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ABSTRACT. Multifunctional lightweight, flexible, yet strong polymer-based nanocomposites are 

highly desired for specific applications. However, the control of orientation and dispersion of 

reinforcing nanoparticles and the optimization of the interfacial interaction still pose substantial 

challenges in nanocellulose-reinforced polymer composites. In this study, poly(ethylene glycol) 

(PEG)-grafted cellulose nanofibers has demonstrated much better dispersion in a poly(lactic acid) 

(PLA) matrix as compared with unmodified nanocellulose. Through a uniaxial drawing method, 



     
 

2 

aligned PLA/nanocellulose nanocomposites with high strength, high toughness, and unique optical 

behavior can be obtained. With the incorporation of 0.1 wt% of the PEG-grafted cellulose 

nanofibers in PLA, the ultimate strength of the aligned nanocomposite reaches 343 MPa, which is 

significantly higher than that of other aligned PLA-based nanocomposites reported previously. 

Moreover, its ultimate strength and toughness are enhanced by 39% and 70%, respectively, 

compared with the aligned nanocomposite reinforced with unmodified cellulose nanofibers. In 

addition, the aligned nanocomposite film is highly transparent and possesses an anisotropic light 

scattering effect, revealing its significant potential for optical applications. 

KEYWORDS: nanocellulose, nanocomposite, alignment, mechanical characteristics, light 

scattering 

INTRODUCTION 

Polymer-based nanocomposites have recently attracted significant attention, because the 

combinations of properties of various polymers and nanomaterials used in these nanocomposites 

allow them to be designed and tailored for specific applications.1-3 Nanocellulose with high 

stiffness and strength, large surface area, and biodegradability are promising as reinforcements in 

biodegradable polymer matrices to produce environment-friendly nanocomposites as replacements 

for fossil-based materials.4 Cellulose nanofibers (CNFs) were first extracted by Turbak et al. in 

1983,5 and used as a reinforcing phase in polypropylene, high-density polyethylene, and 

polystyrene as reported by Boldizar et al. in 1987.6 In 1995, Favier et al. first studied the 

reinforcing effect of cellulose nanocrystals (CNCs) on the mechanical properties of poly (styrene-

co-butyl acrylate)-based nanocomposites.7 Subsequently, CNF- or CNC-reinforced 

nanocomposites with different biodegradable polymer matrices, such as starch,8-10 silk protein,11-
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12 chitosan,13-14 polyhydroxybutyrate,15-16 poly(vinyl alcohol) (PVA),17-19 and poly(lactic acid) 

(PLA),20-23 have been investigated. More recently, Isogai et al. developed a new type of CNF with 

very fine diameters (3–4 nm) and large aspect ratios (>100) using 2,2,6,6-tetramethyl-piperidine-

1-oxyl radical (TEMPO)-mediated oxidation,24-25 abbreviated to TOCNF, which has considerable 

potential for use in many high-tech fields. In addition to strengthening the mechanical properties 

of the polymer composites,26-28 TOCNF can also reduce the oxygen permeability of PLA films 

drastically while maintaining the transparency of the film,29 which is favorable for packaging 

applications. 

To overcome the problem of poor dispersion of nanocellulose materials in a hydrophobic 

polymer matrix, surface functionalization of nanocellulose has been performed and investigated.30-

32 The grafting of polymer brushes to nanocellulose using either a “grafting to” or “grafting from” 

approach is an important method to improve the dispersion of nanocellulose and the interaction 

between the nanocellulose and polymer matrix.33 TOCNF is superior to native nanocellulose for 

selective and dense grafting of polymer owing to the carboxyl groups on its surface.34-35 Grafting 

poly(ethylene glycol) (PEG) to TOCNF was first reported by Fujisawa et al.,26,28 and it leads to a 

nano-dispersion state of the PEG-grafted TOCNFs in the PLA matrix, resulting in improvements 

of mechanical properties compared with those of neat PLA and carbon nanotube (CNT)-reinforced 

PLA composites. Tang et al. investigated oriented PEG-grafted TOCNF ribbons,36 and observed 

that an elastic modulus of 32.3 GPa, strength of 576 MPa, and interesting light scattering behavior 

can be achieved. 

