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Abstract 8 

This paper reports a single step reactive extrusion process for fabrication of thermally stable, 9 

polylactic acid grafted cellulose nanocrystal(PLA-g-CNC) nanocomposite films using dicumyl 10 

peroxide as crosslinking agent. PLA-g-CNC nanocomposites were recycled without significant 11 

breakage in the molecular structure of PLA. The grafted PLA chains shields the sulfate and 12 

hydroxyl groups of CNCs, thereby enhancing the compatibilization with PLA matrix and 13 

preventing thermal degradation during extrusion. NMR and FTIR spectroscopy studies showed 14 

that amorphous PLA chains grafted on CNC surface through C–C bonds formation. Presence of 15 

such chemical crosslinks led to efficient transfer of modulus of CNCs to PLA matrix, thereby 16 

improving the tensile strength and young’s modulus by~40% and~490%,respectively. Recycling 17 
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of PLA-g-CNC doesn’t alter the molecular weight, thermal, crystallization and mechanical 18 

properties of the nanocomposites significantly. Therefore, the current study provides a novel 19 

approach for fabricating CNC-reinforced-PLA nanocomposites which can be easily recycled and 20 

reused for multiple cycles.  21 

Keywords: cellulose nanocrystal, polylactic acid, nanocomposites. 22 

Introduction 23 

Polylactic acid (PLA) is a bio-based thermoplastic polymer derived from renewable resources 24 

(e.g. corn, starch, sugarcane, etc.) which has the potential to replace the petroleum-derived 25 

polymers and solve the problems related to their sustainability. Among all the bio-based 26 

polymers, PLA has attracted considerable interest because of its easy processability and 27 

comparable mechanical and thermal properties in comparison to conventional synthetic 28 

polymers. However, the brittle nature, inferior oxygen or water vapor barrier properties and heat 29 

distortion temperature (~55ºC) [1] limits its application for manufacturing commodity products. 30 

Therefore, modifications of PLA through physical approaches like incorporation of nanofillers 31 

[2,3], plasticizers [4,5] and blending [6] as well as through chemical approaches like 32 

polymerization through different routes such as grafting onto and from approaches [7,8] have 33 

been extensively researched.  34 

Cellulose nanocrystals (CNCs) are fabricated by extracting the crystalline segments of 35 

cellulose through controlled acid hydrolysis of feedstocks derived from renewable biomass 36 

resources. CNCs have relatively improved mechanical properties with high tensile strength and 37 

elastic modulus (~140–220 GPa) (compared to other high-strength materials such as glass fiber, 38 

Kevlar etc.,), which depends on the biomass feedstock and the acid system used for cellulose 39 
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hydrolysis [9]. The rod-like morphology of CNCs alongwith its high hydroxyl functionality and 40 

surface area makes it a strong reinforcing agent, that can form a percolated network-like 41 

structure in thermoplastics such as PLA  [10]. Presence of such network imparts the desired and 42 

targeted properties of CNCs to the polymeric matrix. However, the effective dispersion of CNCs 43 

in the polymer matrix depends on the surface modification approaches and PLA processing 44 

methodology (solution casting or extrusion) employed. Surface modification of CNCs through 45 

strong oxidizing agents such as TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl [11] or 46 

ammonium peroxidosulfate [12], immobilizing monomeric units [13], surface acetylation [14], 47 

silanization treatment [15], carboxylation-amidation reaction [16], plasticizers [17], adsorption of 48 

surfactants [18] etc. results in improved dispersion of CNCs in polymer matrix through solution 49 

casting process.  50 

Processing of PLA/CNC nanocomposites through melt extrusion process is a challenging task as 51 

it leads to the agglomeration of hydrophilic CNCs in PLA matrix due to the presence of strong 52 

intermolecular hydrogen bonding [19]. PLA is susceptible to thermal degradation during melt 53 

extrusion which leads to the reduction in bulk properties such as mechanical, gas barrier, thermo-54 

physical properties. CNCs self-assemble to form non-dispersible agglomerates (under freeze or 55 

air drying conditions) in dry state [20] and the sulfate groups of CNC surface (acquired during 56 

sulphuric acid hydrolysis) act as catalyzing agent for the degradation of both CNCs and PLA 57 

during extrusion [21]. To overcome such challenges researchers have used two different 58 

approaches: firstly, hydrophilic polymers are adsorbed on CNC surface (using physical or 59 

chemical methods) to mask the sulfate groups [22], and secondly, reactive extrusion is carried 60 

out in the presence of chain extenders [23]; such studies however are scarce. Also, to the best of 61 
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our knowledge, studies reporting recycling of polymer-CNC nanocomposites (without altering 62 

the polymeric properties significantly) hasn’t been reported in the literature till date.  63 

Recently, several studies have been reported on reactive extrusion of PLA in the presence of 64 

various chain extenders and radical initiators which lead to improvement in melt strengthening 65 

thereby widening the processing window of PLA. Marsilla & Verbeek [25] grafted itaconic 66 

anhydride on PLA through radical grafting process, which led to improvement in the tensile 67 

strength and elongation at break (~60 %). Spinella et al. [26] developed a green approach using 68 

titanium tetrabutoxide for reactive blending of PLA with poly (ω-hydroxytetradecanoic acid) 69 

compatibilizing through trans-esterification reaction. This led to significant improvement in the 70 

elongation at break (by ~140%) and impact strength (by ~2.4 times). Interestingly, it was found 71 

that reactive extrusion based PLA composites retained the inherent biodegradable nature and 72 

were readily compostable and degradable under hydrolysis conditions [24] . Similarly, in situ 73 

compatibilization of PLA with poly (butylene adipate-co-terephthalate) lead to improvement in 74 

the impact toughness and elongation at break (by ~300%) [24]. Yang et al. [28] achieved 75 

significant increase in thermal stability of PLA by incorporating trace amount of crosslinking 76 

agent. Blending of PLA with poly (3-hydoxybutyrate-co-4- hydroxybutyrate) in the presence of 77 

dicumyl peroxide (DCP) initiator resulted in high crosslinking which showed typical toughening 78 

with improvement in tensile strength [25].  Grafting of maleic anhydride in the presence of an 79 

initiator showed slight increase in molecular weight of PLA, possibly due to crosslinking or 80 

increase in chain entanglements [26]. Recent studies on the effect of radical initiators on the 81 

rheological properties of PLA confirms that the increase of branching leads to improvement in 82 

the melt strength by approximately three times with higher shear sensitivity [27],[28],[29]. 83 

However, studies on reactive extrusion of polymers in presence of fillers or nanofillers have been 84 
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rarely reported. Wang et al. [34] grafted bamboo flour onto PLA using benzoyl peroxide and 85 

tert-butyl peroxy benzoate (as initiators) and glycidyl methacrylate (as chain extender). 86 

Improved compatibility between the two phases was observed which led to enhancement in the 87 

mechanical strength and modulus by 44 and 135% respectively, along with increase in the 88 

thermal properties. Recent studies [30] on in situ reactive extrusion of PHB with cellulose in the 89 

presence of DCP led to improvement in the glass transition temperature and onset degradation 90 

temperature (by ~22ºC), along with significant decrease in the crystallinity.  91 

In the present work, PLA is grafted on CNCs through reactive extrusion process in the 92 

presence of DCP (as radical initiator) and the effect on the mechanical, thermal and 93 

crystallization properties are extensively studied. The grafting is confirmed through fourier 94 

transform infrared spectroscopy (FTIR) and the possible mechanism is explained from nuclear 95 

magnetic resonance (NMR) analysis. X-ray Diffraction (XRD) and differential scanning 96 

calorimetry (DSC) studies are carried out to understand the effect of grafting parameters on the 97 

change in crystallinity of PLA. The effect of grafted CNCs on the mechanical properties of the 98 

nanocomposites is investigated with dynamic mechanical analyzer (DMA) and tensile studies. 99 

We report for first time an industrially viable, thermally reprocessible process for the fabrication 100 

of PLA/CNC nanocomposites which could be recycled without any significant change in the 101 

