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ABSTRACT

The use of bio-based polymers like polylactic acid (PLA), polycaprolactone, poly (butylene
adipate terephthalate) and polyhydroxy butyrate, etc., has proven to be a viable replacement
of conventional petroleum-based polymers as they pose a significant threat to the
environment and result in speedy depletion of fossil fuels. Owing to its comparable
properties with other commodity polymers, the utilisation of PLA in various fields like
packaging, biomedical, fibre production, etc., has increased over time. The use of PLA in
biocomposites is limited due to its low impact strength and moderate ductility. Thus, this
research attempts to tailor PLA properties using sustainable additives like plasticisers,
fillers, and natural fibres. Also, the degradation behaviour of PLA mixed with these
additives has been explored by soil burial method.

The effect of incorporating halloysite nanotubes (HNT) and polyethylene glycol
(PEG) on mechanical and thermal properties of PLA its composites were investigated in
the first chapter of this research work. Various concentrations of PEG and HNT were used
with PLA, and films were prepared using the solvent casting method. The addition of PEG
increased elongation at break but reduced the tensile strength. However, the addition of
HNT in PLA/PEG compensated for the loss in tensile strength. Adding 3 wt.% HNT into
PLA blend involving 5 wt.% PEG increased its elongation at break by 640% and tensile
strength by 22%. At the same time, no significant change in Young's modulus was
observed. The dynamic mechanical analysis showed significant improvement in storage
modulus of PLA/PEG/HNT films in the rubbery region. Ramie fabric-reinforced PLA
composites were manufactured using neat PLA and PLA films with additives by
compression moulding technique. The results showed that the addition of PEG decreases
the tensile strength, elongation at break and flexural strength compared to ramie/neat PLA
composites. But impact strength of ramie/PLA composites improved significantly after the
addition of PEG in PLA. On the contrary, the addition of 5 wt.% HNT improved the tensile
strength and flexural strength of ramie/PLA composite with marginal loss in elongation.
PEG and HNT's addition did not improve the mechanical performance of ramie/PLA
composites; however, HNT alone improved their tensile strength and toughness
significantly.

The efficacy of selective additives with unique characteristics, namely an impact
modifier (lotader AX8900), a plasticiser (TEC) and a reinforcement (HNTs), was studied

in improving the performance-based properties of PLA. The aforementioned additives were
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extruded with PLA in different mass ratios, and resulting composites were evaluated for
rheological, mechanical, and thermomechanical characteristics. The addition of 10 wt.% of
lotader in PLA showed optimum tensile properties with approximately 14 times higher
elongation at break than neat PLA and negligible fall in tensile strength. When TEC was
combined with lotader, the elongation at break improved by 18 times compared to neat
PLA. The dynamic mechanical analysis of neat and modified PLA films showed that
incorporating HNT in neat PLA or PEG-modified PLA films improved its storage modulus
in the rubbery region significantly and shifted tan 6 towards higher temperatures. When
HNT was added to the TEC modified PLA, the performance above the transition

temperature was also improved.

In the second part, ramie fabric-reinforced PLA composites were manufactured using
compression moulding with neat and modified PLA films with additives (lotader, TEC and
HNTs) as a matrix and evaluated their mechanical performance. Tensile testing results
revealed that the tensile and flexural strength of ramie/PLA composites remained
unaffected after adding lotader. On the other hand, TEC and HNT with lotader adversely
affected its tensile and flexural strength. The impact strength of ramie/PLA composites
containing lotader showed significant improvement. The same was also observed when
both TEC and lotader were used together. The comprehensive study revealed that the
optimised concentration of lotader, i.e., 10 wt.% with TEC, significantly improved PLA

and ramie/PLA composites' performance.

The use of natural fibre as reinforcement has some disadvantages associated with the
hydrophilic nature, causing an inferior interface, resulting in low mechanical properties of
composites when used to reinforce hydrophobic matrices. Here, the surface of ramie fabric
was modified from hydrophilic to hydrophobic to improve the interfacial interaction
between ramie and PLA. Ramie fabric was treated with silane and alkali (i.e., sodium
hydroxide and ammonium hydroxide), followed by investigating the effect of treatment on
the mechanical and morphological properties of ramie fabric. In the second step, PLA
composites with untreated and treated ramie fabrics were prepared using a compression
moulding technique, followed by evaluating their mechanical performance and
thermomechanical analysis. Silane treated ramie fabrics displayed a decrease in tensile
strength with a slight increase in elongation at break. Ramie/PLA composites having silane
treated ramie fabric with ammonia and sodium hydroxide showed 10 and 12%

improvement in the tensile strength. This improvement can be attributed to better interfacial
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adhesion between the more hydrophobic silane treated ramie fibres and PLA matrix. After
silane treatment with ammonia and sodium hydroxide, the impact strength of ramie/PLA
composites improved. In ramie/PLA composites, the silane treatment of ramie resulted in
higher storage modulus at the onset of transition temperature than untreated ramie-based
composites. The results imply that silane treatment improves the fibre-matrix interface,
thereby enhancing the stress transfer from matrix to fibre. As a result, tensile, impact and
dynamic mechanical properties improved.

