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Abstract

This paper reports a single step reactive extrupiacess for fabrication of thermally stable,
polylactic acid grafted cellulose nanocrystal(PgGASNC) nanocomposite films using dicumyl
peroxide as crosslinking agent. PIQAENC nanocomposites were recycled without significa
breakage in the molecular structure of PLA. Theftgda PLA chains shields the sulfate and
hydroxyl groups of CNCs, thereby enhancing the caibpization with PLA matrix and
preventing thermal degradation during extrusion.RNEhd FTIR spectroscopy studies showed
that amorphous PLA chains grafted on CNC surfaceutih C—C bonds formation. Presence of
such chemical crosslinks led to efficient transgsémodulus of CNCs to PLA matrix, thereby

improving the tensile strength and young’s modlys40% and~490%,respectively. Recycling
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of PLA-g-CNC doesn't alter the molecular weight, thermalystallization and mechanical
properties of the nanocomposites significantly. réfare, the current study provides a novel
approach for fabricating CNC-reinforced-PLA nanogosites which can be easily recycled and

reused for multiple cycles.

Keywords: cellulose nanocrystal, polylactic acid, nanocomigssi

Introduction

Polylactic acid (PLA) is a bio-based thermoplagtitymer derived from renewable resources
(e.g. corn, starch, sugarcane, etc.) which hasptitential to replace the petroleum-derived
polymers and solve the problems related to thestasoability. Among all the bio-based
polymers, PLA has attracted considerable interestablse of its easy processability and
comparable mechanical and thermal properties in peoison to conventional synthetic
polymers. However, the brittle nature, inferior gey or water vapor barrier properties and heat
distortion temperature (~55°C) [1] limits its amgaliion for manufacturing commodity products.
Therefore, modifications of PLA through physicabeapaches like incorporation of nanofillers
[2,3], plasticizers [4,5] and blending [6] as wealk through chemical approaches like
polymerization through different routes such adtmmg onto and from approaches [7,8] have
been extensively researched.

Cellulose nanocrystals (CNCs) are fabricated byaeknhg the crystalline segments of
cellulose through controlled acid hydrolysis of dstocks derived from renewable biomass
resources. CNCs have relatively improved mechamicgberties with high tensile strength and
elastic modulus (~140-220 GPa) (compared to otlghr-$trength materials such as glass fiber,

Kevlar etc.,), which depends on the biomass feeldlstmd the acid system used for cellulose
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hydrolysis [9]. The rod-like morphology of CNCs agwith its high hydroxyl functionality and
surface area makes it a strong reinforcing agdrdt tan form a percolated network-like
structure in thermoplastics such as PLA [10]. @nes of such network imparts the desired and
targeted properties of CNCs to the polymeric matdawever, the effective dispersion of CNCs
in the polymer matrix depends on the surface mcatibon approaches and PLA processing
methodology (solution casting or extrusion) emptbyBurface modification of CNCs through
strong oxidizing agents such as TEMPO (2,2,6,&tetthylpiperidin-1-yl)oxyl [11] or
ammonium peroxidosulfate [12], immobilizing monomeunnits [13], surface acetylation [14],
silanization treatment [15], carboxylation-amidati@action [16], plasticizers [17], adsorption of
surfactants [18] etc. results in improved dispersad CNCs in polymer matrix through solution
casting process.

Processing of PLA/CNC nanocomposites through mettision process is a challenging task as
it leads to the agglomeration of hydrophilic CN@sHALA matrix due to the presence of strong
intermolecular hydrogen bonding [19]. PLA is sudtd®p to thermal degradation during melt
extrusion which leads to the reduction in bulk s such as mechanical, gas barrier, thermo-
physical properties. CNCs self-assemble to form-dispersible agglomerates (under freeze or
air drying conditions) in dry state [20] and thdfate groups of CNC surface (acquired during
sulphuric acid hydrolysis) act as catalyzing agentthe degradation of both CNCs and PLA
during extrusion [21]. To overcome such challengesearchers have used two different
approaches: firstly, hydrophilic polymers are atledr on CNC surface (using physical or
chemical methods) to mask the sulfate groups [224, secondly, reactive extrusion is carried

out in the presence of chain extenders [23]; stiothess however are scarce. Also, to the best of
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our knowledge, studies reporting recycling of pogypf©NC nanocomposites (without altering
the polymeric properties significantly) hasn’t beeported in the literature till date.

Recently, several studies have been reported aniveaxtrusion of PLA in the presence of
various chain extenders and radical initiators WHead to improvement in melt strengthening
thereby widening the processing window of PLA. Nl&s& Verbeek [25] grafted itaconic
anhydride on PLA through radical grafting procesbjch led to improvement in the tensile
strength and elongation at break (~60 %). Spiredllal. [26] developed a green approach using
titanium tetrabutoxide for reactive blending of Plwith poly (@-hydroxytetradecanoic acid)
compatibilizing through trans-esterification reaati This led to significant improvement in the
elongation at break (by ~140%) and impact strefgyh~2.4 times). Interestingly, it was found
that reactive extrusion based PLA composites rethilme inherent biodegradable nature and
were readily compostable and degradable under hjgilsoconditions [24] . Similarlyin situ
compatibilization of PLA with poly (butylene adigato-terephthalate) lead to improvement in
the impact toughness and elongation at break (I80%3 [24]. Yang et al. [28] achieved
significant increase in thermal stability of PLA bycorporating trace amount of crosslinking
agent. Blending of PLA with poly (3-hydoxybutyrate-4- hydroxybutyrate) in the presence of
dicumyl peroxide (DCP) initiator resulted in higtosslinking which showed typical toughening
with improvement in tensile strength [25]. Gradtiof maleic anhydride in the presence of an
initiator showed slight increase in molecular weigh PLA, possibly due to crosslinking or
increase in chain entanglements [26]. Recent dudiethe effect of radical initiators on the
rheological properties of PLA confirms that thergese of branching leads to improvement in
the melt strength by approximately three times vhigher shear sensitivity [27],[28],[29].

However, studies on reactive extrusion of polymensresence of fillers or nanofillers have been
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rarely reported. Wang et al. [34] grafted bambauiflonto PLA using benzoyl peroxide and
tert-butyl peroxy benzoate (as initiators) and glycidylethacrylate (as chain extender).
Improved compatibility between the two phases waseoved which led to enhancement in the
mechanical strength and modulus by 44 and 135%ectisply, along with increase in the
thermal properties. Recent studies [30]iositu reactive extrusion of PHB with cellulose in the
presence of DCP led to improvement in the glagsssitian temperature and onset degradation
temperature (by ~22°C), along with significant @ase in the crystallinity.

In the present work, PLA is grafted on CNCs throughctive extrusion process in the
presence of DCP (as radical initiator) and the ct¢ffen the mechanical, thermal and
crystallization properties are extensively studidthe grafting is confirmed through fourier
transform infrared spectroscopy (FTIR) and the fdsanechanism is explained from nuclear
magnetic resonance (NMR) analysis. X-ray DiffractiXRD) and differential scanning
calorimetry (DSC) studies are carried out to unaed the effect of grafting parameters on the
change in crystallinity of PLA. The effect of gradt CNCs on the mechanical properties of the
nanocomposites is investigated with dynamic medahranalyzer (DMA) and tensile studies.
We report for first time an industrially viable ettmally reprocessible process for the fabrication
of PLA/ICNC nanocomposites which could be recyclatheut any significant change in the
PLA properties.