PLA properties. 102 

Experimental Section 103 

Materials. Poly L-lactic Acid (PLA) (grade: 4032D, L-lactic acid/D-lactic acid: 98.6/1.4) used 104 

in this study was supplied by Nature Works® LLC., USA. The weight average (Mw) and number 105 

average molecular weight (Mn) of PLA 4032 were obtained using Gel Permeation 106 

Chromatography  (GPC) (calibrated with polystyrene standards) and found as ~200,000 and 107 
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~150,000 Da respectively. Bamboo pulp received from Hindustan Paper Corporation Limited 108 

(HPCL, Nagaon, India) was pretreated by soda pulping method followed by bleaching to extract 109 

the purified cellulose. Sodium hydroxide (>97%), sodium hypochlorite (4%), hydrogen peroxide 110 

(30%) and sulphuric acid (>99%) (Analytical grade) used for the CNC fabrication were 111 

purchased from SISCO Research laboratories (SRL Chemicals, India). Dicumyl Peroxide (DCP), 112 

used for reactive extrusion as radical initiator, was purchased from Sigma Aldrich, India. 113 

Chloroform (Merck, HPLC grade) and deutrated chloroform (Merck, India) was used as received 114 

for the GPC and NMR measurements. 115 

Fabrication of Cellulose Nanocrystals 116 

Bamboo pulp was pretreated through soda pulping method (2 wt% sodium hydroxide at 80ºC 117 

for 2 hours) followed by bleaching (2 wt% hydrogen peroxide and sodium hypochlorite 118 

treatment at 80°C for 2 hours) to remove the hemicellulose and lignin impurities. Acid 119 

hydrolysis of the purified pulp (1.0 g) was carried out with sulphuric acid (64 wt%) as previously 120 

reported [31],[32]. The hydrolysis reaction was stopped by adding chilled deionized water 121 

followed by centrifugation (~10,000 rpm) to remove the excess acid. The CNC suspension was 122 

dialyzed with distilled water using cellulose acetate membrane (cut off molecular weight 123 

~14,000 Da, Sigma Aldrich) until a final pH of ~7 was attained. Subsequently, the final 124 

suspension was lyophilized for 24 hours at –30 °C to obtain the freeze dried CNCs. 125 

Reactive Extrusion of PLA-g-CNC Nanocomposites 126 

PLA granules and freeze dried CNCs were vacuum dried at 40ºC overnight to remove the 127 

adsorbed moisture. DCP, the radical initiator (1.2 wt. %) used in this study, was dissolved in 128 

acetone (10 ml) and sprayed on PLA beads. The PLA beads were further dried in vacuum at 129 

40ºC to remove the excess acetone before processing. The DCP coated PLA granules (10 g) were 130 
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mixed with CNC (at different ratios 1–3wt. %) in a beaker and extruded in a twin screw extruder 131 

(Haake Rheomix). The extrusion parameters, i.e. screw speed and processing temperature were 132 

maintained at 50 rpm and 180°C respectively with a recycle time of 5 minutes. The PLA-g-CNC 133 

nanocomposites were extruded into strips of dimension ~ 5mm (width) × 0.5mm (thickness). 134 

Hereafter, the PLA-g-CNC nanocomposites extruded in the presence of DCP and with various 135 

loadings of CNCs (1–3wt. %) are represented as PLAD, PLADCNC1, PLADCNC2 and 136 

PLADCNC3, respectively. 137 

The extruded strips (in the presence of DCP) were washed in excess chloroform for 24 hours to 138 

remove the unreacted DCP and non-grafted PLA. The suspension was vacuum filtered (filter 139 

paper of pore size ~ 450µm) and the grafted PLA/CNC gel was washed with excess chloroform 140 

to remove the ungrafted PLA several times and the gel left over after filtration was collected. 141 

The gel was dried in vacuum (~50°C) to remove the trapped chloroform and the gel yield (%) 142 

was calculated using equation (1). 143 

���	% = ��	

�� × 	100                                                                                                                 (1) 144 

where ���� and �� are the mass of dry gel after vacuum drying  and initial mass of extruded 145 

strips before dissolving in chloroform, respectively.  146 

Several other grafting parameters such as graft percentage (%GP), grafting efficiency (%GE) 147 

and weight conversion (%WC) were also calculated as reported in the literature [30]. Graft 148 

percentage represents the mass of the grafted PLA with respect to initial mass of CNCs, as 149 

defined in equation (2). 150 

	%�� = 	 (��	
�����)
���� 	× 100                                                                                                 (2) 151 

Graft efficiency (GE), measures the mass of PLA grafted onto the CNCs and is represented as 152 

in equation (3). 153 
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	%�� = 	 (��	
�����)
���� 	× 100                                                                                                  (3)     154 

Weight conversion (WC) measures the percentage of the CNC grafted and is defined in 155 

equation (4). 156 

	%�� = ��	

���� 	× 100                                                                                                             (4) 157 

where ����,	� !" and �#$# represent the mass of grafted PLA/CNC gels, PLA and CNC 158 

respectively. 159 

After washing the PLA-g-CNC nanocomposites with chloroform to remove the ungrafted PLA 160 

chains, the change in the wt. % of the CNC in the reprocessed PLA-g-CNC (rPLACNC) 161 

nanocomposites are calculated using the following equation (5): 162 

%CNC in rPLACNC nanocomposites = 
����
��	
 	х	100 = 	 &'& 	× 	())�# × 100                                   (5) 163 

Reprocessing of the PLA-g-CNC grafted gels 164 

The vacuum dried PLA-g-CNC gels were chopped into small strips and were further 165 

reprocessed through the extruder for all CNC weight fractions. The parameters for extrusion 166 

were kept similar to the first processing, i.e. screw speed at 50 rpm, extrusion temperature of 167 

180°C and recycle time of 5 min. The dimension and drawing speed of the extruded strips were 168 

also kept constant. Hereafter, the reprocessed PLA-g-CNC samples for all weight percent of 169 

CNCs (1–3wt. %) are represented as rPLA, rPLACNC1(1.35), rPLACNC2(3.33) and 170 

rPLACNC3(5.15) with the numbers in bracket representing the probable CNC wt. % present in 171 

the samples after the ungrafted PLA have been removed (calculated using eq. (5)). 172 

Analytical Instrumentation and Characterization. 173 

Powder X-ray Diffraction (XRD). The wide angle X-ray diffraction (WAXD) studies were 174 

carried out with D8 Advance diffractometer (Bruker, Germany) equipped with Cu-Kα radiation 175 
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(λ= 0.1541 nm) as X-ray source operating (40 kV, 40 mA) at scan rate of 0.05° per 0.5 s in the 176 

2θ range 10–50°. The crystallite size of PLA and reactively extruded PLA-g-CNC 177 

nanocomposites was determined using the Diffractogram v2.0 software.  178 

Fourier Transform Infrared Spectroscopy (FTIR).The chemical grafting studies of PLA-g-179 

CNC nanocomposites were conducted in transmission mode using Perkin Elmer (Frontier) 180 

spectrometer, in attenuated total reflection (ATR) mode using ZnSe crystal in the range of 4000–181 

500 cm-1 with resolution of 4cm-1 for 128 scans. 182 

Field Emission Scanning Electron Microscope (FESEM). The extruded strips were placed on a 183 

stub with carbon tape and coated with gold in sputtering unit for 180s. To study the fracture 184 

behavior of PLA-g-CNC films, the samples after tensile studies were immediately immersed into 185 

liquid nitrogen. Thereafter, surface morphology of the samples were examined using FESEM 186 

(ZEISS, USA) at an accelerating voltage of 2-5kV. 187 

Gel Permeation Chromatography (GPC). The molecular weight of the extruded samples were 188 

determined using high performance liquid chromatography (HPLC), Shimadzu LC-20A system 189 

(Shimadzu, Japan) equipped with two PLgel 5µm mixed D columns (Agilent, UK) in series 190 

which were calibrated using polystyrene standards in chloroform. The extruded samples (~20mg) 191 

were dissolved in HPLC grade chloroform for 3 days and filtered with 0.2µm filter paper before 192 

analysis. The measured molecular weight distribution (MWD) for the cross-linked/ branched 193 

