength, barrier qualities, shelf-life
enhancement and intelligent functionality. The research encompasses four interlinked studies,
with each study expanding upon the discoveries of the preceding effort. Linear low-density
polyethylene (LLDPE) nanocomposites film with organically modified clay (Cloisite 30B) as
a filler and LLDPE-grafted-maleic anhydride (LLDPE-g-MA) as a modifier was prepared by
extrusion film blowing. The thermal properties, as investigated by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC), indicated increased crystallinity with
enhanced thermal stability. Morphological attributes of nanocomposite films were
demonstrated by transmission electron microscopy, and the thickness distribution of clay
platelets was analyzed by kite plot. The radius of gyration (Rg) of LLDPE chains is studied by
small-angle X-ray scattering (SAXS) from the Guinier region. The analysis of tear fracture and
its associated surface morphology was done by scanning electron microscopy (SEM). The
oxygen transmission rate (OTR) and water vapor transmission rate (WVTR) were measured
for nanocomposite films. The 5 wt. % clay-loaded nanocomposite film showed a ~23.5 % and
~33.4 % decrease in WVTR and OTR, respectively, compared to that of neat LLDPE films.
The effect of crystallinity on tear energy and the influence of clay thickness in film
transmittance on the barrier properties of various nanocomposite films with varied clay content
were discussed. The paper demonstrated the correspondence between lower Rg values to low
platelet thickness, which in turn remained directly correlated to OTR and WVTR. Our study
comprehensively demonstrates that there exists a correspondence between lower R values and

tplatelets thickness, which in turn remained directly correlated to OTR and WVTR, leading to a
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significantly enhanced extent of barrier performance. This study can further be extrapolated for

the fillers used for improving the barrier performance in the LLDPE matrix.

Expanding upon these discoveries, the studies examined hybrid nanocomposites that
combine organically modified montmorillonite (O-MMT) with halloysite nanotubes (HNT).
The combination of nanosheets and nanotubes led to enhanced mechanical and barrier
properties due to their synergistic effects. A smaller ratio of inter-particle distance to length (t/d
< 0.13) was determined to be essential in order to achieve a high critical tear energy and
outstanding barrier performance. The hybrid fillers exhibited improved ethylene absorption
capability, indicating potential for prolonging the shelf life of fruits, namely bananas.
Subsequently, the research advanced by integrating natural antioxidants, particularly
resveratrol, into the nanocomposite system the strategy of using sustainable biomass resources
instead of traditional antioxidants in synergy with nano-reinforced filler has been established
as a food safety way to achieve ethylene scavenging efficiency with improved mehano-barrier
performance. Herein, the effects of different content of resveratrol (0.5, 1.5, and 2 phr) and the
inclusion of HNTs (5 wt. %) on the physiological weight loss, ripening index, and migratory
properties of the resulting composite films for the enhanced shelf-life banana. The analysis of
tear strength and its associated thermomechanical response was done using dynamic
mechanical analysis. The oxygen transmission rate (OTR) and water vapor transmission rate
(WVTR) were measured for nanocomposite films. The 5 wt. % HNT-loaded nanocomposite
film with 1.5 phr resveratrol showed a ~25.7 and ~34.4% decrease in WVTR and OTR,
respectively, compared to that of neat LLDPE films. The ternary composite of LLDPE, HNT
and resveratrol (LLHRel5) exhibited a maximum tear force of ~13.46 N, indicating a
significant ~186.4 percent improvement compared to the neat LLDPE. Through the analysis

of these factors in relation to banana preservation and the use of different substances that



simulate food, our goal is to clarify the mechanisms that contribute to the observed increase in

shelf life and evaluate any potential restrictions in terms of migration behaviour.