Being a bio-based polymer, it was crucial to study the degradation behaviour of PLA
and its composites with ramie. This part of the work deals with the effect of plasticisers
(lotader, PEG and TEC) on the biodegradability of PLA and its composites with HNT and
ramie fabric by soil burial method. The samples were tested for their morphological
characteristics, mechanical properties, thermal properties, and any chemical changes in the
structure to analyse the degradation quantitatively. After 60 days of incubation at 40 °C,
the tensile strength of neat PLA films deteriorated by ~22.5%. However, the additives, i.e.,
lotader, TEC, PEG and HNT, increased the degradation rate of PLA, enhancing the
deterioration of tensile strength up to 66% in the case of PLA-lotader film. In case of
ramie/PLA composites, the drop in tensile strength was higher initially, i.e., up to 20 days,
but reduced after that. After soil burial, thermal analysis of PLA films showed that the
crystallinity of PLA films increased as the amorphous regions were attacked preferentially
by microorganisms than the crystalline phase. Ramie/PLA composites, where ramie fabric
treated with diammonium phosphate degraded extensively at the end of incubation, showed
a complete loss of tensile strength after 60 days of soil burial. The EDX analysis of the soil
from DAP treated ramie/PLA composites showed improvement in phosphorus content.

This implies that after degradation, these composites can improve the fertility of soil.
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URUR® USIerad UR TR Sgad] & ftd SUINT J SaT=e S8 &1 doil 9 g™
BT § 3R I8 Tgaie TAfaRu 1Y T He@qul @Rl - gU S | oid 3enia sgais
oI o dlcfiaifde® TR (f.Ta.U.), Tidid s, Uid (ged - T itue XHiee) 3R
IgIR SRl FCRRE IadM THT B TERd 99 T g1 3 old MUTRT Igad! &
I 0T & HRUT T8 3T 0T Igad] & UIITI- Ifad g4 5| faflrd & o
Y ToNT, TRSH, I & Idte 3fe 7 Ul ua . 1 ITUNT 7Y & 1Y 96 38T &
gTaliter, I uItoley H Ul Ud.U. &1 SUTRT 3@ B Tug UieRIY &idT 3R HeaH
AU & HRUT G § 1 39 MY H TIRCITZOR, R 3R W iad - ol SRt
1o HT ISUANT FHRab UT.TA.T. & U1 T GUR HR- BT YA fha1 T g | 39 sifala,
O Y H Irg & 91y fAfda f va.u. &1 i) o S avds 39 SafiaRul agR
&1 1Y ST far T B |

J.0d.T. & Bh-od 3R aidig 101 IR gaNse "Hicyd (T9.8A.21.) 3R uiefi=
AR (U3 Sh.) BT TS B4 & YU St T TS | U & Iy i 3.5 3R
TI.TH.E. 3t A Figdl &1 SUANT dxb, Hiede HIReT Ay gR1 fhedt &1 i
fopam mar| th 3.5 & STaH ¥ TL.Ua.T & Sreiexul &fdl ¥ 3G g8 WReq a-a-gi |
S Urs T | gretiioh, TI.UA.Cl &l 59 Ut ua . Ut 5. S0, o e an af aAe-gie o
BT IHUH & WRUTR 81 T 3 UR % TE.TH.S DI G 4 UR % W3 S, areft dhea.u.
e & 1y i3y foram mar < 37 fihera @t Seffamvur e & g¥0% &1 gf g8 oiR
TAE-GID R % B I3 53 | ST 1Y BT I YARGYT UM | Dl TN IGaArd o ol
T | foRfe Tt favayor A TR & A vt e v E o ua e . fhe & deru
TRl § Hedqul GuR faamn ¥ $us ¥ yaferd 0 Ud.u. Haifoiey &I duteq
AT dp-iies gRT A & 1Y 9 ey foqT1, 1.0d. U, fohet o1 IuanT #vep fAfda
forar mman | ik @ uar = f |3 S B sran A3 Rua duife @t a9 me-
gfy, Stefferr e 3R s T 1 81 S1TaT 8 | TRg 0.3 i, STem 4 ¥t/dt ua.u,
HUIfere B Tug UfaRiYy T BTt YR §3MT | 3 fAukid, 4 YR % TI.TH.EL. & o
J /R T e @t aa-gfY 3R s e & guR g, gaife deffazo
& § AT JHar gofl W3Sl SR WA d. &l tehar S/ 3 Wi/l TaT.
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HUIfTe & Ti® UeRH T GUR -5l gofl; gTdiid, 3dbd Ta.uA.cl. = YH/M Ta.t.
HUIIE B T 1a-GB 3R HoRdl H HTH!T JUR |
39 QY F g faxiwdret o fafta oy o for e ufeRly I=med