To obtain unique anisotropic properties, drawing or stretching has been used to obtain aligned 

materials in polymers and polymer-based composites during the last few decades.36-39 Drawing of 

PLA has attracted considerable attention because it not only enhances the elastic modulus and 
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ultimate strength of the PLA, but also significantly improves the elongation at break, which results 

in much higher toughness compared with that of isotropic PLA material.40-42 However, only a few 

studies have investigated aligned PLA-based nanocomposites. Tabatabaei et al. studied the 

uniaxial and biaxial stretched PLA/nanoclay composite films, and observed that the silicate layers 

in nanoclays were aligned in the flow direction in the uniaxial stretched films and the crystallite 

unit cells of PLA were more oriented owing to the incorporation of nanoclays.43 Blaker et al. 

produced aligned PLA/nanocellulose composite fibers by melt-spinning, and further developed a 

method similar to layered filament winding to produce bulky composites that retain the aligned 

fiber structure.44 Mai et al. confirmed that a high degree of alignment of CNTs was achieved in 

the oriented PLA/CNT composite tapes, and the reinforcing efficiency of CNT was enhanced 

owing to the alignment, resulting in a tensile strength of 156 MPa of the oriented composite with 

2 wt% CNT at a draw ratio of 7.5.45 

In our previous work,46 aligned nanocomposites consisting of plasticized PLA and 1 wt% of 

CNF were obtained via liquid-assisted extrusion followed by solid-state drawing. We investigated 

the effects of draw ratio, temperature, and speed on the properties of the nanocomposites, and 

determined that the strength and toughness of the nanocomposite drawn at 40 °C with a speed of 

100 mm/min and a draw ratio of 2.5 reached 102 MPa and 70 MJ/m3, respectively, which were 2 

and 47 times higher than those of the undrawn sample. Inspired by the previous studies on PEG-

grafted TOCNF and drawing of PLA,26-28,36,40-46 and with the consideration of the relatively high 

energy consumption in the production of nanomaterials,47-48 herein, we present an aligned PLA-

based nanocomposite reinforced with only 0.1 wt% of PEG-grafted TOCNF, which demonstrates 

high strength, high toughness, and unique optical properties. The structure of the nanocomposites 

before and after drawing was examined using various microscopy techniques. Moreover, the 
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effects of grafting PEG to TOCNF on structure and properties of the aligned PLA/TOCNF 

nanocomposites are investigated and discussed, as compared to unmodified TOCNF reinforced-

PLA and the nanocomposites containing free PEG. 

EXPERIMENTAL SECTION 

Materials. The preparation of TOCNF and PEG-grafted TOCNF (TOCNF-g-PEG) was 

described by Tang et al.36 Briefly, a never-dried softwood pulp was treated via TEMPO-mediated 

oxidation to generate carboxylated pulp fibers. To prepare native TOCNFs, the carboxylated pulp 

fibers were mechanical disintegrated directly to generate an aqueous TOCNF suspension (0.45 

wt%). To prepare TOCNF-g-PEG, the carboxylated pulp fibers were functionalized via 

carbodiimide-mediated amidation with PEG-NH2 (Mn = 750) followed by mechanical 

disintegration to achieve an aqueous TOCNF-g-PEG suspension (0.6 wt% of solid content). PLA 

(Ingeo 4032D) was purchased from NatureWorks, Nebraska, USA. Hydrochloric acid, sodium 

hydroxide, N,N-dimethylformamide (DMF, anhydrous) and methoxy-PEG (Mn = 750) were 

purchased from Sigma–Aldrich, St Louis, USA. All chemicals were used as received. 