PLA is not exact because of the change in the hydrodynamic volume; however, significant 194 

amount of information could be obtained from this study.  195 

Differential Scanning Calorimetry (DSC). The thermal properties of the PLA and reactively 196 

extruded PLA/CNC samples were characterized with Netzsch DSC (Germany) under inert 197 

nitrogen gas flow (~60ml/min). DSC studies were carried out at a scanning rate of 10°C/min 198 
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with temperature varied from 25°C to 190°C for both heating and cooling cycles.  The 199 

calibration was carried out using Indium standard beforehand and samples weighing ~5-6 mg 200 

were placed on a platinum crucible for analysis. 201 

Universal Testing Machine (UTM). The mechanical studies of the extruded samples (specimen 202 

size: 50mm х 5 mm (length х width)) were carried out following the standard protocol ASTMD 203 

882, with the universal testing machine (UTM) (Kalpak Instruments, India) equipped with a load 204 

cell of 500N at a constant speed of 10mm/min. 205 

Optical Polarimetry. The specific and optical rotation of the PLA and PLA-g-CNC samples 206 

(20 mg dissolved in 20ml chloroform) were measured with AUTOPOL II (Rudolph Research 207 

Laboratory, USA) at a wavelength of 589 nm using self-calibrated mechanism. 208 

Nuclear Magnetic Resonance (NMR). The chemical structures of PLA and PLA/CNC gels 209 

were studied with 600MHz nuclear magnetic resonance (NMR) spectrometer (Bruker, 210 

Germany). The samples were dissolved in deutrated chloroform (CDCl3) for 3 days and filtered 211 

with 0.25 µm filter (3 times) before analysis. 212 

Dynamic Mechanical Analyzer (DMA). The thermo-mechanical analysis of the extruded strips 213 

was carried out with DMA242 (Netzsch, Germany) in tensile mode under a dynamic force of 2 214 

N, amplitude of 20µm at a frequency of 1 Hz.  Samples were cut into 5 mm х 5 mm х 0.5 mm 215 

strips and measurements were carried out in the temperature range of 25-90°C at a heating rate of 216 

2°C/min. 217 

Results and Discussion 218 

In situ reactive grafting of PLA on CNC: Reaction mechanism, grafting parameters and 219 

molecular weight studies. 220 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 11

Reactive grafting of PLA on CNC (PLA-g-CNC) surface was successfully carried out through 221 

extrusion process in presence of DCP which decomposes into free radicals at high temperature. 222 

The activity of the DCP initiated peroxide radicals (as shown in Scheme 1a) is short (~180s) 223 

[33],[34], due to which grafting reaction took place during the initial 5 minutes of the extrusion 224 

process under high shear conditions. To achieve effective grafting, optimization of the reactive 225 

extrusion process in terms of parameters such as screw speed, temperature and DCP content was 226 

carried out. It was found that a screw speed of 50 rpm, extrusion temperature of 180ºC, and DCP 227 

content of 1.2% was effective in achieving high molecular weight (data not shown). A residence 228 

time of about 5 min was selected because of the short life of DCP radicals as well as previous 229 

studies also report maximum gel yield under similar conditions [30]. At such optimized 230 

conditions, the effect of different CNC loadings (1–3 wt %) on grafting parameters and 231 

properties of PLA fabricated through extrusion process were investigated in detail. During the 232 

reactive extrusion process, it was found that the complex viscosities of these samples (~50-70 233 

Pa.s at various CNC loadings) were higher in comparison to neat PLA (~40 Pa.s), probably due 234 

to the formation of branched and cross-linked structures [35].The PLA-g-CNC formed micro 235 

gel-like structure which was filtered out and extracted in chloroform, to remove the unreacted 236 

PLA. It was found that the incorporation of CNCs into PLA during reactive extrusion process 237 

enhances the formation of gel and grafting percentage. Table 1 summarizes the effect of CNC 238 

loading on the percentage gel yield, graft percentage, graft efficiency, weight conversion, 239 

specific rotation and optical rotation respectively during the reactive extrusion process. The 240 

maximum grafting efficiency and gel yield % was found to be 40.7 and 76.8 % respectively for 241 

PLADCNC1 (Table 1). Gel yield decreases at higher CNC loadings, probably due to thermally 242 

induced chain scission during extrusion, catalyzed by the high content of sulfate groups present 243 
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on CNC surface which suppress the grafting reaction. Moreover, the agglomeration of CNCs at 244 

higher loadings decreases the number of available – CH2OH groups on CNC surface for the 245 

grafting reaction to take place. The specific and optical rotation of PLA-g-CNC changes 246 

compared to neat PLA, by ~21º and 0.1º respectively. This is possibly due to the grafting of 247 

CNCs on the chiral center carbon of PLA which hindered the specific rotation [36].  248 

To confirm the grafting of PLA on the CNC surface, chemical structure analyses were carried 249 

out through FTIR and NMR spectroscopy. PLA showed characteristic FTIR peaks at 1748, 1180, 250 

1128, 1078, 1042, 868 and 954 cm-1 corresponding to C=O stretching, C–O–C asymmetric 251 

stretching, C–OH side group vibrations, C–C vibrations and –CH stretching [37](Figure 1). CNC 252 

showed characteristic FTIR peaks at 3402, 2908, 1647, 1427, 1319, 1203, 1163,1031 and 896 253 

cm- 1 corresponding to –OH stretching, -CH stretching, -OH bending, -CH2 bending, - CH2 254 

wagging, C-OH bending in plane at C-6, -C-O-C asymmetric stretching of β-glucosidic linkage, 255 

C-OH stretching in plane at C-6 and -C-O-C asymmetric bending of β-glucosidic linkage 256 

respectively[10]. The FTIR peaks at 2854, 2924 and 1380 cm-1, corresponding to the symmetric, 257 

asymmetric stretching and deformation of –CH3 groups, were present in all the samples. (Figure 258 

1(b)). The peak at 1180 cm-1 corresponding to C–O–C stretching, were present in PLA Neat, 259 

PLAD and rPLACNC1(1.35) (with decreased in intensity compared to pristine PLA due to 260 

grafting), however, it shifted to 1164 cm-1 in case of PLADCNC1. The peak at ~1128 cm-1 261 

corresponding to CH3 rocking, is visible for the PLA Neat, however, slight shift in peaks were found 262 

for PLAD to ~1124 cm- 1, for rPLACNC1(1.35) to ~ 1122cm-1 and PLADCNC1 to ~1122 cm-1. 263 

Similarly ,the peak at ~1454 cm-1 corresponding to CH3 vibration asymmetric bending for neat PLA 264 

and PLACNC1, shifted to ~1464cm- 1 for the PLA-g-CNC gels and reprocessed rPLACNC samples.  265 

The shift in peaks of C–O–C stretching , –CH3 rocking and bending is probably due to the grafting of 266 
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PLA with CNCs alongwith the formation of high molecular weight cross-linked PLA-g-CNC 267 

branched nanocomposites [30]. The peaks at 2998 and 1362 cm-1 present in PLA and PLACNC1, 268 

corresponding to the –CH vibration and stretching respectively, were significantly diminished in 269 

all the extruded samples (in the presence of DCP) (Figure 1(b) & (d)). In the case of the 270 

PLADCNC1 and rPLACNC1, the –CH stretching peak of PLA at 1042 cm- 1 was absent and a 271 

new peak at 1020 cm- 1 corresponding to formation of new C–C linkage due to grafting between 272 

the PLA and CNCs was found. CNCs show their characteristic peaks at 1028 and 1203cm-1 for 273 

the C-OH stretching and bending in plane at C-6 which were found to be present in the PLA-g-274 

CNC gels and reprocessed samples, however, slightly shifted to 1020 and 1208 cm-1 275 

respectively.  Presence of such peaks confirms the formation of the grafting between the C(6)-276 

OH of the CNCs  with the methine groups of PLA (as shown in Scheme 1).Moreover, the 277 

carbonyl peak for pristine PLA shifted from 1748 cm-1 to 1740 cm-1 during extrusion (in 278 

presence of DCP only) (Figure 1(c)), due to the grafting of –CH2OH groups in CNCs onto the 279 

methine groups of PLA. 1H NMR spectroscopy analysis of PLA-g-CNC samples (PLADCNC1) 280 

also showed new characteristic peaks at 3.68 ppm and in the 4.1–4.5 ppm range[38] (see Figure 281 