The research resulted in the design of a novel packaging structure that consists of two
layers and has advanced functional capabilities. Bilayered intelligent films based on
electrospun polyvinyl alcohol/red cabbage extract-anthocyanins (PVA/RCA) nanofibrous
mats, bolstered by oxygen-plasma treated clay-filled polyethylene/clay nanocomposites for
monitoring the food freshness have been fabricated and evaluated. The nanofibrous mats
(PVRC) of PVA/RCA were optimally fabricated by electrospinning, followed by their
morphological and physio-mechanical characterization. The pH-responsive sensing of the
PVRC mats to hydrochloric acid (HCI) and ammonia (NH3) vapors as stimuli were analyzed
using the absorption spectra corresponding to HCI and NH3 at ~530 nm and ~650 nm,
respectively. The oxygen transmission rate (OTR) of 1083.7 cc/m?*/day and water-vapor
transmission rate (WVTR) of 8 g/m?/day for the novel bi-layered electrospun mat-on-film
packaging construct showed enhanced barrier performance with respect to stand-alone LLDPE
blown-film (LL) with OTR and WVTR of 1502.8 cc/m?/day and 16.25 g/m?/day, respectively.
The bi-layered constructs were further evaluated as freshness indicators by real-time
monitoring of chickens and prawns for intelligent food packaging. This work makes a
substantial contribution to the world of packaging science and technology through the
development of a multifunctionality approach via utilizing natural/food-safe additives as active
and intelligent agents for improved mechano-barrier, shelf-life enhancement, and integral

intelligent functionalities.
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R31K8

U A Y9y H ey Yhfoir & 3egedi & fav aAdeedifoie a&AfEPt &
faehrer 3R HegioneT o1 eag=r fohar arn €, foras aif3s eurfed, 3ratier 77, Aeth-
ars® gefd, 3R JefAE FRAEHAT & Hegl A A Sgisharelierdr gTed e
Agcaqol gAlfaal W e Hfad fFar o= g1 iy # IR 39w F 3 weaTT
A g, TdH T Ycdah 3eTTA TSl YA T @ioll W [GFdR AT &1 FAlSaSE
308 (Cloisite 30B) @I ftheR 3iX TaTaESdis-Tarsds-Afoe TA8E31Ss (LLDPE-g-MA)
N FAUF & T H ITAT FA U AMAW A-SRHE dleefelld (LLDPE)
sislhiFdifole fhed &l TFAZalel fhed sallgdl @il adR fonar ar3am| gAfifaafes
fa2eIvoT (TGA) 3R FSHIRITT Fhiciar FARIAL (DSC) EaRT ST T U Ui &
T AT & @1 9 g5 Fheeeladr & dhfdd fhar| dAdiedfsie hest &
IATCHS T[0T T TATAAT Felerele] ASHIERIT SanT Fafid fahar arr, 3 fAcd
& Colcelcd HI Alerg fAROT &1 fAeevor gder a% garr fRar aam| ofifaax &-
STAEY diefiufAeNsT (LLDPE) H@ell & SIS & f35am (Re) 1 31eads fAifaaw &
U TATG-UITA T FHeRaT (SAXS) gart fram arm| 3 geat & faveiwor 3R
S HTUd TG TP HT AT ThiciaT Solerelel ATShIEHIAT (SEM) GaRT fohar
T AAFdoie oAl & fow 3fedes @@ & (OTR) 3R Sar arsq

rafA T (WVTR) Sl HAGT IR-AT| 5 wt. % Fol-clISs alallpleuliole hed of Shaer:
neat LLDPE fheaAl &1 Jofelm & WVTR 3R OTR & ~23.5 % 3R ~33.4 % 1
fe@rs| faffiest setepieaifoie oAl & dRTX Uit W oA grafAda # g S
3R For Aerg & gorrd B T f G| 5H IEITA & g TS g3 o AT R
AT 3R Tolcoled &1 Al & &I HEY g, S d6of H OTR 3R WVTR & &Ie
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aafad ¢, e IR g & AgcaqoT 9ef §% &1 56 HeTTA A LLDPE Afgerd
# INTT g F S8R g9 & AT el & 39T & AT 3P SErR—IT ST ohdl
g1 31 el &1 fAEAR FIA GO, MUSAIN o el FAifSHss HAlecAReNrse

(O-MMT) &I BIeIABZT AACTsH (HNT) & AY A g1sis aAdipieaiiaed @

HeqI AT AArficH 3R Adicged & @IS @ 3 dldHd THTET & HROT
FfAE AR Y O 7 gefr g51 3T fFhfesher Iy T 3R 3cpse IR geeder
UIeT Fel & TIU HU & o 1 gl & €IS B BIel Iurd (v/d < 0.13) 3TaRTH