Preparation of isotropic and aligned nanocomposites. A certain amount of the TOCNF or 

TOCNF-g-PEG suspension was dispersed in DMF at first and thereafter, the PLA pellets were 

added. The suspension (5 wt% of solid content) was continuously stirred at 80 °C until the PLA 

pellets were completely dissolved, and thereafter, it was poured into a Teflon petri dish and dried 

in an oven with a fan at 80 °C for 24 h. The dried film was peeled off and compression-molded 

using a LabEcon 300 laboratory press (Fontijne Grotnes, Netherlands) at 190 °C under a pressure 

of 2.2 MPa for 1 min with 2 min of pre-heating to obtain the final isotropic nanocomposite 

reinforced by TOCNFs or TOCNF-g-PEG. The nanocomposite containing TOCNFs and free PEG 

was prepared using a similar process but with the addition of methoxy-PEG in DMF (the same 
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amount as the grafted PEG). The compositions of all the prepared isotropic nanocomposites and 

their sample codes can be seen in Table 1. To prepare the aligned nanocomposite, the isotropic 

film was drawn using a Shimadzu AG-X universal testing machine (Kyoto, Japan) at 100 °C in a 

Shimadzu THC1-200SP thermostatic chamber with a draw speed of 100 mm·min-1 and a draw 

ratio of 8. After drawing, the film was rapidly cooled down to room temperature (approximately 

20 °C) and the aligned film was obtained. The isotropic and aligned neat PLA films were prepared 

in a similar manner as the nanocomposites. 

Table 1. The compositions of all the isotropic samples prepared in this study. 

Sample coding 
Reinforcement 

(and additive) 

PLA content 

(wt%) 

TOCNF content 

(wt%) 

PEG content* 

(wt%) 

PLA N/A 100.00 0.00 0.00 

P0.1TOCNF TOCNF 99.90 0.10 0.00 

P0.1TOCNF-g-PEG TOCNF-g-PEG 99.85 0.10 0.05 

P0.1TOCNF/PEG TOCNF/free PEG 99.85 0.10 0.05 

*The grafted PEG content in TOCNF-g-PEG was determined by thermogravimetric analysis. Details are shown 

in the following Results and Discussion part. 

Characterizations. The grafting of PEG on TOCNF was confirmed through Fourier-

transform infrared spectroscopy (FTIR) with a Perkin-Elmer Spectrum 2000 FTIR spectrometer 

equipped with an attenuated total reflectance system and an MKII Golden Gate (Specac Ltd., 

London, UK). The samples were freeze dried and thereafter scanned in a spectral range of 600–

4000 cm-1 with a resolution of 4 cm-1. The content of grafted PEG was measured using 

thermogravimetric analysis (TGA) with a Mettler Toledo TGA/DSC 1STA Re System in nitrogen 

atmosphere. The samples were heated from 30 °C to 700 °C at a heating rate of 10 °C·min-1. The 
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carboxylate content of TOCNF and TOCNF-g-PEG was determined by conductometric titration. 

Typically, the pH of a certain amount of the suspension was adjusted to 3 with hydrochloric acid 

(0.01 M), and thereafter the suspension was titrated with standardized sodium hydroxide solution 

(0.05 M) to reach a pH of 11. At the same time, the conductivity was monitored by a 

conductometric station (SevenCompact, Mettler-Toledo, USA). The morphology of TOCNF and 

TOCNF-g-PEG was investigated using atomic force microscopy (AFM) and transmission electron 

microscopy (TEM). For AFM, the samples were diluted to 0.001 wt% of solid content and 

deposited on freshly cleaved mica, and thereafter scanned using a Veeco MultiMode scanning 

probe (Santa Barbara, USA) with Bruker TESPA tips in AFM tapping mode. The same AFM setup 

was also used to investigate the unetched and etched surfaces of aligned P0.1TOCNF-g-PEG to 

obtain the 3D topography images. For TEM, the samples were deposited on a carbon-coated grid 

and treated with 1% uranyl acetate negative stain, and thereafter observed using a Hitachi Model 