2) which confirms the grafting. The new peak at 3.68 ppm corresponds to the methine protons 282 

formed in the PLA-g-CNC structure (marked as ‘a’ in the inset of Figure 1(e)). Presence of such 283 

methine protons was also reported in case of PLA grafted maleic anhydride based wood flour 284 

composites and PLA grafted with polyethylene glycol systems in presence of DCP (~3.6 ppm)[39] 285 

[40]. The peaks in the range of 4.1–4.5 ppm correspond to the methylene protons of the cellulose 286 

backbone, which confirms the presence of CNCs in the grafted structure [42]. In the 1H NMR 287 

spectra of pristine PLA (Figure S1), the peak at 3.68 ppm was found to be absent and the peaks 288 

at 5.19 and 1.46 ppm which represent the CH and CH3 protons, were found to have no significant 289 
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shift/changes in comparison to 1H NMR spectra of PLA-g-CNC. The grafting efficiency was 290 

calculated for PLA-g-CNC under various CNC loadings (1–3 wt %) by integrating the peak area 291 

at 3.68 ppm. It was found that the grafting efficiency was highest in the case of 1 wt% CNC 292 

loading and decreased with increase in CNC loading, consistent with the calculations for gel 293 

yield (from equation (1)) as shown in Table 1. The peroxide radicals generated at high 294 

temperature react with both PLA and CNC under high shear conditions, abstracting hydrogen 295 

from both leading to the formation of stable micro radical structures (Scheme 1b). These radicals 296 

are highly reactive and diffuses effectively in molten PLA (during extrusion) thus generating 297 

higher concentrations of these radicals in the PLA phase. Due to the impermeable crystalline 298 

nature of CNC, the generated PLA radicals (containing DCP) could only react with surface –299 

CH2OH groups of CNCs forming a thin overlapping layer of PLA surrounding the CNCs 300 

(Scheme 1c). Formation of such thin layer of PLA chains, grafted onto the CNC surface, through 301 

this radical approach is an instantaneous process and provides better interfacial compatibility 302 

between PLA and CNC. The FTIR peaks of PLA-g-CNC samples (see Figure 1(d)) showed that 303 

peaks corresponding to the amorphous segments of PLA at 1265 and 955 cm-1 disappeared while 304 

the low intensity peak at 1210 cm-1, corresponding to crystalline segments of PLA [41], 305 

remained. The amorphous chains of PLA which are randomly entangled (in the molten state) on 306 

grafting with the CNCs organized into ordered positions along the surface of nanocrystals (which 307 

are highly ordered stacks of cellulose chains). This preferentially led to the orientation of the 308 

amorphous segments of PLA chains into possible ordered state or crystalline orientation along 309 

the surface of CNCs which resulted in increase in the crystalline nature of PLA-g-CNC 310 

nanocomposites as explained from XRD and DSC studies subsequently. Further, as the reaction 311 

propagates under high shear mixing conditions, two different mechanisms could probably occur 312 
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in the extruder. Firstly, the radicals generated in PLA could further diffuse in the crystalline 313 

domains of CNCs forming a PLA-engulfed-CNC network-like structure which acts as a 314 

compatibilizer for uniform dispersion of CNC into the PLA matrix during the melt blending 315 

process. Presence of such chemically grafted PLA chains on CNCs leads to enhanced 316 

compatibility and avoids irreversible agglomeration of hydrophilic CNCs during extrusion with 317 

hydrophobic PLA. Secondly, the PLA radicals could crosslink among each other (termination by 318 

combination) forming a branched chain-like structure growing on the PLA-g-CNC structures 319 

(Scheme 1c). Moreover, the presence of such PLA wrapped CNCs leads to shielding of the 320 

surface sulphate groups of CNCs, preventing the black coloration typically observed in CNC 321 

based composites when extruded using traditional approaches (discussed in subsequent section).  322 

Figures 2(a) & (b) show the weight average (Mw) and number average (Mn) molecular weight 323 

distribution (MWD) and polydispersity index (PDI) of reactively extruded PLA/CNC films at 324 

different CNC loadings. Reactive extrusion of PLA with DCP in the presence of CNC (1–3 wt% 325 

range) shows an increase in both Mw and Mn by ~40 %. Such drastic increase in MWD is 326 

however absent during reactive extrusion of PLA in the presence of DCP alone. The PDI of the 327 

PLA-g-CNC did not changed significantly and was found to be ~ 2, which suggests that the 328 

chain length of branched PLA were formed with uniform distribution even at different CNC 329 

loadings. The GPC chromatograms (Figure S2) for PLA-g-CNC were broader compared to those 330 

for PLA and show the presence of two small distinct shoulders both at high and low molecular 331 

weight regions. This can be attributed to two possible phenomenon occurring during the reactive 332 

extrusion process:  chain extension in the presence of DCP (leading to chromatogram shift to 333 

high MWD region) and chain scission in the presence of CNCs (leading to shift to low MWD 334 

region). In the former case, as shown in Figure S2, the molecular weight corresponding to 335 
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shoulder peak in PLA-g-CNC was found at least two times higher than neat PLA. This indicates 336 

that the PLA chains cross-linked to form a tree-like or more complex branched structure [42]. 337 

The area of the high molecular weight peak (retention time ~ 11 min) increased and formed 338 

small shoulder for PLADCNC1 (~88%) and PLADCNC2 (~90%) in comparison to the neat PLA 339 

(~78%). The increase in MWD in the presence of CNCs is due to the presence of –CH2OH 340 

groups in CNC which act as active sites for the generation of radicals, which leads to the 341 

propagation and growth of the PLA chains on CNC surface (as discussed in Scheme 1(b) & (c)). 342 

However, on increasing the CNC loading (~3 wt %), the area of the high molecular weight peak 343 

decreased (~70%) and that of the low molecular weight peaks (at retention time ~ 16.4 and 17.2 344 

min) increased (~12 and 16% respectively). This is probably due to the presence of high 345 

concentration of sulfate groups or agglomeration of CNCs (at higher loadings), which interfere 346 

during reactive extrusion process thereby degrading the PLA at higher processing temperatures. 347 

It is noteworthy to mention that the area of low molecular weight fractions (at retention time 348 

~16.7 and 17.3 min) for PLADCNC1 (~1.7 and ~10.3% respectively) and PLADCNC2 (~4 and 349 

5% respectively) decreased compared to neat PLA (~8.4 and ~13% respectively) (Figure S3). 350 

This is probably because grafting of PLA chains on the - CH2OH groups of CNC moieties 351 

shields the sulfate and hydroxyl groups which are responsible for chain scission and alongwith it 352 

DCP acts as cross-linking agent which led to the increase in the molecular weight of the PLA 353 

chains due to propagation reaction (Scheme 1). Also, on comparing the GPC chromatograms of 354 

the NPLA and PLAD, it is found that reactive processing in presence of DCP helps in preventing 355 

the thermal induced degradation of PLA during extrusion process significantly. However, at 356 

higher CNC loadings (~3 wt. %) the grafting efficiency decreased due to agglomeration of 357 

CNCs, which subsequently leads to the degradation of PLA during extrusion. 358 
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Effect of reprocessing of the PLA-grafted-CNC gels on structure and molecular weight. 359 

Extracted PLA-g-CNC gel was vacuum dried and subsequently extruded into strands using 360 

process conditions detailed in the experimental section. The FTIR and NMR spectra of the 361 

reactively extruded and reprocessed PLA-g-CNC composites did not show any significant 362 

difference in chemical structure (see Figure 1 and Figure S1 (b)), which is due to the presence of 363 

C–C bonds that are stable enough during reprocessing.  GPC studies showed that recycling of the 364 

PLA-g-CNC gel led to decrease in Mw and Mn by ~18 and 15% only (at~3wt % loading) (Figure 365 