Experimental Section

Materials. Poly L-lactic Acid (PLA) (grade: 4032D, L-lacticia/D-lactic acid: 98.6/1.4) used
in this study was supplied by Nature WStks.C., USA. The weight average (Mand number
average molecular weight ¢V of PLA 4032 were obtained using Gel Permeation

Chromatography (GPC) (calibrated with polystyrest@ndards) and found as ~200,000 and



108 ~150,000 Da respectively. Bamboo pulp received fidimdustan Paper Corporation Limited
109 (HPCL, Nagaon, India) was pretreated by soda pglpiethod followed by bleaching to extract
110 the purified cellulose. Sodium hydroxide (>97%)dison hypochlorite (4%), hydrogen peroxide
111 (30%) and sulphuric acid (>99%) (Analytical gradejed for the CNC fabrication were
112 purchased from SISCO Research laboratories (SRimlaés, India). Dicumyl Peroxide (DCP),
113 used for reactive extrusion as radical initiatoswpurchased from Sigma Aldrich, India.
114  Chloroform (Merck, HPLC grade) and deutrated chiomm (Merck, India) was used as received
115 for the GPC and NMR measurements.

116 Fabrication of Cellulose Nanocrystals

117 Bamboo pulp was pretreated through soda pulpindnadef2 wt% sodium hydroxide at 80°C
118 for 2 hours) followed by bleaching (2 wt% hydrog@eroxide and sodium hypochlorite
119 treatment at 80°C for 2 hours) to remove the hefmiose and lignin impurities. Acid
120 hydrolysis of the purified pulp (1.0 g) was carr@at with sulphuric acid (64 wt%) as previously
121 reported [31],[32]. The hydrolysis reaction waspgted by adding chilled deionized water
122 followed by centrifugation (~10,000 rpm) to remadwe excess acid. The CNC suspension was
123 dialyzed with distilled water using cellulose atetanembrane (cut off molecular weight
124 ~14,000 Da, Sigma Aldrich) until a final pH of ~7a® attained. Subsequently, the final
125 suspension was lyophilized for 24 hours at —30d°Glitain the freeze dried CNCs.

126 Reactive Extrusion of PL A-g-CNC Nanocomposites

127 PLA granules and freeze dried CNCs were vacuunddaie40°C overnight to remove the
128 adsorbed moisture. DCP, the radical initiator (@2 %) used in this study, was dissolved in
129 acetone (10 ml) and sprayed on PLA beads. The Péadd were further dried in vacuum at

130 40°C to remove the excess acetone before proce3siadCP coated PLA granules (10 g) were
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mixed with CNC (at different ratios 1-3wt. %) irbaaker and extruded in a twin screw extruder
(Haake Rheomix). The extrusion parameters, i.evws@peed and processing temperature were
maintained at 50 rpm and 180°C respectively witb@ycle time of 5 minutes. The PLACNC
nanocomposites were extruded into strips of dinmensi 5mm (width) x 0.5mm (thickness).
Hereafter, the PLA-CNC nanocomposites extruded in the presence of Bx@Pwith various
loadings of CNCs (1-3wt. %) are represented as PLRDADCNC1, PLADCNC2 and
PLADCNCS3, respectively.

The extruded strips (in the presence of DCP) wexghed in excess chloroform for 24 hours to
remove the unreacted DCP and non-grafted PLA. Tispension was vacuum filtered (filter
paper of pore size ~ 4pfh) and the grafted PLA/CNC gel was washed with sxadloroform
to remove the ungrafted PLA several times and #ideait over after filtration was collected.
The gel was dried in vacuum (~50°C) to remove tahpped chloroform and the gel yield (%)

was calculated using equation (1).
gel % = =2 x 100 (1)

whereW,,, andW; are the mass of dry gel after vacuum drying atthl mass of extruded
strips before dissolving in chloroform, respectyel

Several other grafting parameters such as graftepeage (%GP), grafting efficiency (%GE)
and weight conversion (%WC) were also calculatedep®rted in the literature [30]. Graft
percentage represents the mass of the grafted PLArespect to initial mass of CNCs, as
defined in equation (2).

Wget-Wene)
CNC

%GP = x 100 )

Graft efficiency (GE), measures the mass of PLAtgdaonto the CNCs and is represented as

in equation (3).
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Wget-Wence)
PLA

%GE = x 100 ©)

Weight conversion (WC) measures the percentageh@fGNC grafted and is defined in

equation (4).

BWCE =22 x 100 )

WpLa
where W, Wp, 4 and Wey represent the mass of grafted PLA/CNC gels, PLA @NC
respectively.
After washing the PLAF-CNC nanocomposites with chloroform to remove thgrafted PLA
chains, the change in the wt. % of the CNC in tapracessed PLA-CNC (rPLACNC)

nanocomposites are calculated using the followmgagon (5):

%CNC in rPLACNC nanocomposites‘ﬂ/wf"’—c x 100 = % X % x 100 5)

gel

Reprocessing of the PL A-g-CNC grafted gels

The vacuum dried PLA-CNC gels were chopped into small strips and werghér
reprocessed through the extruder for all CNC weifghttions. The parameters for extrusion
were kept similar to the first processing, i.e.escrspeed at 50 rpm, extrusion temperature of
180°C and recycle time of 5 min. The dimension dralving speed of the extruded strips were
also kept constant. Hereafter, the reprocessed gRCAIC samples for all weight percent of
CNCs (1-3wt. %) are represented as rPLA, rPLACNGH)l rPLACNC2(3.33) and
rPLACNC3(5.15) with the numbers in bracket repréisgnthe probable CNC wt. % present in
the samples after the ungrafted PLA have been reth(malculated using eq. (5)).

Analytical Instrumentation and Characterization.

Powder X-ray Diffraction (XRD). The wide angle X-ray diffraction (WAXD) studies veer

carried out with D8 Advance diffractometer (Bruk&grmany) equipped with CuzKadiation
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(A= 0.1541 nm) as X-ray source operating (40 kV, 4%) it scan rate of 0.05° per 0.5 s in the
20 range 10-50°. The crystallite size of PLA and teaty extruded PLAg-CNC
nanocomposites was determined using the Diffraatagr2.0 software.

Fourier Transform Infrared Spectroscopy (FTIR).The chemical grafting studies of PLGA-
CNC nanocomposites were conducted in transmissiodenusing Perkin Elmer (Frontier)
spectrometer, in attenuated total reflection (ATR)de using ZnSe crystal in the range of 4000—
500 cni* with resolution of 4cril for 128 scans.

Field Emission Scanning Electron Microscope (FESEM). The extruded strips were placed on a
stub with carbon tape and coated with gold in spimty unit for 180s. To study the fracture
behavior of PLAg-CNC films, the samples after tensile studies viemediately immersed into
liquid nitrogen. Thereafter, surface morphologytleé samples were examined using FESEM
(ZEISS, USA) at an accelerating voltage of 2-5kV.

Gel Permeation Chromatography (GPC). The molecular weight of the extruded samples were
determined using high performance liquid chromapgy (HPLC), Shimadzu LC-20A system
(Shimadzu, Japan) equipped with two PLggmSmixed D columns (Agilent, UK) in series
which were calibrated using polystyrene standandshloroform. The extruded samples (~20mg)
were dissolved in HPLC grade chloroform for 3 dawps filtered with 0.g@m filter paper before
analysis. The measured molecular weight distrilbu{®WD) for the cross-linked/ branched
PLA is not exact because of the change in the Hyar@mic volume; however, significant
amount of information could be obtained from thigdy.