HT7700 TEM (Tokyo, Japan) in high-contrast mode at 100 kV. The thermal behaviors of the 

isotropic and aligned samples were examined by differential scanning calorimetry (DSC) using a 

Mettler Toledo DSC 821e from −20 °C to 220 °C at a scanning rate of 10 °C·min-1 in nitrogen 

atmosphere. The cross-sections and surfaces of the isotropic and aligned films were studied by 

scanning electron microscopy (SEM) using an FEI Magellan 400 XHR-SEM (Hillsboro, USA) 

with tungsten coating (Bal-Tec MED 020 coating system). The birefringence behaviors of the 

aligned samples were observed using a Nikon Eclipse LV100 POL polarized optical microscope 

(POM, Kanagawa, Japan). The mechanical properties of the isotropic and aligned samples were 

measured using the Shimadzu AG-X universal testing machine in tensile mode with an SLBL-1kN 

load cell. The isotropic samples were tested with a gauge length of 30 mm and crosshead speed of 

5 mm·min-1. The aligned samples were tested with a gauge length of 10 mm and crosshead speed 
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of 1 mm·min-1. All the samples were conditioned at 20 °C and 6% humidity during the testing 

using the Shimadzu THC1-200SP thermostatic chamber to avoid the influence of moisture. The 

toughness of the samples was determined as work of fracture from the stress-strain curves. The 

light transmittance of the aligned P0.1TOCNF-g-PEG was measured using a Perkin Elmer UV-vis 

Spectrometer Lambda 2S (Überlingen, Germany) from 200 nm to 800 nm with a scan speed of 

240 mm·min-1. The light scattering behaviors of the samples were tested with a 635-nm laser 

source, and the distance between the laser source and sample was approximately 5 cm and that 

between the sample and detector was approximately 20 cm. The crystal structure of PLA in the 

isotropic and aligned samples was examined by X-ray diffraction (XRD) using an Empyrean X-

ray diffractometer (PANalytical, UK) with CuKα radiation (λ = 1.5418 Å) in a 2θ angular range 

of 5–40° at a scan speed of 0.01 °·s-1. 

RESULTS AND DISCUSSION 

The chemical structures of the native TOCNF and TOCNF-g-PEG prepared in this study are 

schematically illustrated in Figure 1a. The successful grafting of amine-terminated PEG to 

TOCNFs was confirmed using FTIR as shown in Figure 1b. The intensity of the bands at 1459 cm-

1 and 2894 cm-1 in the spectrum of the TOCNF-g-PEG, corresponding to the CH2 bending and 

stretching, respectively,49-50 was significantly higher than that of the TOCNF, which is attributed 

to the grafting of PEG chains. Moreover, the intensity of the band representing the C=O stretching 

in carboxylate anions at 1600 cm-1 in the TOCNF-g-PEG spectrum decreased significantly 

compared with that in the TOCNF spectrum,51 owing to the amide bond formation between the 

carboxyl groups of TOCNF and the amine groups from PEG-NH2. 
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Figure 1. (a) Schematic illustration of the chemical structures of TOCNF and TOCNF-g-PEG. (b) FTIR spectra 

of PEG, TOCNF, and TOCNF-g-PEG. (c) TGA curves of PEG, TOCNF, and TOCNF-g-PEG. (d) AFM height 

images of TOCNF and TOCNF-g-PEG. (e) TEM images of TOCNF and TOCNF-g-PEG. 

The amount of grafted PEG in the TOCNF-g-PEG was estimated from the inflexion points in 

the TGA curves (Figure 1c) according to the method described by Tang et al.36 By extrapolating 

the onset of the degradation of PEG (approximately 340 °C) and the charring process of the residue 

(approximately 415 °C) in the curve of TOCNF-g-PEG, the grafting amount of PEG was 

determined as 31 wt%. Moreover, Figure 1c shows that the TOCNF-g-PEG has higher thermal 

stability than the native TOCNF since its degradation onset shifted to a higher temperature. This 

is because the layer of the grafted PEG surrounding the TOCNF acted as a shield during the heating 

process. According to the conductometric titration results shown in Figure S1 (Supporting 