2(a)), which is less compared to traditional PLA/CNC extrusion (~22 and 18% at 1wt. % CNC 366 

loadings during first time extrusion). The reactive extrusion based grafting approach effectively 367 

masks the interaction of sulfate and hydroxyl groups in CNCs with PLA, thereby preventing the 368 

drastic reduction in molecular weight. The PDI was found to be ~1.8 for recycled samples, which 369 

was lower than that of PLA-g-CNC probably due to chain scission of the long branched PLA 370 

chains during extrusion. However, after reprocessing the GPC chromatogram was found to be 371 

sharper, with a decrease in the shoulder area for high molecular weight peak and increase in 372 

number of peaks in the low molecular weight region. The area of the high molecular weight 373 

shoulder peak decreased from ~89 to 68% for 1 and 3 wt% CNC loadings respectively. 374 

Moreover, three low molecular weight peaks were found (at retention time ~16.5, 17.3 and 17.6 375 

min), whose area increased with the higher CNC loadings (~8.46, 6.4 and 6.1% respectively at 3 376 

wt% CNC loading) (Figure S2). This is possibly due to lower grafting efficiencies at ~3 wt% 377 

CNC loadings, which enhances the thermal degradation of PLA due to presence of sulfate and 378 

hydroxyl groups. However, the decrease in MWD is not significant enough compared to the 379 

traditional approach of PLA/CNC processing and recycled polymers with Mw ~ 250 kDa finds 380 

potential engineering applications.  381 
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Morphological studies 382 

Figure 4(a) compares the physical appearance of the reactively extruded PLA, PLADCNC1 383 

and rPLACNC1(1.35) with the PLA/CNC 1 wt% extruded by simple melt blending at similar 384 

processing conditions. Extrusion of the freeze dried CNCs with pristine PLA showed the 385 

formation of black agglomerated particles, which is probably due to the degradation of the 386 

sulfate groups in CNCs at high shear and temperature. Moreover, the FESEM micrograph for the 387 

PLA/CNC1 nanocomposite processed through traditional approach showed the presence of large 388 

agglomerations of the freeze dried CNCs (marked in square box Figure 4b). However, the 389 

reactive extruded PLA-g-CNC strips were transparent and didn’t produced such black 390 

agglomerated particles during extrusion, at all CNC loadings. Even the recycled strips were 391 

found to be stable and transparent. As explained earlier, the reactive extrusion being an 392 

instantaneous process, the radicals generated on CNCs surface reacts with PLA chains thereby 393 

shielding the sulphate groups which are responsible for degradation during extrusion process. 394 

Moreover, the presence of such PLA encapsulated CNC showed better interfacial compatibility 395 

with the PLA matrix which led to improved dispersion (as shown in Figure 4(c) & (d)). Figure 396 

4(c), shows the presence of micro-gel like domains of branched PLA- g- CNC (in square box) 397 

alongwith the rod-like CNCs which are uniformly distributed in the matrix. Magnified 398 

micrograph of the circular region (inset Figure 4(c) at ~20KX) shows the presence of smooth 399 

interphase between the micro-gel domains of PLA matrix with CNCs. The CNCs fabricated 400 

through sulphuric acid hydrolysis were 700±50nm in length and 30±8nm in width (Figure S4). 401 

However, the dimensions of the PLA-g-CNCs after reactive extrusion changed significantly with 402 

increased length of 1.5±.3µm and diameter of 120±8nm. The increase in the dimensions is 403 

probably due to the presence of grafting between the hydrophilic CNCs with the hydrophobic 404 
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PLA through reactive extrusion in presence of DCP. Re-extrusion of the extracted PLA-g-CNC 405 

gel, shows smooth PLA matrix with absence of the micro-gel domains in the interphase (Figure 406 

4d). The freeze dried CNCs (marked in black arrows) are randomly distributed without any 407 

phase separation. It suggests that the grafted CNCs even after reprocessing were stable and 408 

unaltered, which suggests its enhanced compatibility and dispersion in PLA matrix.  409 

Thermal properties  410 

Thermal degradation behavior of PLA-g-CNCs before and after recycling were investigated to 411 

predict the onset degradation temperature (Tonset), temperatures at which 10 and 50% reduction 412 

occur (T10% and T1/2) and % reduction weight at 300ºC. PLA showed a single step degradation 413 

profile, with a Tonset of ~306 ºC and T1/2 of 356ºC which is due to hydrolysis and oxidative chain 414 

scission of PLA chains (Figure 5) [22]. In our previous studies [10], simple dispersion of CNCs 415 

into PLA matrix didn’t showed any improvement in the thermal properties. The PLACNC1 416 

nanocomposite prepared through traditional approach showed a slight decrement in T1/2 ~1-2°C 417 

compared to neat PLA. However, grafting CNCs onto PLA in presence of small amount of DCP 418 

through reactive extrusion approach led to improvement in thermal stability of PLA. The Tonset 419 

and T1/2 of PLADCNC1 was found to be improved by ~12ºC and ~5ºC respectively, compared to 420 

neat PLA (Figure 5). The percentage reduction in weight during the initial processing (upto 421 

~300ºC) was also reduced significantly (only ~1.9 wt %) compared to traditional process. This is 422 

due to the formation of PLA encapsulated CNCs initially during reactive extrusion, which masks 423 

the sulfate and hydroxyl groups of CNCs, thereby delaying the degradation process. Also, the 424 

formation of C–C bond between the PLA and CNCs leads to enhanced thermal stability as higher 425 

activation energy is required to break such bridged linkages. Reprocessing the PLA-g-CNC 426 

nanocomposites led to the formation of low molecular weight fractions due to chain scission 427 
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under thermal stress conditions. This led to a decrease in the Tonset and T1/2 of rPLACNC1(1.35), 428 

by 24ºC and 8ºC respectively, along with a reduction of ~5 % weight at 300ºC in comparison to 429 

PLADCNC1. Moreover, the reprocessed (rPLACNC1 (1.35)) sample, showed a weight loss ~4% 430 

at a temperature ~150°C, which is probably due to the presence of the of  low molecular weight 431 

PLA chains as evident from the GPC chromatograms with peaks at retention time 16.7 and 17.4 432 

min(~13.4 and ~17.5% area of GPC chromatograms respectively) (Figure S2) . In comparison to the 433 

other PLA-g-CNC nanocomposites (Figure 5), rPLACNC(1.35) have the highest fractions of the low 434 

molecular weight PLA chains(~ 30% area of the GPC chromatogram), hence it showed a significant 435 

weight loss at~150°C.  Presence of such low molecular weight fractions is probably due to the chain 436 

scissions during thermal based recycling of PLA-g-CNCs in the extruder, which subsequently leads to 437 

decrement in the thermal properties.  As shown in the inset of Figure 5, the reprocessed 438 

rPLACNC1(1.35) has almost similar degradation profile in the temperature range of 345–375ºC. 439 

Therefore, it can be concluded that the thermal properties of the PLA-g-CNC films do not alter 440 

significantly on reprocessing which is desirable for product fabrication.  441 

Crystallization studies 442 

XRD and DSC studies were carried out to understand the effect of both grafting and branching 443 

in PLA-g-CNC nanocomposites on their crystal structures. XRD diffractogram for the neat PLA 444 

showed representative peaks at 16.4º and 18.8º (see Figure 6), which correspond to the α-form of 445 

the PLA crystal with (010) and (110/200) planes [14]. Incorporation of the CNCs by grafting 446 

with PLA led to an increase in the intensity of the diffraction peak at ~16.4º, which suggests 447 

enhancement in the crystallinity of PLA. As explained in the previous section, this is probably 448 

due to the formation of C–C bonds between the PLA chains and the crystalline CNCs. Presence 449 

of such interaction probably leads to ordered arrangement of the amorphous PLA chains on the 450 
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CNC surface, which subsequently enhances the crystallinity of the nanocomposites. Similar 451 

observation of increase in crystallinity of the PLA based cellulose composites, due to uniformly 452 

dispersed cellulose microcrystal which in turn led to ordered arrangement of the PLA chains was 453 

reported by Lin et al. 2011[43] and Mukherjee et al. 2013[14]. The grafting was further 454 

confirmed by increase in d-spacing corresponding to the shift of peak 2Ɵ =18.8º for neat PLA to 455 

a lower 2Ɵ value of 18.3º for PLA-g-CNC (2 wt %) nanocomposites. Similar phenomenon of 456 

shift in 2Ɵ values to lower angles was also observed by Choi et al. [39], which suggests possible 457 

intercalation of CNCs into the PLA crystal structure during reactive grafting. The presence of 458 