T IAT| BTSfes fhe o SgaX UidelsT 31avuT &AaT oS, o wel, QY &9 &
ol & Ao SiIds] Pl TGTeT T &THAT T ST AT g1 P d1G, M o AAhFAITSC

goel # Ui TasfifFEsey, Ay ®U & [T A UHFd FE 3@ M
T IRURS TEAFIscH & Sog TARN STAATH AT HI 3TAT Hlel
AT &I AAl-gafeid e & @Y TR TR ThdloT gatdr Iied e &l
U Fled FRET T ¥ foham 127 8, forad Agren-aReR geede # gur g3m
g1 I8, IS (0.5, 1.5, 3 2 phr) Fr A AT 3R HNTs (5 wt. %) T arealr
& YHTT H Hol & At SNgel P Ig & T Uied gt arell FrFdifoie et &

R & Tl TETd, Gehel T Fehich, IR TaTHA U G 3T foham arm| SR=ATf AR
Ak ferel TAReIOT & 39ANT o Y AfFd 3R g0 Fafta yAfAF A gfafmar
#I faeeur fhar a=m| AdreeEaiae hedl & foT 3iedie A X (OTR)
IR S arsg AT X (WVTR) FI #AGT =-AT| 5 wt. % HNT-aISS Adleiedifoic

oA & @Y 1.5 phr TSI o HHAA: neat LLDPE fhedAl HT Jorel 7 WVTR 3R
OTR# ~25.7 % 3R ~34.4 % & weAl E@rS| Jegeh FFATSIC (LLHRelS) T ~13.46
N &1 3fFas 37g ao FafRid $1, S neat LLDPE &I Jolell 3 ~186.4 FfAerd FUR
cfdr 1 el & T&T0T 3R RAffie uerdf & 3o & G699 7 37 FRAT &
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faeetoor e St Wiy uerf T He[aRoT A B, FANT &Y Aot oIsh H oWl IS
g H ANIETT &l dTel TF &l FASC STl IR TaeT cTaeN & el H fondr off
GATTAT ITATET T Hediohed BT &1 AT FHT TROMH Teh AT Yh{oieT T fSoTrge
=) §34T,%mfr JooAd HIATCHS® &THANT & T & W AT g1 HIeldA & arerel
I THERET & T SoaeRad Iellldaisd ehEa/RS hael THAcHC-UUNTS eed
(PVA/RCA) AIhi8sd Heq W 3NUTRA a15elis geftaAe WhedAt & f@aor ik
HAodieha el IATI PVA/RCA & oAilhISsi HCH (PVRC) T Soldreifqleier ganT
gsead AT fhar aram, 3HS a6 3od WEHcHAS IR #ifas-gitas i
faeevur fRam I™T| PVRC #eq #r pH-Tdcaeliel afafshar &I gegiadiRe Ufas
(HCI) 3R 3#Ifar (NH3) arsq & & H 3ASlA311 & 9T aRNYoT Tdaer & 39I1eT
e TRl faRam aram, S ##Aer: ~530 nm 3R ~650 nm WX HC1 3R NH3 & H&fed
UT| 7S TTSITS SAFCITIA He-3HToI-Thed Jhioldl TITT & ol AHierdielel grafagreT

&¥ (OTR) 1083.7 cc/m2/day 3R STel arsq TAAT &I (WVTR) 8 g/m2/day 2T, Sit
TE3Telld LLDPE Sellel-fthed (LL) & A« H Sgck dRIR el fe@rdar §, oas
HAA: OTR 3R WVTR 1502.8 cc/m2/day 3R 16.25 g/m2/day & SIS AT T
A Hedichel Al Fahl & & A fhar am=m, fSad e gy 9T &
T areqfas @@ & #REET 3R Sfien &1 eTor fhar | T8 FE G Yehfsier
Tt 3R dic@Ifrehr 1 gfaar & #Ageaqul AnTee aar g, fSad wrehiash/anea-
IR Frsieht P AishT AR et Tolel & T A 3T Fh g iohanierdr
TTSCehIOT &7 faehrd fohdm T 8, ST dgeR ARTAl-aRAT, Aoh-ellsh g e, AR Threha
JETHTT HIAGTHAT Wod o &
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