Information), the carboxylate content of TOCNF and TOCNF-g-PEG are 1.2 mmol·g-1 and 0.43 

mmol·g-1, respectively. Thus, the degree of substitution of grafted PEG for carboxylate groups was 

calculated as 0.64 (Equation S1, Supporting Information). Both AFM and TEM images (Figure 

1d,e) reveal that the morphologies of the TOCNF and TOCNF-g-PEG are similar, and their size 
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distribution histograms measured according to the TEM images are shown in Figure S2 

(Supporting Information). The average width of the TOCNF-g-PEG is 4.3 nm, which is slightly 

larger than that of the TOCNFs (3.6 nm) owing to the grafted PEG layer covering the surface of 

the TOCNFs. The theoretical thickness of the grafted PEG layer in its good solvent was calculated 

according to Equation S2–S6 (Supporting Information),26,52-53 which is equal to 3 nm. There is no 

apparent difference between the average lengths of the TOCNF (820 nm) and TOCNF-g-PEG (830 

nm), indicating that the treatment of PEG grafting was mild and no degradation of the TOCNF 

occurred. 

To investigate the effects of grafting PEG to TOCNF and drawing process on both the 

structure and properties of the PLA-based nanocomposites, samples reinforced with native 

TOCNFs, TOCNF-g-PEG, as well as TOCNFs with free PEG were prepared in this study. The 

TOCNF content in all the samples is 0.1 wt%, as shown in Table 1. Figure 2a illustrates that the 

isotropic samples were produced using solvent casting method followed by compression molding, 

and thereafter drawn at 100 °C with a draw ratio of 8 to obtain the aligned nanocomposites. The 

drawing temperature was determined according to the DSC thermograms of the isotropic samples 

(the thermal parameters are listed in Table S1, Supporting Information), which is expected to be 

between the glass transition temperature (Tg) and cold crystallization temperature (Tcc), but closer 

to Tcc. The obtained transparent isotropic and aligned nanocomposite films are illustrated in Figure 

2b and c, respectively. 
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Figure 2. (a) Schematic illustration of the preparation process for the aligned nanocomposite films, and 

photographs of the (b) isotropic and (c) aligned P0.1TOCNF-g-PEG films. 

The fracture surfaces of the isotropic samples were examined using SEM and the images are 

shown in Figure 3. Compared with the neat PLA, large TOCNF agglomerates can be observed in 

the P0.1TOCNF, which are attributed to the van der Waals forces and hydrogen bonds between 

the TOCNFs and the incompatibility between the hydrophilic TOCNF and hydrophobic PLA.1 

Owing to the addition of free PEG to the composite, the P0.1TOCNF/PEG shows much fewer 

TOCNF aggregates and a more ductile fracture surface. Furthermore, no TOCNF aggregates are 

observed in the P0.1TOCNF-g-PEG, which is due to the improved compatibility between TOCNF 

and PLA and the steric effect provided by the grafted PEG.26,28,34 The SEM results indicate that 

both free and grafted PEG improve the dispersion of TOCNF in the PLA matrix, and grafting PEG 

to TOCNF is more efficient to achieve a homogenous structure in the nanocomposite. 
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Figure 3. SEM images of the fracture surfaces of isotropic neat PLA, P0.1TOCNF, P0.1TOCNF/PEG and 

P0.1TOCNF-g-PEG films. Aggregates are indicated by white arrows. 