Differential Scanning Calorimetry (DSC). The thermal properties of the PLA and reactively
extruded PLA/CNC samples were characterized witlizdth DSC (Germany) under inert

nitrogen gas flow (~60ml/min). DSC studies wereriegr out at a scanning rate of 10°C/min
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with temperature varied from 25°C to 190°C for bdibating and cooling cycles. The
calibration was carried out using Indium standagfbtehand and samples weighing ~5-6 mg
were placed on a platinum crucible for analysis.

Universal Testing Machine (UTM). The mechanical studies of the extruded samplegi(ape
size: 50mmx 5 mm (lengthx width)) were carried out following the standaratocol ASTMD
882, with the universal testing machine (UTM) (Katdnstruments, India) equipped with a load
cell of 500N at a constant speed of 20mm/min.

Optical Polarimetry. The specific and optical rotation of the PLA andAP§-CNC samples
(20 mg dissolved in 20ml chloroform) were measungth AUTOPOL Il (Rudolph Research
Laboratory, USA) at a wavelength of 589 nm usingcaibrated mechanism.

Nuclear Magnetic Resonance (NMR). The chemical structures of PLA and PLA/CNC gels
were studied with 600MHz nuclear magnetic resonafi®R) spectrometer (Bruker,
Germany). The samples were dissolved in deutrateaform (CDC}) for 3 days and filtered
with 0.25um filter (3 times) before analysis.

Dynamic Mechanical Analyzer (DMA). The thermo-mechanical analysis of the extrudaegsstr
was carried out with DMA242 (Netzsch, Germany)endile mode under a dynamic force of 2
N, amplitude of 20um at a frequency of 1 Hz. Sawmplere cut into 5 mm 5 mmx 0.5 mm
strips and measurements were carried out in thpdeature range of 25-90°C at a heating rate of
2°C/min.

Results and Discussion

In situ reactive grafting of PLA on CNC: Reaction mechanism, grafting parameters and

molecular weight studies.

10
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Reactive grafting of PLA on CNC (PL&-CNC) surface was successfully carried out through
extrusion process in presence of DCP which decoegpwdo free radicals at high temperature.
The activity of the DCP initiated peroxide radicés shown in Scheme 1a) is short (~180s)
[33],[34], due to which grafting reaction took ptaduring the initial 5 minutes of the extrusion
process under high shear conditions. To achiewec®fe grafting, optimization of the reactive
extrusion process in terms of parameters suchras/|speed, temperature and DCP content was
carried out. It was found that a screw speed afpbd, extrusion temperature of 180°C, and DCP
content of 1.2% was effective in achieving high ecollar weight (data not shown). A residence
time of about 5 min was selected because of the $ifeof DCP radicals as well as previous
studies also report maximum gel yield under simianditions [30]. At such optimized
conditions, the effect of different CNC loadings-8lwt %) on grafting parameters and
properties of PLA fabricated through extrusion s were investigated in detail. During the
reactive extrusion process, it was found that thmpiex viscosities of these samples (~50-70
Pa.s at various CNC loadings) were higher in comparto neat PLA (~40 Pa.s), probably due
to the formation of branched and cross-linked stmas [35].The PLAG-CNC formed micro
gel-like structure which was filtered out and egtea in chloroform, to remove the unreacted
PLA. It was found that the incorporation of CNCs$oifPLA during reactive extrusion process
enhances the formation of gel and grafting pergentdable 1 summarizes the effect of CNC
loading on the percentage gel yield, graft peragmtagraft efficiency, weight conversion,
specific rotation and optical rotation respectivelyring the reactive extrusion process. The
maximum grafting efficiency and gel yield % was iduto be 40.7 and 76.8 % respectively for
PLADCNC1 (Table 1). Gel yield decreases at high’iCQoadings, probably due to thermally

induced chain scission during extrusion, catalyagdhe high content of sulfate groups present

11
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on CNC surface which suppress the grafting reactitoreover, the agglomeration of CNCs at
higher loadings decreases the number of availali¢l,©H groups on CNC surface for the
grafting reaction to take place. The specific amgtical rotation of PLAg-CNC changes
compared to neat PLA, by ~21° and 0.1° respectivitys is possibly due to the grafting of
CNCs on the chiral center carbon of PLA which himedethe specific rotation [36].

To confirm the grafting of PLA on the CNC surfacbgemical structure analyses were carried
out through FTIR and NMR spectroscopy. PLA showearacteristic FTIR peaks at 1748, 1180,
1128, 1078, 1042, 868 and 954 troorresponding to C=0 stretching, C—-O—C asymmetric
stretching, C—OH side group vibrations, C—C vilmasi and —CH stretching [37](Figure 1). CNC
showed characteristic FTIR peaks at 3402, 2908716427, 1319, 1203, 1163,1031 and 896
cm * corresponding to —OH stretching, -CH stretchin@H-bending, -CH bending, - CH
wagging, C-OH bending in plane at C-6, -C-O-C aswtmin stretching of-glucosidic linkage,
C-OH stretching in plane at C-6 and -C-O-C asymimdbending ofp-glucosidic linkage
respectively[10]. The FTIR peaks at 2854, 2924 HB&0 cnt, corresponding to the symmetric,
asymmetric stretching and deformation of <4@oups, were present in all the samples. (Figure
1(b)). The peak at 1180 ¢hrorresponding to C—O—C stretching, were preserRLA Neat,
PLAD and rPLACNC1(1.35) (with decreased in intepsiompared to pristine PLA due to
grafting), however, it shifted to 1164 ¢nin case of PLADCNC1. The peak at ~11287cm
corresponding to Ckrocking, is visible for the PLA Neat, howeverghli shift in peaks were found
for PLAD to ~1124 cnt, for rPLACNC1(1.35) to ~ 1122c¢fand PLADCNC1 to 1122 cnf.
Similarly ,the peak at ~1454 ¢nsorresponding to Chvibration asymmetric bending for neat PLA
and PLACNCI, shifted to ~1464¢hior the PLAg-CNC gels and reprocessed rPLACNC samples.

The shift in peaks of C—O-C stretching , s@btking and bending is probably due to the graftih

12
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PLA with CNCs alongwith the formation of high maldar weight cross-linked PLA-CNC
branched nanocomposites [30he peaks at 2998 and 1362 tpresent in PLA an@LACNCI,
corresponding to the —CH vibration and stretchegpectively, were significantly diminished in
all the extruded samples (in the presence of DER)ufe 1(b) & (d)). In the case of the
PLADCNC1 and rPLACNC1, the —CH stretching peak bAARat 1042 cm’® was absent and a
new peak at 1020 crhcorresponding to formation of new C—C linkage dugrafting between
the PLA and CNCs was found. CNCs show their charistic peaks at 1028 and 1203tror

the C-OH stretching and bending in plane at C-6ctvhwere found to be present in the PgA-
CNC gels and reprocessed samples, however, sligiiifted to 1020 and 1208 &m
respectively. Presence of such peaks confirmgaimeation of the grafting between the C(6)-
OH of the CNCs with the methine groups of PLA &®wn in Scheme 1).Moreover, the
carbonyl peak for pristine PLA shifted from 1748 trto 1740 crit during extrusion (in
presence of DCP only) (Figure 1(c)), due to thdtigrg of —-CHOH groups in CNCs onto the
methine groups of PLA'H NMR spectroscopy analysis of PLACNC samples (PLADCNC1)
also showed new characteristic peaks at 3.68 pmmratne 4.1-4.5 ppm range[38] (see Figure
2) which confirms the grafting. The new peak at33ppm corresponds to the methine protons
formed in the PLAg-CNC structure (marked as ‘a’ in the inset of Fgafe)). Presence of such
methine protons was also reported in case of PL#tept maleic anhydride based wood flour
composites and PLA grafted with polyethylene glysgtems in presence of DCP (~3.6 ppm)[39]
[40]. The peaks in the range of 4.1-4.5 ppm cooedpo the methylene protons of the cellulose
backbone, which confirms the presence of CNCs éngttafted structure [42]. In th#l NMR
spectra of pristine PLA (Figure S1), the peak &883%pm was found to be absent and the peaks