CNCs in PLA-g-CNC films is confirmed from the low intensity peak at 2Ɵ=22.6º, corresponding 459 

to cellulose I crystal structure [10]. It might be due to the presence of high molecular weight 460 

PLA chains grafted onto the CNC surface, that the intensity of peak at ~22.6°, is not very sharp 461 

in case of the PLA-g-CNC nanocomposites. The XRD diffractograms do not change 462 

significantly for the reprocessed rPLACNC films, which suggests that the crystal structure does 463 

not change significantly after recycling. 464 

DSC studies were carried out to understand the effect of heating and cooling cycles on the 465 

crystallization dynamics of reactively grafted PLA/CNC nanocomposites, as shown in Figure 7; 466 

the corresponding thermal parameters are listed in Table 2. The glass transition temperature (Tg) 467 

of PLA was found to be ~61.6ºC. On grafting CNCs reactively with PLA, the change in Tg was 468 

not significant (from second heating cycle) in comparison to neat PLA, probably because 469 

grafting restricted the motion of PLA chains. PLA grafted CNCs have shown lower Tg (first 470 

heating cycle) in comparison to neat PLA; which was suppressed with increase of CNC loading. 471 

This is probably due to the presence of ungrafted PLA chains or grafting of small PLA chains 472 

onto CNCs which have enhanced mobility thereby decreasing the Tg. Moreover, presence of 473 
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branching leads to formation of inter-spacing between the PLA chains, which undergoes 474 

shrinkage during first heating cycle thereby increasing chain mobility and decreasing Tg [44].  475 

The specific heat (Cp) values corresponding to the change in the slope of Tg thermograms is 476 

determined through peak integration for all the PLA-g-CNC samples. Subsequently, the 477 

percentage of PLA chains that are grafted onto CNCs (% g-PLA) are calculated from the ratio of 478 

the Cp values for corresponding PLA-g-CNC samples to the Cp value of the neat PLA (Table 2). 479 

PLADCNC1 has the highest g-PLA value of 66%, which is in-line with its graft efficiency and 480 

gel yield of 40.7 and 74.2% respectively. It was found that on increasing the CNC loading, both 481 

the grafting efficiency (calculated from gel fraction) and g-PLA (calculated from DSC) 482 

decreases. It is noteworthy to mention that such approaches for determining the weight 483 

percentage of polymers grafted on CNCs have been reported elsewhere [30][45]. The decrease in 484 

g-PLA is probably due to the agglomeration of CNCs at higher loadings, which reduces the 485 

effective -CH2OH groups available for grafting of PLA chains. We can vary the grafting length 486 

of PLA chains on the CNC surface by tuning the reactive extrusion process conditions, which in 487 

turn can result in significant change in polymer properties.  488 

Figure 7 (a) and (b) shows the DSC thermograms for the first cooling and second heating 489 

cycles of reactively extruded PLA-g-CNC films. In the cooling cycle, neat PLA does not show 490 

any exothermic peak corresponding to the crystallization process. However, on reactive grafting 491 

of CNCs, sharp intense peaks corresponding to crystallization can be seen during the cooling 492 

cycle. This is due to the grafting of amorphous PLA segments on the CNCs through C–C 493 

crosslinks, which act as nucleating sites for crystal growth. The crystallization peak for PLAD 494 

occurs at 127.3ºC which decreases to 124.3ºC with increase in the CNC concentration (~3 wt. 495 

%). At higher CNC loadings, the % gel yield decreases and only 50% of PLA chains are grafted 496 
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onto CNC surface; therefore, the ungrafted chains undergo rearrangement to overcome the 497 

energy barrier to form crystals at lower temperature. Formation of sharper crystallization peaks 498 

along with higher ∆Hc values (~29 J/g) with increased CNC loadings (~3 wt%) also suggest that 499 

higher fractions of ungrafted PLA chains have rearranged to form crystals [44]. The crystallinity 500 

(Xc) of extruded PLA films is found to be ~28%. With incorporation of 2 wt% CNCs, the % 501 

crystallinity (Xc) values increased slightly, because of the formation of C–C grafted sites with the 502 

amorphous sections of PLA which also led to improved dispersion of CNCs. Figure 7(b), shows 503 

slight change in the slope near Tg with complete absence of the cold crystallization peak for 504 

PLA-g-CNC in comparison to the neat PLA. Occurrence of such phenomenon is probably due to 505 

formation of enhanced cross-linked structures of the amorphous PLA with the CNC domains 506 

which restricts the amorphous polymer chain mobility to form crystalline lamella. The high 507 

density of cross-linked PLA chains with crystalline CNC through C-C bond formation, leads to 508 

better interfacial adhesion, subsequently reduces the interspaces causing reduction in the free 509 

volume.  During the 2nd heating cycle, relatively more amorphous PLA chains became 510 

crystallized at Tcc~125°C; however, cold crystallization peaks were absent in case of grafted 511 

PLAs for all CNC loadings due to already developed crystallites during the first cooling as 512 

shown in Figure 7(a). These thermographs clearly depict that the activation energy of chain 513 

folding is lower in PLA-g-CNC compared to pristine PLA due to which grafted PLA chains 514 

could overcome the energy barrier and crystallize upon cooling whereas neat PLA chains could 515 

not [25]. The melting peaks for PLA-g-CNCs showed a narrow and sharper peak compared to 516 

PLA which suggests formation of stable and uniform size crystals during reactive extrusion 517 

process. These findings are in line with GPC studies where relatively uniform MWD of the PLA-518 
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g-CNC chains was observed due to which these samples show the single melting phenomenon 519 

compared to pristine PLA.  520 

Further, DSC analysis was done for extracted PLA-g-CNC gel domains which are reprocessed 521 

under similar extrusion conditions (Figure 8 (a) & (b)). The re-extruded PLA-g-CNC showed 522 

drastic reduction in the % g-PLA and Xc values (Table 2), which is due to chain scissions under 523 

high shear thermal stressed conditions. The % of PLA chains grafted onto the CNC surface after 524 

reprocessing of the PLA-g-CNC gels (g-rPLA) was calculated from the ratio of Cp value of the 525 

reprocessed rPLACNC nanocomposite to the Cp value of reprocessed PLA corresponding to their 526 

Tg values. The reduction in g-rPLA values suggests possible debonding/ degradation of the high 527 

molecular weight amorphous PLA chains grafted on the CNC surface, which subsequently leads 528 

to decrease in Xc.  The crystallization peak temperature increases with increase in CNC loading 529 

for the reprocessed samples. It is probably because on re-extrusion of PLA/CNC nanocomposites 530 

the fraction of gel domains containing agglomerated CNCs increased and it underwent molecular 531 

weight reduction due to thermal degradation. Presence of such agglomerations and gel fractions 532 

hindered the crystallization phenomena which led to shift in Tc ~ 126.3ºC for rPLA to 130.2ºC 533 

for rPLACNC2(3.33). However, the reprocessed PLA/CNC nanocomposites do not show any 534 

significant alteration in melting behavior compared to PLA-g-CNC. Therefore, it can be 535 

concluded that while reactive grafting of CNCs leads to significant change in the crystallization 536 

properties, both the integrity and stability of the crystal structures are maintained after 537 

reprocessing.  538 

Mechanical property investigations 539 

The mechanical properties of in situ reactive compatibilized PLA-g-CNC were investigated to 540 

study the effect of grafting nanofillers like CNC in the presence of DCP. The neat PLA extruded 541 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 25

strips have an ultimate tensile strength (UTS) of 36.2 MPa and elongation at break of 9%, 542 

comparable with the reported literature [46]. The PLA extruded strips with 1wt. % of CNC 543 

(PLACNC1) in the absence of the DCP as cross-liking agent, showed improvement in the UTS 544 

Young’s modulus (YM) by ~14 and ~100% respectively. Reactive grafting of CNCs into PLA 545 

matrix led to significant increase in the tensile strength and YM of nanocomposite by ~41% and 546 