After drawing, all the aligned materials exhibit extraordinary birefringence at an angle of 45° 

to the directions of the crossed polarizers under a POM as shown in Figure 4, while negligible light 

transmittance was demonstrated at the angle of 0° (Figure S3, Supporting Information). This 

indicates that high degrees of alignment of the polymer chains were achieved for all the materials 

by drawing.54 However, the aligned neat PLA exhibits heterogeneous orientation from the center 

to the edge of the film, resulting from the relatively strong dipolar interaction among the PLA 

chains.55 The aligned P0.1TOCNF shows an apparent disordered part in the center because large 

TOCNF agglomerates hinder the alignment of the PLA chains during the drawing process, which 

corresponds to the SEM result of the isotropic film (Figure 3). Both aligned P0.1TOCNF/PEG and 

P0.1TOCNF-g-PEG exhibit much more homogeneous alignment, which is attributed to the better 

dispersion of TOCNFs and the plasticizing effect of both free and grafted PEG, contributing to the 

movement of the PLA and TOCNFs in the nanocomposites. 
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Figure 4. Polarized optical microscopy images of the surfaces of aligned neat PLA, P0.1TOCNF, 

P0.1TOCNF/PEG and P0.1TOCNF-g-PEG films (scale bar, 500 μm; directions of the crossed polarizers are 

shown in the lower left corner). 

The surface structure of the aligned P0.1TOCNF-g-PEG was further characterized by SEM 

and AFM as shown in Figure 5. To observe the aligned structure more easily and investigate the 

PLA crystalline structure, etching was performed to the aligned sample and the etched surface was 

also examined. The unetched surface of the aligned P0.1TOCNF-g-PEG reveals small wrinkles 

parallel to the drawing direction as shown in Figure 5a. The formation of the wrinkles is due to the 

transverse compressive stress arising from the inability to accommodate the Poisson contraction 

of the sample near clamped edges.56 The wrinkles are more obvious in the 3-dimensional (3D) 

AFM image illustrated in Figure 5c, and their average depth is measured as 5.3 ± 1.0 nm according 

to the topography section curve (Figure S4, Supporting Information). After being etched with an 

alkaline solution, the oriented structure in the aligned P0.1TOCNF-g-PEG became much more 

distinct as illustrated in Figure 5b,d and Figure S5 (Supporting Information), because part of the 

amorphous regions of PLA were etched out.57 The magnified 3D AFM image in Figure 5e exhibits 

clearly that the periodic annular features present on the etched surface, which is attributed to the 
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PLA crystalline region in the aligned sample. Similar behaviors were reported in our previous 

work,46 indicating that the “shish-kebab” crystalline structure was formed in the drawing process. 

 

Figure 5. SEM images of (a) unetched and (b) etched surfaces of aligned P0.1TOCNF-g-PEG, and 3D AFM 

height images of the (c) unetched and (d,e) etched surfaces. The etched sample was obtained by etching the 

aligned film at 60 °C for 6 h in a 0.025M sodium hydroxide solution (with 1:2 water–methanol solvent). 

To investigate the mechanical properties of the isotropic and aligned samples, tensile tests 

were conducted. The representative stress–strain curves of the aligned samples and isotropic 

P0.1TOCNF-g-PEG are shown in Figure 6a, and the mechanical properties of all the samples are 

summarized in Table S2 (Supporting Information). The drawing process provides a synergistic 

effect as the elastic modulus, ultimate strength, and elongation at break of all the samples are 

enhanced drastically. The improved elastic modulus and ultimate strength are attributed to the 

alignment of the PLA chains and TOCNFs, and the improved elongation at break is probably due 

to the “shish-kebab” structure formed during drawing, as demonstrated in Figure 5e. The inset 

photograph in Figure 6a indicates the fibrillation behavior of the aligned samples after break during 
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the tensile testing, which confirms that the highly aligned structure was introduced in the drawing 

process. 

 

Figure 6. (a) Representative stress–strain curves of isotropic and aligned samples from tensile test. (b) 

Comparison of mechanical properties of aligned samples. All data were normalized according to the results of 

aligned neat PLA. ANOVA and Tukey-HSD comparison test was performed: *, p < 0.05; **, p < 0.01. (c) 

Toughness and ultimate strength of the aligned P0.1TOCNF-g-PEG compared with other anisotropic 

nanocellulose-based materials reported in the literature. Abbreviations: HEC, hydroxyethyl cellulose; CMC, 

carboxymethyl cellulose; SWNT, single-walled carbon nanotubes; BC, bacterial cellulose. 