at 5.19 and 1.46 ppm which represent the CH anglgZsétons, were found to have no significant
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shift/changes in comparison tei NMR spectra of PLAG-CNC. The grafting efficiency was
calculated for PLAG-CNC under various CNC loadings (1-3 wt %) by inééigg the peak area
at 3.68 ppm. It was found that the grafting effig was highest in the case of 1 wt% CNC
loading and decreased with increase in CNC loadingsistent with the calculations for gel
yield (from equation (1)) as shown in Table 1. Tperoxide radicals generated at high
temperature react with both PLA and CNC under hgggbar conditions, abstracting hydrogen
from both leading to the formation of stable micadical structures (Scheme 1b). These radicals
are highly reactive and diffuses effectively in teal PLA (during extrusion) thus generating
higher concentrations of these radicals in the Rlbase. Due to the impermeable crystalline
nature of CNC, the generated PLA radicals (comairidCP) could only react with surface —
CH,OH groups of CNCs forming a thin overlapping laysr PLA surrounding the CNCs
(Scheme 1c). Formation of such thin layer of PLAinB, grafted onto the CNC surface, through
this radical approach is an instantaneous procedspeovides better interfacial compatibility
between PLA and CNC. The FTIR peaks of P4ANC samples (see Figure 1(d)) showed that
peaks corresponding to the amorphous segmentsABPL265 and 955 cindisappeared while
the low intensity peak at 1210 &mncorresponding to crystalline segments of PLA [41]
remained. The amorphous chains of PLA which ardoary entangled (in the molten state) on
grafting with the CNCs organized into ordered poeg along the surface of nanocrystals (which
are highly ordered stacks of cellulose chains)sTgreferentially led to the orientation of the
amorphous segments of PLA chains into possiblereddstate or crystalline orientation along
the surface of CNCs which resulted in increase hie trystalline nature of PLA-CNC
nanocomposites as explained from XRD and DSC stuslibsequently. Further, as the reaction

propagates under high shear mixing conditions, dfferent mechanisms could probably occur
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in the extruder. Firstly, the radicals generatedPltA could further diffuse in the crystalline
domains of CNCs forming a PLA-engulfed-CNC netwbkie- structure which acts as a
compatibilizer for uniform dispersion of CNC intbet PLA matrix during the melt blending
process. Presence of such chemically grafted PLAinshon CNCs leads to enhanced
compatibility and avoids irreversible agglomeratmihydrophilic CNCs during extrusion with
hydrophobic PLA. Secondly, the PLA radicals couldsslink among each other (termination by
combination) forming a branched chain-like struetgrowing on the PLA-CNC structures
(Scheme 1c). Moreover, the presence of such PLApa@d CNCs leads to shielding of the
surface sulphate groups of CNCs, preventing thekbtaloration typically observed in CNC
based composites when extruded using traditionaiosgghes (discussed in subsequent section).
Figures 2(a) & (b) show the weight average,JMnd number average (Mmolecular weight

distribution (MWD) and polydispersity index (PDIf ceactively extruded PLA/CNC films at
different CNC loadings. Reactive extrusion of PLANDCP in the presence of CNC (1-3 wt%
range) shows an increase in both, nd M, by ~40 %. Such drastic increase in MWD is
however absent during reactive extrusion of PLAh@& presence of DCP alone. The PDI of the
PLA-g-CNC did not changed significantly and was foundb® ~ 2, which suggests that the
chain length of branched PLA were formed with umifodistribution even at different CNC
loadings. The GPC chromatograms (Figure S2) for Bt@NC were broader compared to those
for PLA and show the presence of two small diststaulders both at high and low molecular
weight regions. This can be attributed to two gassphenomenon occurring during the reactive
extrusion process: chain extension in the presend2CP (leading to chromatogram shift to
high MWD region) and chain scission in the presesic€ENCs (leading to shift to low MWD

region). In the former case, as shown in Figure t82, molecular weight corresponding to
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shoulder peak in PLA-CNC was found at least two times higher than Fa. This indicates
that the PLA chains cross-linked to form a tree-lde more complex branched structure [42].
The area of the high molecular weight peak (retentime ~ 11 min) increased and formed
small shoulder for PLADCNC1 (~88%) and PLADCNC2 @¥®) in comparison to the neat PLA
(~78%). The increase in MWD in the presence of CNKCdue to the presence of —gbH
groups in CNC which act as active sites for theegation of radicals, which leads to the
propagation and growth of the PLA chains on CNGamar (as discussed in Scheme 1(b) & (c)).
However, on increasing the CNC loading (~3 wt % &rea of the high molecular weight peak
decreased (~70%) and that of the low molecular migpgaks (at retention time ~ 16.4 and 17.2
min) increased (~12 and 16% respectively). Thigigbably due to the presence of high
concentration of sulfate groups or agglomeratiofChiCs (at higher loadings), which interfere
during reactive extrusion process thereby degrathieg”LA at higher processing temperatures.
It is noteworthy to mention that the area of lowlecolar weight fractions (at retention time
~16.7 and 17.3 min) for PLADCNC1 (~1.7 and ~10.3®%pectively) and PLADCNC?2 (~4 and
5% respectively) decreased compared to neat PLA (a8d ~13% respectively) (Figure S3).
This is probably because grafting of PLA chainstbe - CHOH groups of CNC moieties
shields the sulfate and hydroxyl groups which asponsible for chain scission and alongwith it
DCP acts as cross-linking agent which led to tlweeiase in the molecular weight of the PLA
chains due to propagation reaction (Scheme 1).,Alsaccomparing the GPC chromatograms of
the NPLA and PLAD, it is found that reactive prosiag in presence of DCP helps in preventing
the thermal induced degradation of PLA during esittn process significantly. However, at
higher CNC loadings (~3 wt. %) the grafting effiedy decreased due to agglomeration of

CNCs, which subsequently leads to the degradafi®_A during extrusion.
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Effect of reprocessing of the PLA-grafted-CNC gels on structure and molecular weight.

Extracted PLAg-CNC gel was vacuum dried and subsequently extrudedstrands using
process conditions detailed in the experimentati@@cThe FTIR and NMR spectra of the
reactively extruded and reprocessed RI-&NC composites did not show any significant
difference in chemical structure (see Figure 1 Rigdre S1 (b)), which is due to the presence of
C—C bonds that are stable enough during reproaes$&i®C studies showed that recycling of the
PLA-g-CNC gel led to decrease in,Mind M, by ~18 and 15% only (at~3wt % loading) (Figure
2(a)), which is less compared to traditional PLALKXxtrusion (~22 and 18% at 1wt. % CNC
loadings during first time extrusion). The reactesdrusion based grafting approach effectively
masks the interaction of sulfate and hydroxyl geoupCNCs with PLA, thereby preventing the
drastic reduction in molecular weight. The PDI i@snd to be ~1.8 for recycled samples, which
was lower than that of PLA-CNC probably due to chain scission of the longhbreed PLA
chains during extrusion. However, after reprocesshe GPC chromatogram was found to be
sharper, with a decrease in the shoulder areaifr tmolecular weight peak and increase in
number of peaks in the low molecular weight regidhe area of the high molecular weight
shoulder peak decreased from ~89 to 68% for 1 anat®® CNC loadings respectively.
Moreover, three low molecular weight peaks werentb(at retention time ~16.5, 17.3 and 17.6
min), whose area increased with the higher CNCiggd(~8.46, 6.4 and 6.1% respectively at 3
wt% CNC loading) (Figure S2). This is possibly doelower grafting efficiencies at ~3 wt%
CNC loadings, which enhances the thermal degradatid®LA due to presence of sulfate and
hydroxyl groups. However, the decrease in MWD i$ significant enough compared to the
traditional approach of PLA/CNC processing and céy polymers with M ~ 250 kDa finds

potential engineering applications.
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Morphological studies