~490% respectively (Figure 9 (a) & (c)). However, the elongation at break is reduced 547 

significantly (by ~ 70%) for all the loading fractions of CNCs studied. Restriction in the 548 

elongation may be due to the crosslinking between CNCs and the polymer chains through the 549 

formation of C–C bond linkages (Figure 9 (b)). However, the improvement in modulus can be 550 

explained by the following two phenomena: firstly, reactive grafting of PLA chains on CNC 551 

surface leads to uniform dispersion and enhances interfacial adhesion of PLA-modified-CNCs 552 

with the bulk PLA matrix (as explained in previous section), and secondly, the formation of C–C 553 

bonds between the PLA and CNC could act as an effective linkage for transferring the developed 554 

stresses (transverse elastic modulus of 18–50 GPa and anisotropic elastic modulus of 140–220 555 

GPa [9] of individual CNCs) between them. Also, increase in the MWD during reactive 556 

extrusion and formation of branched network like structures in PLA-g-CNC probably contributes 557 

to the increase in the modulus. Moreover, as explained from the FTIR studies, grafting of 558 

crystalline segments of CNCs probably took place on the amorphous domains of PLA, which 559 

subsequently led to increase in the crystalline fractions in the PLA-g-CNC nanocomposites 560 

(further confirmed by XRD studies).  Presence of such crosslinking with the amorphous 561 

segments restricts the free mobility of PLA chains to dissipate energy under tensile force, 562 

resulting in the increased brittleness and reduction in the % elongation at break. However, on 563 

increasing the % CNC loading (up to ~3wt%) in PLA-g-CNC nanocomposites, grafting 564 
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efficiency decreases due to agglomeration of CNC which subsequently leads to deterioration of 565 

mechanical properties. It is noteworthy to mention that similar phenomenon of decrease in 566 

elongation for such cross-linked structures was also observed in the case of the reactive extruded 567 

polyhydroxybutyrate and polypropylene samples [47].  568 

When the extracted PLA-g-CNC gels were reprocessed into strips under identical processing 569 

conditions (at 180ºC, 50 rpm and retention time of 5 mins), the UTS and modulus of the rPLA-g-570 

CNC films decreased by ~28 and 56% respectively (Figure9 (a) & (c)). This is probably because 571 

degradation of bulk PLA chains (both branched and linear) takes place either during thermal 572 

reprocessing or due to the presence of sulfate groups on  the agglomerated CNCs (at higher 573 

loadings), as confirmed by the MWD studies. It is noteworthy to mention that the UTS for the 574 

reprocessed samples at different wt. % CNC loadings are comparable to neat PLA or PLACNC1, 575 

probably due to shielding of sulphate groups.  Presence of grafted PLA chains on the CNC 576 

surface helped overcome the problems related to thermal induced PLA degradation during 577 

extrusion in presence of CNCs especially at higher loadings. MWD analysis of the reprocessed 578 

PLA-g-CNC films shows decrease in Mw and Mn by ~18 and 15% respectively and decrease in 579 

the area of the high molecular weight peaks from ~89 to 68% (Figure S2), which could be 580 

responsible for the decrease in mechanical properties. However, the increase in overall content of 581 

the CNCs are represented in brackets for the reprocessed PLA-g-CNC samples (due to removal 582 

of ungrafted PLA chains while washing). It could help in improving the UTS of the 583 

nanocomposites but its contribution towards the nanocomposites have been found to be 584 

negligible. The reprocessed films showed slight improvement in elongation at break (by ~75%), 585 

probably because of the presence of low molecular weight fractions (increase in the area of low 586 

molecular weight fractions after reprocessing) which act as plasticizers under tensile load. The 587 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 27

UTS and modulus values of the reprocessed/recycled PLA-g-CNC films are comparable or even 588 

better than PLA (especially Young’s modulus). Therefore, the approach of grafting PLA chains 589 

onto CNCs through reactive extrusion process allows the recycling of PLA-g-CNC 590 

nanocomposite films even after service life. 591 

Fracture behavior of the stretched PLA-g-CNCs films prepared using original and reprocessed 592 

PLA/CNC samples was studied. FESEM micrographs of PLADCNC1 films showed presence of 593 

large polymer fibrillation which is caused by the formation of enhanced cross-linking (Figure 594 

10(a)). Small micro-gel beads of PLA-g-CNC were also found along with fibrils, consistent with 595 

reported studies for reactively grafted polymers [25]. Branching of PLA chains in the presence of 596 

DCP leads to formation of entangled fibrils which hinders early matrix failure, thereby 597 

increasing its toughness effectively. Therefore, it could be concluded that both enhancement in 598 

interfacial adhesion and formation of such entangled branched structures are responsible for the 599 

improvement in mechanical properties of PLA-g-CNC. However, on reprocessing of the 600 

extracted gels, rPLACNC1(1.35) films showed smooth prominent rigid lines parallel to the 601 

direction of the tensile load (Figure 10(b)). Presence of such aligned fibrils in reprocessed films 602 

is due to the mobility of branched polymer chains which causes certain improvement in the 603 

elongation properties. Therefore, it can be concluded that reactive extrusion of PLA/CNC 604 

nanocomposites by varying the DCP and CNC concentrations will lead to different degree of 605 

chain grafting and branching which can be used to tune the mechanical properties.  606 

Thermo-mechanical studies  607 

Dynamic mechanical analysis (DMA) was carried out to measure the change in the storage 608 

modulus (E') and tan (δ) before and after reprocessing of the PLA-g-CNC nanocomposites (at ~2 609 

wt% CNC loading) over a temperature range of 25–90ºC (Figure 11 (a) & (b)). The E' increased 610 
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on incorporation of CNC (at 2 wt. %) in presence of DCP due to the formation of cross-linked 611 

structure and better interfacial adhesion with the polymer matrix. E' values for reactively grafted 612 

CNCs is found to be significantly higher than the ungrafted PLA/CNC films. This suggests that 613 

grafting of CNCs with polymer through the formation of the C–C bond leads to effective transfer 614 

of CNC modulus to the PLA matrix. The effectiveness of the grafted CNCs as reinforcement 615 

agent is further measured by the filler effectiveness coefficient CFE: 616 

�*' = +��,�-,./012 / +
��,�-,.145-�6 

where ��,  and �-, 	represent the storage moduli for the glassy and rubbery state of PLA and the 617 

PLA-g-CNC nanocomposite, measured at constant frequency of 1Hz and at temperature 46ºC 618 

and 85ºC respectively [22]. The nanofillers which have lower �*' values are considered to be the 619 

most effective reinforcing agent for the given polymer matrix. The �*' values for the PLA/CNC 620 

films with ~2 wt % CNC (PLACNC2) fabricated through traditional approach was 0.836, 621 

compared to 0.721 for the reactively grafted PLA-g-CNC (at ~2 wt %). Therefore, it can be 622 

concluded from the �*' data that effective dispersion of CNCs could be achieved using the 623 

proposed reactive grafting approach. 624 

Figure 11(b) shows the comparison of the tan (δ) plots for which the peak temperature was 625 

selected to be the glass transition temperature for the nanocomposite. It is found that the glass 626 

transition temperature decreases for the reactively extruded PLA-g-CNC nanocomposites in 627 

comparison to the neat PLA. This is probably because the cross-linked PLA-g-CNC gels usually 628 

undergoes heat shrinkage at Tg (as explained in previous section), which depends on the degree 629 

of branching as per the reported literature [44]. The decrease in Tg was further confirmed by DSC 630 

analysis and similar phenomenon has been previously observed for the reactive grafting of 631 

maleic anhydride on PLA in the presence of DCP [26].   632 
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On reprocessing E' decreases significantly, probably due to the thermal degradation which is 633 

accompanied by a decrease in the molecular weight and formation of large fractions of low 634 

molecular weight chains which are less effective at storing energy under tensile load. However, 635 