Figure 6b shows that the aligned P0.1TOCNF-g-PEG outperforms the other samples with 

respect to ultimate strength, elongation at break, and toughness. Compared with those of the 

aligned neat PLA, the ultimate strength and toughness of the aligned P0.1TOCNF-g-PEG are 
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improved by 73% and 200%, respectively, indicating that very high reinforcing efficiency can be 

achieved through the ultra-low weight fraction of well-dispersed TOCNF-g-PEG. The ultimate 

strength of the aligned P0.1TOCNF-g-PEG is as high as 343 MPa, which is significantly higher 

than that of the aligned PLA-based nanocomposites reported previously in literature.41,44-46 

Moreover, the ultimate strength and toughness of both aligned P0.1TOCNF/PEG and 

P0.1TOCNF-g-PEG are significantly higher than those of the aligned P0.1TOCNF, owing to the 

reduction of degree of aggregation of TOCNFs in PLA, corresponding to the microscope results 

shown in Figure 3 and 4. Compared with other studies on high-performance nanocellulose-based 

materials with anisotropic structure as shown in Figure 6c,19,36,58-70 our aligned P0.1TOCNF-g-

PEG exhibits competitive ultimate strength and superior toughness with only 0.1 wt% of 

nanocellulose, indicating a promising future of utilizing this kind of materials in low-cost and 

environment-friendly applications. 

However, it needs to be noted that there is no significant difference in the elastic modulus of 

the aligned samples as illustrated in Figure 6b. This indicates that the elastic modulus of the aligned 

PLA-based nanocomposites with such a low fraction of reinforcement is mainly controlled by the 

alignment and crystallization of PLA chains. Furthermore, according to the ANOVA and Tukey-

HSD comparison test, the difference in mechanical properties between the aligned 

P0.1TOCNF/PEG and P0.1TOCNF-g-PEG is not distinct since the p-value is greater than a 

significance level of 0.05. The possible reason is that the improvement of interaction between PLA 

and TOCNFs arising from the PEG grafting is limited, caused by the very thin layer of the grafted 

PEG (a theoretical thickness of 3 nm, Equation S6, Supporting information), and meanwhile the 

ultra-low weight fraction of the TOCNFs further reduces the impact of the improved interaction. 
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The effects of drawing process and TOCNF-g-PEG on the PLA-based nanocomposites are 

schematically illustrated in Figure 7. The undrawn semi-crystalline PLA as shown in Figure 7a 

consists of amorphous PLA chains and spherulites. During the drawing process at the temperature 

above Tg, the amorphous PLA chains are stretched and more orderly packed, and form a special 

crystalline structure like “shish-kebab” as shown in Figure 7b. This special crystal formation in 

aligned polymers was firstly reported by Pennings et al. in 1970.71 The degree of crystallinity of 

PLA can be increased drastically due to drawing, which was confirmed through the DSC results 

in Table S1 (Supporting information). The aligned structure of PLA in the materials not only 

contributes to their strength and stiffness, but also improves elongation to break significantly (see 

Figure 6a). The reason is expected to be that the aligned PLA chains can slide between each other 

more easily compared to the disordered state with considerable entanglement effect in the isotropic 

materials. 

In the case of aligned P0.1TOCNF demonstrated in Figure 7c, the appearance of TOCNF 

agglomerates influences the alignment of PLA chains and the crystalline structure, which was 

confirmed by the POM image in Figure 4. Consequently, it exhibits much lower strength and 

elongation to break than the aligned P0.1TOCNF-g-PEG as shown in Figure 6. Figure 7d shows 

that grafting PEG enhances the dispersion of TOCNFs in the PLA matrix, which further 

contributes to the better mechanical properties because the well-dispersed PEG-grafted TOCNFs 

provide higher reinforcing efficiency and bridging effect to the nanocomposite. 
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Figure 7. Schematic structures of (a) isotropic neat semi-crystalline PLA, (b) aligned neat PLA with “shish-

kebab” crystalline structure, (c) aligned P0.1TOCNF with TOCNF agglomerates and (d) aligned P0.1TOCNF-

g-PEG with well-dispersed PEG-grafted TOCNFs. 