Figure 4(a) compares the physical appearance ofethetively extruded PLA, PLADCNC1
and rPLACNC1(1.35) with the PLA/CNC 1 wt% extrudieg simple melt blending at similar
processing conditions. Extrusion of the freeze dif@NCs with pristine PLA showed the
formation of black agglomerated particles, whichpi®bably due to the degradation of the
sulfate groups in CNCs at high shear and temperaloreover, the FESEM micrograph for the
PLA/CNC1 nanocomposite processed through traditiapproach showed the presence of large
agglomerations of the freeze dried CNCs (markeddgnare box Figure 4b). However, the
reactive extruded PLA-CNC strips were transparent and didn't producedhsiblack
agglomerated particles during extrusion, at all Cld&dings. Even the recycled strips were
found to be stable and transparent. As explainatleeathe reactive extrusion being an
instantaneous process, the radicals generated @s GNrface reacts with PLA chains thereby
shielding the sulphate groups which are responddrelegradation during extrusion process.
Moreover, the presence of such PLA encapsulated €ihWved better interfacial compatibility
with the PLA matrix which led to improved dispersias shown in Figure 4(c) & (d)). Figure
4(c), shows the presence of micro-gel like domaihbranched PLAg- CNC (in square box)
alongwith the rod-like CNCs which are uniformly wiisuted in the matrix. Magnified
micrograph of the circular region (inset Figure)4&t ~20KX) shows the presence of smooth
interphase between the micro-gel domains of PLArimnatith CNCs. The CNCs fabricated
through sulphuric acid hydrolysis were 700+50nmength and 30+8nm in width (Figure S4).
However, the dimensions of the PIQAENCs after reactive extrusion changed signifigantth
increased length of 1.5+.3um and diameter of 126%8Mhe increase in the dimensions is

probably due to the presence of grafting betweenhtydrophilic CNCs with the hydrophobic
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PLA through reactive extrusion in presence of DRB-extrusion of the extracted PLGACNC
gel, shows smooth PLA matrix with absence of theraagel domains in the interphase (Figure
4d). The freeze dried CNCs (marked in black arroar® randomly distributed without any
phase separation. It suggests that the grafted GN€Es after reprocessing were stable and
unaltered, which suggests its enhanced compayilitit! dispersion in PLA matrix.

Thermal properties

Thermal degradation behavior of PIQAENCs before and after recycling were investigated
predict the onset degradation temperaturgs{l, temperatures at which 10 and 50% reduction
occur (Tiosand Th2) and % reduction weight at 300°C. PLA showed alsiistep degradation
profile, with a Tonset0f ~306 °C and 1J, of 356°C which is due to hydrolysis and oxidaiain
scission of PLA chains (Figure 5) [22]. In our pas studies [10], simple dispersion of CNCs
into PLA matrix didn’t showed any improvement inetthermal properties. The PLACNC1
nanocomposite prepared through traditional appreadwed a slight decrement i, ~1-2°C
compared to neat PLA. However, grafting CNCs orité kh presence of small amount of DCP
through reactive extrusion approach led to impromeimn thermal stability of PLA. Thegset
and Ty,of PLADCNC1 was found to be improved by ~12°C aB#8C-respectively, compared to
neat PLA (Figure 5). The percentage reduction ingkteduring the initial processing (upto
~300°C) was also reduced significantly (only ~1t24) compared to traditional process. This is
due to the formation of PLA encapsulated CNCsatijtiduring reactive extrusion, which masks
the sulfate and hydroxyl groups of CNCs, therebhayieg the degradation process. Also, the
formation of C—C bond between the PLA and CNCsddad:nhanced thermal stability as higher
activation energy is required to break such bridgekages. Reprocessing the PIgAENC

nanocomposites led to the formation of low molecwaight fractions due to chain scission
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under thermal stress conditions. This led to aeses® in the dsetand T2 of IPLACNC1(1.35),
by 24°C and 8°C respectively, along with a reductb~5 % weight at 300°C in comparison to
PLADCNC1. Moreover, the reprocessed (rPLACNC1 ()).3ample, showed a weight loss ~4%
at a temperature ~150°C, which is probably duééopresence of the of low molecular weight
PLA chains as evident from the GPC chromatograntls pgaks at retention time 16.7 and 17.4
min(~13.4 and ~17.5% area of GPC chromatogramgctgely) (Figure S2) . In comparison to the
other PLAg-CNC nanocomposites (Figure 5), rPLACNC(1.35) hitrechighest fractions of the low
molecular weight PLA chains(~ 30% area of the GR@matogram), hence it showed a significant
weight loss at~150°C. Presence of such low maeautight fractions is probably due to the chain
scissions during thermal based recycling of R-E8NCs in the extruder, which subsequently leads to
decrement in the thermal properties. As shown he inset of Figure 5, the reprocessed
rPLACNC1(1.35) has almost similar degradation peofn the temperature range of 345-375°C.
Therefore, it can be concluded that the thermabgntes of the PLAG-CNC films do not alter
significantly on reprocessing which is desirablegdooduct fabrication.

Crystallization studies

XRD and DSC studies were carried out to understhactffect of both grafting and branching
in PLA-g-CNC nanocomposites on their crystal structuresDXtifractogram for the neat PLA
showed representative peaks at 16.4° and 18.8F(gee 6), which correspond to thdorm of
the PLA crystal with (010) and (110/200) planes]{l1acorporation of the CNCs by grafting
with PLA led to an increase in the intensity of iéfraction peak at ~16.4°, which suggests
enhancement in the crystallinity of PLA. As expkadnin the previous section, this is probably
due to the formation of C—C bonds between the Phéirns and the crystalline CNCs. Presence

of such interaction probably leads to ordered gyeament of the amorphous PLA chains on the

20



451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

CNC surface, which subsequently enhances the dnmy#taof the nanocomposites. Similar
observation of increase in crystallinity of the PbAsed cellulose composites, due to uniformly
dispersed cellulose microcrystal which in turn fedrdered arrangement of the PLA chains was
reported by Lin et al. 2011[43] and Mukherjee et 2013[14]. The grafting was further
confirmed by increase in d-spacing correspondintip¢oshift of peak @ =18.8° for neat PLA to

a lower D value of 18.3° for PLAF-CNC (2 wt %) nanocomposites. Similar phenomenon of
shift in 20 values to lower angles was also observed by Ghali §89], which suggests possible
intercalation of CNCs into the PLA crystal struetuduring reactive grafting. The presence of
CNCs in PLAg-CNC films is confirmed from the low intensity peak25=22.6°, corresponding
to cellulose | crystal structure [10]. It might dee to the presence of high molecular weight
PLA chains grafted onto the CNC surface, that thenisity of peak at ~22.6°, is not very sharp
in case of the PLA-g-CNC nanocomposites. The XRDOfraditograms do not change
significantly for the reprocessed rPLACNC films, iath suggests that the crystal structure does
not change significantly after recycling.