(AIETSR AX8900), TIREHTZOR (<. 3. T, ) 3R R (TIA.TA.EL.) HT STIRT H.UAT. &
TERH-STYTRGT 0T & GUR HRA o 1w fam w11 39 faftd gy &1 fhuaw. & Iy
SITT-SET A & fUrael & I fasar T o, 3R gRomdt Suifse &1 geaid
R d, HhHed 3R YAHG G faRvars & fore fasar mar 7| it ua.u. 3k
TSR (%0 % AT | A & figyor &F Seffenvur emar & siffifsd fuaw. o o
TTHT QY T BT gfG UTS T | IF 0 UA.U. 3R dlerex & a1y <341, off foraman man
< T8 r T o e fenRor eman & Siffifda it v u. Jamn | o¢ T gUR g1 SHiifda
3R TN .0, et & =i Fifes fazayor 3 udr 9an g fo sififa it waa.
7 INfd 0. ua U, fieed § Ta.uA. 3. & THOW A W§s &7 H 301 USRI YaRadT |
HTh! YR fhar 3R 39F URUIMHRGRY 3= dIgH &1 3R s H dgarg goil | e
TS ol ¢ 3 W gxnfdg i e u. | fieamn man, 9 uRITEE agEE 9 S0 Uk
T 1y GUR g ATl

UGS & gux HITH AT IR T=Nfera ot uer. v, &1 fOheet o Ui dvap <
HUS I Usierd Ul.ua U, Hriforey &1 faior i mar 3R 91y €1 37 Jifie uewH
&1 Gegidh- T 7T | TRI&0T & UROIET ¥ Ul I fob XH/d Ta.4. FHulfole & a-1a-
g IR d% A diereR & AT 91g smyifad X8t gEkl SR, diere} & 1Y
3 SR WA A 7 HWIey & a1a-gY 3R s I | Ufdgd gua
T faar| dierer gad YHyd Ta.u. duifcie &t ug UfaRlY &l § Tg@yul gur
fears foar | Tar ae off <ar o o9 ¢ 3 4 SR dereR gl &l U A1 S¥a|Td foha
41| AU 3T J UdT Il § fob AT o1 g ierd HET ( 0 % HE) B ¢.3. 4.
& 1Y FaH TUa.T 9ga® SR TH/OL.TA.T Haifole & UeRF # S@a-d U 9
JUR g3 g

UTpiads Y Bl TgAD! & Yo o0l H TN & & $& JaH it § | Iipfasw
R STaAe! 8 € YT Id 91 SUANT Said dgad! & geeidhRul & o foar sirar
g df SR a® HHIR ST § 3R HIfoIey & i 0T 3/ el gld ol I &
SYHNTH Y HUS & Jag & Tade! A STa+id §1ar a1 a1 YA 3R Huau. &
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9 fRwas IR fhar & GuR forar o1 & | ¥ Sus & RyeH iR &R @
difean ggiass 3R ST gRsags) & A g fhar m, Rigs ag
Tt HUS & T IR TATHS 01 IR U1 & THTG P offd &1 5| gER IR0l H,
ARG SR TR T HTS & Y T.UA.T. HAfole I Jhie HifeeT dadb-idb
BT ITINT HR IR a1 71 37 i TR IR YHHb o a=eo &1 Jedid-
foa | RyeH Su=TRd Tt U dle dd Sdfevun &madr § ATel gf & A1 a1a-gf9
o o gol @ TR ST IR WIfSTH BIESiaEs & Ay RyaH Iuamd Wit Hus
ara XH/ATau. Saifre 7 dE-gi # 2o 3R % JUR G@mn| 39 guR & oy
Sayid R Suarika Y sug iR 41.Td.T & di9 95k SIdbad URER fhar &1
R SERAT T AHdI g1 ST 3R NfSTH eE3iaEs & 1Y e SUaR &
TG, TH/d TA.T. FHUifore &1 Tug UfoRiY &l § JUR g1 YH/aL.Td.. HUifere &
aa #, W & e STAR & URUMRGSY U YHT SR dHuifTe &t e
& URITEA dIUHH &1 BT H I HERUT YARAYT it g | IROmHT &1 Jdad § fb
R FRETTT YR 3R Sgaid B SRt TRER f3han H R T 7, 3R 39 @Re
I W T TG TR D! FeTal g | AaitoraH, a-1a-gfy, Tug ufoRie &vdm 3R
Tfor=fe Tifye i H gUR ST |

SI9-3MTUTRT 9% B & HRUL WLTAT. 3R X & Y S0 HHIoed &
3{IHHU TAER P AT BT Hedqul Tl MY & R H SaHgieor 1fd W
@IRCATEoR (erey, W3S 3R 2 3.4), e (@a.uA.d) SR Tug ufaRiy Jenes

(TeTe} AX8900) Jad Muau. dur e fuaufvey ok Wit & 91y sud
HIICH TR 34D YU ¢+ o fore firgt o gam &1 fafey &1 I fasar man gt
T Gd & §1¢ HY-HY 0 THHA] 1 390! SUIHS [aRINd1S, Fife of, I Jui
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& SR & TG, AT .U e & dE-gf ~ R.4% HH 1 TS| ST,
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