The optical properties of the aligned samples were also examined in this study. In addition to 

the birefringence behavior shown in Figure 4, the transparency of the aligned P0.1TOCNF-g-PEG 

was measured, which indicates a specular transmittance of more than 90% in a wavelength range 

of 350 to 800 nm as shown in Figure S6 (Supporting Information). The photograph in Figure 2c 

also demonstrates high transparency of the aligned nanocomposite film. Notably, the crystallinity 

of PLA in P0.1TOCNF-g-PEG is increased from 4.7% to 54.5% after drawing according to the 

DSC analysis (Table S1, Supporting Information), but the aligned sample is still transparent 

whereas annealed PLA films with high crystallinity are usually translucent.72 A possible reason is 
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that the size of the PLA crystallites formed during the drawing process is much smaller than that 

generated during annealing treatment, which is confirmed using XRD analysis shown in Figure S7 

(Supporting Information). The XRD scattering pattern of the aligned P0.1TOCNF-g-PEG exhibits 

a wider peak at 2θ = 16.5° corresponding to (110)/(200) planes of PLA crystallites compared with 

that of the annealed isotropic sample, which indicates that smaller crystallites were obtained in the 

aligned sample according to the Scherrer equation (Equation S8, Supporting Information).73 

Figure 8a illustrates the method employed for the light scattering test and the results are shown 

in Figure 8b. Compared with the isotropic P0.1TOCNF-g-PEG, the aligned film indicates obvious 

anisotropic light scattering behavior, which is attributed to its highly oriented structure as 

illustrated in the SEM and AFM images in Figure 5. The small wrinkles on the unetched surface 

of the sample could also contribute to the light scattering effect.36 The light scattering behavior 

helps increase the light absorption and decrease the light reflection of the materials, resulting in 

improved performance of solar cells and display devices,74-75 which indicates that the aligned 

P0.1TOCNF-g-PEG has significant potential for use in optical applications. 

 

Figure 8. (a) Schematic illustration of light scattering test and (b) light scattering patterns after the laser passes 

through isotropic and aligned P0.1TOCNF-g-PEG. 
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CONCLUSIONS 

In conclusion, grafting PEG to TOCNF affords better dispersion of TOCNFs in the PLA matrix 

compared with the unmodified TOCNF, thereby resulting in more homogenous alignment of the 

nanocomposite after uniaxial drawing, which contributes to superior mechanical properties and 

unique optical behaviors at an exceptionally low loading. Compared with that of the aligned PLA 

and P0.1TOCNF, the toughness of the aligned P0.1TOCNF-g-PEG exhibits 200% and 70% 

enhancement, respectively. The addition of free PEG in the unmodified TOCNF-reinforced PLA 

nanocomposite also improves the dispersion of the TOCNFs, but it is less efficient than that of 

grafted PEG because better interaction between TOCNF and PLA can be introduced through the 

covalent grafting process. The aligned P0.1TOCNF-g-PEG is not only strong and highly 

transparent but also has an anisotropic light scattering effect, indicating its excellent potential for 

use in optical applications such as solar cells and displays. Compared with other inspiring studies 

on nanocomposites with large loadings of nanomaterials,19,36,58-70 we demonstrate the possibility 

of producing low-cost functional nanocomposites with competitive properties realized using an 

ultra-low amount of functionalized nanocellulose (0.1 wt% of total composite weight) and a 

drawing process, which facilitates their usage in large-scale applications. More importantly, both 

PLA and nanocellulose are biopolymers which are derived from renewable resources and 

biodegradable, indicating that the aligned nanocomposites consisting of them are environmentally 

friendly and highly desired for the sustainable development. 
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