DSC studies were carried out to understand thecteffe heating and cooling cycles on the
crystallization dynamics of reactively grafted PCNC nanocomposites, as shown in Figure 7;
the corresponding thermal parameters are listdchble 2. The glass transition temperaturg (T
of PLA was found to be ~61.6°C. On grafting CNCactrely with PLA, the change ingwas
not significant (from second heating cycle) in camgon to neat PLA, probably because
grafting restricted the motion of PLA chains. PLfafjed CNCs have shown loweg Tfirst
heating cycle) in comparison to neat PLA; which wappressed with increase of CNC loading.
This is probably due to the presence of ungrafted Ehains or grafting of small PLA chains

onto CNCs which have enhanced mobility thereby eising the J. Moreover, presence of
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branching leads to formation of inter-spacing betmwvehe PLA chains, which undergoes
shrinkage during first heating cycle thereby insiieg chain mobility and decreasing [B4].
The specific heat (§ values corresponding to the change in the sldp& dhermograms is
determined through peak integration for all the RI-ENC samples. Subsequently, the
percentage of PLA chains that are grafted onto C{#&g-PLA) are calculated from the ratio of
the G values for corresponding PL&CNC samples to the (ralue of the neat PLA (Table 2).
PLADCNC1 has the highegtPLA value of 66%, which is in-line with its gragfficiency and
gel yield of 40.7 and 74.2% respectively. It wasrfd that on increasing the CNC loading, both
the grafting efficiency (calculated from gel framst) and g-PLA (calculated from DSC)
decreases. It is noteworthy to mention that sucprageches for determining the weight
percentage of polymers grafted on CNCs have bgmortezl elsewhere [30][45]. The decrease in
g-PLA is probably due to the agglomeration of CNGshigher loadings, which reduces the
effective -CHOH groups available for grafting of PLA chains. \é&n vary the grafting length
of PLA chains on the CNC surface by tuning the tiga@xtrusion process conditions, which in
turn can result in significant change in polymesperties.

Figure 7 (a) and (b) shows the DSC thermogramdHerfirst cooling and second heating
cycles of reactively extruded PL&CNC films. In the cooling cycle, neat PLA does sbbw
any exothermic peak corresponding to the crystdlbn process. However, on reactive grafting
of CNCs, sharp intense peaks corresponding to alligsttion can be seen during the cooling
cycle. This is due to the grafting of amorphous Ps&gments on the CNCs through C-C
crosslinks, which act as nucleating sites for alygtowth. The crystallization peak for PLAD
occurs at 127.3°C which decreases to 124.3°C wdtrease in the CNC concentration (~3 wt.

%). At higher CNC loadings, the % gel yield decesaand only 50% of PLA chains are grafted
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497 onto CNC surface; therefore, the ungrafted chaindergo rearrangement to overcome the
498 energy barrier to form crystals at lower tempemtiormation of sharper crystallization peaks
499 along with highernH. values (~29 J/g) with increased CNC loadings (t&walso suggest that
500 higher fractions of ungrafted PLA chains have r@aged to form crystals [44]. The crystallinity
501 (X¢) of extruded PLA films is found to be ~28%. Witlcorporation of 2 wt% CNCs, the %
502 crystallinity (X.) values increased slightly, because of the forwnadf C—C grafted sites with the
503 amorphous sections of PLA which also led to impdbaespersion of CNCs. Figure 7(b), shows
504 slight change in the slope neag With complete absence of the cold crystallizatp@ak for
505 PLA-g-CNC in comparison to the neat PLA. Occurrenceuchgphenomenon is probably due to
506 formation of enhanced cross-linked structures ef amorphous PLA with the CNC domains
507 which restricts the amorphous polymer chain mabild form crystalline lamella. The high
508 density of cross-linked PLA chains with crystalli@®&C through C-C bond formation, leads to
509 Dbetter interfacial adhesion, subsequently redubesirtterspaces causing reduction in the free
510 volume. During the ¥ heating cycle, relatively more amorphous PLA chalmecame
511 crystallized at I~125°C; however, cold crystallization peaks werseab in case of grafted
512 PLAs for all CNC loadings due to already develomegstallites during the first cooling as
513 shown in Figure 7(a). These thermographs clearpictighat the activation energy of chain
514 folding is lower in PLAg-CNC compared to pristine PLA due to which grafféldA chains
515 could overcome the energy barrier and crystallzenucooling whereas neat PLA chains could
516 not [25]. The melting peaks for PL&CNCs showed a narrow and sharper peak compared to
517 PLA which suggests formation of stable and unif@size crystals during reactive extrusion

518 process. These findings are in line with GPC studikere relatively uniform MWD of the PLA-
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g-CNC chains was observed due to which these sarspl®s the single melting phenomenon
compared to pristine PLA.

Further, DSC analysis was done for extracted BEBNC gel domains which are reprocessed
under similar extrusion conditions (Figure 8 (a)(i®). The re-extruded PLA-CNC showed
drastic reduction in the %-PLA and X values (Table 2), which is due to chain scissiomser
high shear thermal stressed conditions. The % @ €lains grafted onto the CNC surface after
reprocessing of the PLA-g-CNC gelsrPLA) was calculated from the ratio of, @alue of the
reprocessed rPLACNC nanocomposite to thedue of reprocessed PLA corresponding to their
Ty values. The reduction igrrPLA values suggests possible debonding/ deg@dati the high
molecular weight amorphous PLA chains grafted ean@MNC surface, which subsequently leads
to decrease in X The crystallization peak temperature increaséis mwcrease in CNC loading
for the reprocessed samples. It is probably becange-extrusion of PLA/CNC nanocomposites
the fraction of gel domains containing agglomerd@®&LCs increased and it underwent molecular
weight reduction due to thermal degradation. Preserf such agglomerations and gel fractions
hindered the crystallization phenomena which leghift in T, ~ 126.3°C for rPLA to 130.2°C
for rPLACNC2(3.33). However, the reprocessed PLAGCNanocomposites do not show any
significant alteration in melting behavior compareml PLA-g-CNC. Therefore, it can be
concluded that while reactive grafting of CNCs k&l significant change in the crystallization
properties, both the integrity and stability of tloeystal structures are maintained after
reprocessing.

Mechanical property investigations

The mechanical properties of situ reactive compatibilized PLA-CNC were investigated to

study the effect of grafting nanofillers like CNEthe presence of DCP. The neat PLA extruded
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strips have an ultimate tensile strength (UTS) 6f23MPa and elongation at break of 9%,
comparable with the reported literature [46]. THeARextruded strips with 1wt. % of CNC
(PLACNCY1) in the absence of the DCP as cross-likiggnt, showed improvement in the UTS
Young’s modulus (YM) by ~14 and ~100% respectiv&gactive grafting of CNCs into PLA
matrix led to significant increase in the tensiesgth and YM of nanocomposite by ~41% and
~490% respectively (Figure 9 (a) & (c)). Howevehe telongation at break is reduced
significantly (by ~ 70%) for all the loading fraotis of CNCs studied. Restriction in the
elongation may be due to the crosslinking betweBICE and the polymer chains through the
formation of C—C bond linkages (Figure 9 (b)). Heee the improvement in modulus can be
explained by the following two phenomena: firsttgactive grafting of PLA chains on CNC
surface leads to uniform dispersion and enhandesfagial adhesion of PLA-modified-CNCs
with the bulk PLA matrix (as explained in previaestion), and secondly, the formation of C—C
bonds between the PLA and CNC could act as anteféelinkage for transferring the developed
stresses (transverse elastic modulus of 18-50 G&amisotropic elastic modulus of 140-220
GPa [9] of individual CNCs) between them. Also, rease in the MWD during reactive
extrusion and formation of branched network likeistures in PLAg-CNC probably contributes
to the increase in the modulus. Moreover, as empthifrom the FTIR studies, grafting of
crystalline segments of CNCs probably took placettenamorphous domains of PLA, which
subsequently led to increase in the crystallinetivas in the PLAG-CNC nanocomposites
(further confirmed by XRD studies). Presence othswrosslinking with the amorphous
segments restricts the free mobility of PLA chatosdissipate energy under tensile force,
resulting in the increased brittleness and reduoditiothe % elongation at break. However, on

increasing the % CNC loading (up to ~3wt%) in PgASNC nanocomposites, grafting
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efficiency decreases due to agglomeration of CN@hveubsequently leads to deterioration of
mechanical properties. It is noteworthy to menttbat similar phenomenon of decrease in
elongation for such cross-linked structures wag alsserved in the case of the reactive extruded
polyhydroxybutyrate and polypropylene samples [47].