	�*' values do not change significantly during reprocessing of the PLA-g-CNC films suggesting 636 

that there is no significant change in the grafted CNC structure, as discussed earlier. Therefore, it 637 

can be concluded from the thermo-mechanical studies that reactive grafting of CNCs results in 638 

the formation of thermally stable and reprocessible PLA films suited for high performance 639 

engineering applications. 640 

Conclusions 641 

This work successfully demonstrated the grafting of PLA on CNC using DCP initiator via 642 

reactive extrusion process which enhances the compatibilization between hydrophobic PLA and 643 

hydrophilic CNC. The maximum fraction of PLA chains grafted on CNC surface is 66% with the 644 

highest grafting efficiency achieved at 1 wt% CNC loadings. NMR and FTIR spectroscopic 645 

studies confirm the grafting between the methine (-CH) groups of PLA with the methylene 646 

groups of CNC by establishing C–C bridge using DCP as grafting agent. Due to the chain 647 

extensions and formation of branched structures, the Mw and Mn of PLA-g-CNCs increased 648 

significantly. Interestingly, Mw and Mn do not change significantly during recycling of the PLA-649 

g-CNC gels. Both PLA-g-CNC (obtained through reactive extrusion) and rPLACNC (obtained 650 

after further reprocessing) are capable of forming transparent films with improved adhesion and 651 

dispersion of CNCs. Due to formation of the C–C bonds with the CNCs, both the thermal 652 

stability and the mechanical properties of PLA-g-CNC nanocomposites improved significantly. 653 

The tensile strength and Young’s modulus improved by 41and 490% respectively, whereas the 654 

filler effectiveness coefficient (CFE) values decreased, suggesting that the grafted CNCs act as an 655 
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efficient reinforcing agent. XRD and DSC studies shows improvement in crystallinity, possibly 656 

due to grafting of the amorphous PLA chains onto the crystalline CNC segments which act as 657 

nucleating agent. This novel, thermally stable, reactive extrusion-based strategy can be 658 

implemented for industrial scale fabrication of PLA-g-CNC recyclable biocomposite films for 659 

potential applications in packaging. 660 
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 735 

Figures and Tables 736 

Scheme 1: (a) Mechanism of thermal decomposition of the DCP into peroxide radicals during 737 

extrusion at T=180ºC (initiation step), (b) Generation of CNC and PLA radicals followed by 738 

reactive extrusion at screw speed = 50 rpm and recycle time= 2 min (propagation step) leading to 739 

the formation of PLA grafted CNC structures (termination step). (c) Pictorial representation of 740 

the grafting mechanism of initiation, propagation and termination of the reactive extrusion 741 

process for PLA-g-CNC along the different zones of the extruder. 742 

Figure 1: (a) Comparison of FTIR spectrograms of neat PLA, PLAD, PLADCNC1and rPLA 743 

CNC1(1.35) with the selected regions (marked in black boxes) analyzed at (b) 3600–2700 cm-1, 744 
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(c) 1900–1400 cm-1 and (d) 1500–600 cm-1 wavenumber range and the representative peaks 745 

marked with black arrows. 746 

Figure 3: (a) Molecular weight distribution, weight average (Mw) and number average (Mn) and 747 

(b) polydispersity index (PDI) of extruded PLA, reactively extruded PLA/CNC nanocomposites 748 

(PLAD, PLADCNC1, PLADCNC2 & PLADCNC3) and reprocessed PLA-g-CNC gels (rPLA, 749 

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

Figure 4: (a) Pictorial comparisons of the neat PLA, PLADCNC1 and rPLACNC1strips with 751 

PLA/CNC 1wt. % extruded by simple melt blending (traditional approach), (b) FESEM 752 

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

Figure 5: Comparison of the thermogravimetric (TGA) plots for the neat PLA, PLADCNC1 and 754 

rPLACNC1(1.35) respectively with the inset showing the TGA profile in the temperature range 755 

of 345–375ºC. 756 

Figure 6: XRD diffractograms for the extruded neat PLA and reactively extruded PLA-g-CNC 757 

films, represented as PLAD, PLADCNC1and PLADCNC2. 758 

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

reactively grafted PLA-g-CNC nanocomposites. 760 

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

re-extruded PLA-g-CNC gels. 762 

Figure 9: Mechanical properties: (a) ultimate tensile strength, (b) % elongation and (c) Young’s 763 

modulus of the reactively extruded PLA-g-CNC nanocomposites and reprocessed PLA-g-CNC 764 

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

rPLACNC1(1.35). 767 

Figure 11: (a) DMA and (b) tan δ plots for the reactively grafted and reprocessed PLA-g-CNC 768 

films (~2 wt% CNC loading). 769 

 770 
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Figure 2: 1H NMR spectra for the PLA-g-CNC sample (PLADCNC1) with the selected 
region (4.4–3.3 ppm, marked in black box; as zoomed) and shown as inset. The inset also 
shows the probable structure of PLA-g-CNC formed after reactive extrusion in the presence 
of DCP. 
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Table 1: Calculated grafting parameters, namely gel yield percentage (Gel Yield), graft 
percentage (%GP), grafting efficiency (%GE) and weight conversion (%WC), for the reactively 
extruded PLA/CNC nanocomposite strips in the presence of DCP (1.2 wt%). The effect of 
grafting on the change in the specific rotation and optical rotation are also listed. 

 

Samples Gel Yield 
(%) 

Graft (%) Graft 
Efficiency 

(%) 

Weight 
Conversion 

(%) 

Specific 
Rotation 

(°) 

Optical 
Rotation 

(°) 
PLA - - - - -158.37 -1.582 

PLAD 52.2(±0.6) - - 50.8(±1.8) -145.07 -1.509 
PLADCNC1 74.2(±0..9) 7706.2(±10.3) 76.8(±2.9) 73.6(±2.1) -137.24 -1.329 
PLADCNC2 61.0(±1.2) 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(±2.8) 57.7(±1.7) -145.22 -1.475 
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Table 2: Thermal and crystallization properties of the reactively extruded PLA-g-CNC 

nanocomposites and reprocessed PLA-g-CNC gels.  

 

where Tg= glass transition temperature,  ∆Cp,Tg=specific heat corresponding to glass transition 
temperature calculated from first heating cycle, g-PLA=represents the % of PLA chains grafted 
onto CNC surface (measured as the ratio of ∆Cp,Tg (for PLA-g-CNC gels)/ ∆Cp,Tg (for PLA)), g-
rPLA= represents the % of PLA chains grafted onto CNC surface after reprocessing of the PLA-
g-CNC gels (measured as the ratio of ∆Cp,Tg (for reprocessed rPLACNC nanocomposites)/ ∆Cp,Tg 

(for rPLA)), Tcc= cold crystallization temperature, ∆Hcc= enthalpy for cold crystallization, Tc= 
crystallization temperature (cooling cycle), Tm= melting temperature, ∆Ha

m= melting enthalpy 
corresponding to 2nd heating cycle, ∆Ho

m = melting enthalpy for 100% crystalline PLA was 
taken as 93 J/g [26] and Xc=degree of final crystallinity calculated from ratio of ∆Ha

m and ∆Ho
m . 

 

Sample Tg 
(ºC) 

∆Cp,Tg 
(J/g.ºC) 

Tcc 

(ºC) 
∆Hcc 
(J/g) 

Tc 

(ºC) 
∆Hc 
(J/g) 

Tm 

(ºC) 
∆Ha

m 
(J/g) 

Xc  
(%) 

g-PLA    
(g-rPLA) 

(%) 
PLA 61.6 1.638 112.5 26.2 - - 170.2 -26.1 28.1 100 
PLAD 54.5 0.780 91.6 13.8 127.0 27.4 168.6 -29.2 31.3 47.6 
PLADCNC1 52.7 1.080 88.0 12.1 127.3 24.0 165.5 -31.6 34.0 66.0 
PLADCNC2 55.0 0.823 93.3 16.6 125.3 28.8 169.1 -32.5 35.0 50.2 
PLADCNC3 55.8 0.875 93.5 15.5 124.3 28.9 169.8 -31.2 33.5 53.4 
rPLA 53.0 0.944 91.5 14.7 126.3 29.3 169.0 -29.2 31.3 - 
rPLACNC1(1.35) 57.0 0.885 94.2 14.1 125.0 26.0 169.7 -26.7 28.7 54.0(93.7) 
rPLACNC2(3.33) 56.0 0.850 90.6 11.7 130.2 24.7 167.7 -30.6 32.9 51.9(90.0) 
rPLACNC3(5.15) 55.8 0.781 90.6 12.9 129.9 29.2 166.4 -31.0 33.3 47.6(82.7) 
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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. 
 