When the extracted PLA-CNC gels were reprocessed into strips under idahfirocessing
conditions (at 180°C, 50 rpm and retention tim& afins), the UTS and modulus of the rPQA-
CNC films decreased by ~28 and 56% respectivelguiied (a) & (c)). This is probably because
degradation of bulk PLA chains (both branched andak) takes place either during thermal
reprocessing or due to the presence of sulfatepgraun the agglomerated CNCs (at higher
loadings), as confirmed by the MWD studies. It edeworthy to mention that the UTS for the
reprocessed samples at different wt. % CNC loadangsomparable to neat PLA or PLACNC1,
probably due to shielding of sulphate groups. éhes of grafted PLA chains on the CNC
surface helped overcome the problems related tomtdeinduced PLA degradation during
extrusion in presence of CNCs especially at higbadings. MWD analysis of the reprocessed
PLA-g-CNC films shows decrease in,Mind M, by ~18 and 15% respectively and decrease in
the area of the high molecular weight peaks fror® #8 68% (Figure S2), which could be
responsible for the decrease in mechanical praggseftiowever, the increase in overall content of
the CNCs are represented in brackets for the repsetd PLAG-CNC samples (due to removal
of ungrafted PLA chains while washing). It couldlghen improving the UTS of the
nanocomposites but its contribution towards theoonamposites have been found to be
negligible. The reprocessed films showed slightroapment in elongation at break (by ~75%),
probably because of the presence of low molecuéaght fractions (increase in the area of low

molecular weight fractions after reprocessing) \whéct as plasticizers under tensile load. The
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UTS and modulus values of the reprocessed/recyRl€dg-CNC films are comparable or even
better than PLA (especially Young’'s modulus). Theme the approach of grafting PLA chains
onto CNCs through reactive extrusion process allothe recycling of PLAg-CNC
nanocomposite films even after service life.

Fracture behavior of the stretched PGAGCNCs films prepared using original and reprocessed
PLA/CNC samples was studied. FESEM micrographsL&ICNC1 films showed presence of
large polymer fibrillation which is caused by th@rhation of enhanced cross-linking (Figure
10(a)). Small micro-gel beads of PLACNC were also found along with fibrils, consistevith
reported studies for reactively grafted polymeis][Branching of PLA chains in the presence of
DCP leads to formation of entangled fibrils whiclinders early matrix failure, thereby
increasing its toughness effectively. Thereforesoitild be concluded that both enhancement in
interfacial adhesion and formation of such entashdgleanched structures are responsible for the
improvement in mechanical properties of PBASNC. However, on reprocessing of the
extracted gels, rPLACNC1(1.35) films showed smoptbminent rigid lines parallel to the
direction of the tensile load (Figure 10(b)). Preseof such aligned fibrils in reprocessed films
is due to the mobility of branched polymer chainsioh causes certain improvement in the
elongation properties. Therefore, it can be coredudhat reactive extrusion of PLA/CNC
nanocomposites by varying the DCP and CNC condamtisawill lead to different degree of
chain grafting and branching which can be usedne the mechanical properties.
Thermo-mechanical studies
Dynamic mechanical analysis (DMA) was carried autnteasure the change in the storage
modulus (E') and tard) before and after reprocessing of the Pg-&NC nanocomposites (at ~2

wt% CNC loading) over a temperature range of 25c9®igure 11 (a) & (b)). The E' increased
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on incorporation of CNC (at 2 wt. %) in presenceD&@P due to the formation of cross-linked
structure and better interfacial adhesion withgblmer matrix. E' values for reactively grafted
CNCs is found to be significantly higher than thegrafted PLA/CNC films. This suggests that
grafting of CNCs with polymer through the formatiohthe C—C bond leads to effective transfer
of CNC modulus to the PLA matrix. The effectivene$éghe grafted CNCs as reinforcement

agent is further measured by the filler effectiveneoefficient &

E; E]
o=(E)_ /@
T/ comp T/ matrix

whereE, andE; represent the storage moduli for the glassy antdemybstate of PLA and the
PLA-g-CNC nanocomposite, measured at constant frequehdyiz and at temperature 46°C
and 85°C respectively [22]. The nanofillers whiavé lowerCr; values are considered to be the
most effective reinforcing agent for the given pofr matrix. TheCzz values for the PLA/ICNC
films with ~2 wt % CNC (PLACNC2) fabricated throughaditional approach was 0.836,
compared to 0.721 for the reactively grafted R§-&NC (at ~2 wt %). Therefore, it can be
concluded from th&z; data that effective dispersion of CNCs could bbkieed using the
proposed reactive grafting approach.

Figure 11(b) shows the comparison of the t&@nplots for which the peak temperature was
selected to be the glass transition temperaturéhitomanocomposite. It is found that the glass
transition temperature decreases for the reactiegtyuded PLAg-CNC nanocomposites in
comparison to the neat PLA. This is probably beedhe cross-linked PLA-CNC gels usually
undergoes heat shrinkage at(as explained in previous section), which dependshe degree
of branching as per the reported literature [44f Tecrease inglvas further confirmed by DSC
analysis and similar phenomenon has been previcalsberved for the reactive grafting of

maleic anhydride on PLA in the presence of DCP.[26]
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On reprocessing E' decreases significantly, prgbdbé to the thermal degradation which is
accompanied by a decrease in the molecular weigthtfarmation of large fractions of low
molecular weight chains which are less effectivetating energy under tensile load. However,
Crg values do not change significantly during repreoes of the PLAg-CNC films suggesting
that there is no significant change in the gra@®C structure, as discussed earlier. Therefore, it
can be concluded from the thermo-mechanical stuti@sreactive grafting of CNCs results in
the formation of thermally stable and reprocessBleA films suited for high performance
engineering applications.

Conclusions

This work successfully demonstrated the grafting?bA on CNC using DCP initiator via
reactive extrusion process which enhances the diiization between hydrophobic PLA and
hydrophilic CNC. The maximum fraction of PLA chaigsafted on CNC surface is 66% with the
highest grafting efficiency achieved at 1 wt% CNgadings. NMR and FTIR spectroscopic
studies confirm the grafting between the methir@H(} groups of PLA with the methylene
groups of CNC by establishing C—C bridge using D&&Pgrafting agent. Due to the chain
extensions and formation of branched structures,My and M, of PLA-g-CNCs increased
significantly. Interestingly, M and M, do not change significantly during recycling oé tRLA-
g-CNC gels. Both PLAG-CNC (obtained through reactive extrusion) and rEINC (obtained
after further reprocessing) are capable of formtragsparent films with improved adhesion and
dispersion of CNCs. Due to formation of the C—-C dwmwith the CNCs, both the thermal
stability and the mechanical properties of PGANC nanocomposites improved significantly.
The tensile strength and Young’s modulus improvediband 490% respectively, whereas the

filler effectiveness coefficient (&) values decreased, suggesting that the grafteds@dCas an
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efficient reinforcing agent. XRD and DSC studieswh improvement in crystallinity, possibly
due to grafting of the amorphous PLA chains on® dhystalline CNC segments which act as
nucleating agent. This novel, thermally stable,ctiga extrusion-based strategy can be
implemented for industrial scale fabrication of RGACNC recyclable biocomposite films for
potential applications in packaging.
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Figures and Tables

Scheme 1: (a) Mechanism of thermal decompositiothefDCP into peroxide radicals during
extrusion at T=180°C (initiation step), (b) Genemratof CNC and PLA radicals followed by

reactive extrusion at screw speed = 50 rpm anccled¢yne= 2 min (propagation step) leading to
the formation of PLA grafted CNC structures (teratian step). (c) Pictorial representation of
the grafting mechanism of initiation, propagationdatermination of the reactive extrusion

process for PLA3-CNC along the different zones of the extruder.

Figure 1: (a) Comparison of FTIR spectrograms aitrfeLA, PLAD, PLADCNC1land rPLA

CNC1(1.35) with the selected regions (marked irtloloxes) analyzed at (b) 3600—2700"m
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745 (c) 1900-1400 cih and (d) 1500-600 cmwavenumber range and the representative peaks

746 marked with black arrows.

747 Figure 3: (a) Molecular weight distribution, weighterage (M) and number average (Mand
748 (b) polydispersity index (PDI) of extruded PLA, ctiaely extruded PLA/CNC nanocomposites
749 (PLAD, PLADCNC1, PLADCNC2 & PLADCNC3) and reprocessPLAg-CNC gels (rPLA,

750 rPLACNC1(1.35), rPLACNC2(3.33) & rPLACNC3(5.15)).

751 Figure 4: (a) Pictorial comparisons of the neat PPAADCNC1 and rPLACNC1strips with
752 PLA/CNC 1wt. % extruded by simple melt blendingaditional approach), (b) FESEM

753 micrographs of PLADCNC1 and (c) rPLACNC1(1.35).

754  Figure 5: Comparison of the thermogravimetric (TGA9ts for the neat PLA, PLADCNC1 and
755 rPLACNC1(1.35) respectively with the inset showthg TGA profile in the temperature range

756  of 345-375°C.

757 Figure 6: XRD diffractograms for the extruded nB&tA and reactively extruded PL&CNC

758 films, represented as PLAD, PLADCNCZland PLADCNC2.

759 Figure 7: DSC thermograms for the (a) first cooloygle and (b) second heating cycle for the

760 reactively grafted PLA-CNC nanocomposites.

761 Figure 8: DSC thermograms for the (a) first cooloygle and (b) second heating cycle for the

762 re-extruded PLAG-CNC gels.

763 Figure 9: Mechanical properties: (a) ultimate tenstrength, (b) % elongation and (c) Young’s
764 modulus of the reactively extruded PIQA©NC nanocomposites and reprocessed BL@NC

765 gels.
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766 Figure 10: FESEM micrographs of the fractured saspbf (a) PLADCNC1 and (b)

767 rPLACNC1(1.35).

768 Figure 11: (a) DMA and (b) tad plots for the reactively grafted and reprocessed-B-CNC

769 films (~2 wt% CNC loading).

770

35



Figure 2:'H NMR spectra for the PLA-CNC sample (PLADCNC1) with the selected
region (4.4-3.3 ppm, marked in black box; as zognaedl shown as inset. The inset also
shows the probable structure of PQAENC formed after reactive extrusion in the pregenc
of DCP.



Table 1: Calculated grafting parameters, namely yeld percentage (Gel Yield), graft
percentage (%GP), grafting efficiency (Y%GE) andghticonversion (%WC), for the reactively
extruded PLA/CNC nanocomposite strips in the preseof DCP (1.2 wt%). The effect of

grafting on the change in the specific rotation aptical rotation are also listed.

Samples | Gel Yield Graft (%) Graft Weight Specific | Optical
(%) Efficiency | Conversion | Rotation | Rotation
(%) (%) ) )

PLA - - - - -158.37 -1.582
PLAD 52.2(+0.6) - - 50.8(1.8) -145.07 -1.509
PLADCNC1 | 74.2(x0..9)| 7706.2(x10.3) 76.8(+2.9)| 73.6(x2.1) -137.24 -1.329
PLADCNC?2| 61.0(x1.2)| 2900.1(+25.5) 57.6(+5.1) | 59.6(+1.9) -140.73 -1.419
PLADCNC3| 58.1(+1.8) | 1840.0(+21.3) 54.7(x2.8) | 57.7(x1.7) -145.22 -1.475




Table 2: Thermal and crystallization properties tbe reactively extruded PLACNC

Sample Tg | ACprg | Tee |AHee| Tc | AHe | Tm | AHM | X g-PLA
(°C) | (/g.°C)| (°C) | Q/g)| (°C) | /g) | (°C) | (/g) | (%) | (g-rPLA)
(%)
PLA 61.6| 1.638| 112.%26.2 - - 170.2 -26.1| 28.1 100
PLAD 54.5| 0.780 91.6f 13.8 127/0 274 168.29.2| 31.3 47.6
PLADCNC1 52.7| 1.080 88.0 121 1273 24.0 165:81.6| 34.0 66.0
PLADCNC?2 55.0/ 0.823 93.3 166 1253 2§.8 169:B2.5| 35.0 50.2
PLADCNC3 55.8| 0.875 93.3 155 1243 2§9 16981.2| 335 53.4
rPLA 53.0| 0.944 91.5 147 126/3 293 169429.2| 31.3 -
rPLACNC1(1.35)| 57.0f 0.885 94.2 14{1 1250 2.0 16926.7| 28.7| 54.0(93.7
rPLACNC2(3.33)| 56.0f 0.850 90.6 117 130.2 24.7 16730.6| 32.9| 51.9(90.0
rPLACNC3(5.15)| 55.8) 0.781 90.6 12|9 1299 29.2 46631.0| 33.3| 47.6(82.7

nanocomposites and reprocessed REBNC gels.

where T= glass transition temperaturé&\C, r—specific heat corresponding to glass transition
temperature calculated from first heating cygé€LA=represents the % of PLA chains grafted
onto CNC surface (measured as the ratia ©f 14 (for PLA-g-CNC gels)/AC,, 14 (for PLA)), -
rPLA= represents the % of PLA chains grafted onOGurface after reprocessing of the PLA-
0-CNC gels (measured as the ratio\@, 14 (for reprocessed rPLACNC nanocomposités)) 14

(for rPLA)), Tc= cold crystallization temperaturaH.~= enthalpy for cold crystallization, ¥
crystallization temperature (cooling cycle),=T melting temperatureAH%,= melting enthalpy
corresponding to " heating cycle AH%, = melting enthalpy for 100% crystalline PLA was
taken as 93 J/g [26] and->degree of final crystallinity calculated from @bf AH%, andAHC, .
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Highlights

PLA chains grafted onto CNC surface (PLA-g-CNC) through C-C bond formation in
presence of dicumyl peroxide radical.

PLA-g-CNC nanocomposite films were found to be thermally stable and could be
recycled.

PLA-g-CNC films shows uniform dispersion of CNC due to the efficient grafting, results
in improvement in tensile strength.

Crystalline behavior and elastic properties of resulting composites improved with
increase in the CNC loadings.



