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ABSTRACT 

Nanocellulose materials extracted from various types of biomass have recently attracted 

significant attention. Due to their remarkable mechanical properties, large surface area and 

biodegradability, they can be promising reinforcements in nanocomposites. Cellulose-based 

nanocomposites constitutive of nanocellulose reinforcements and biodegradable polymer 

matrices have great potential to be used in environmentally friendly applications to replace 

fossil-based materials. However, the challenge of controlling their nanoscale structure, 

especially achieving good dispersion of nanocellulose in hydrophobic polymer matrices, still 

poses significant obstacles to producing high-performance nanocomposites. Therefore, this 

thesis reports several methods for structural modification of cellulose-based 

nanocomposites toward the objectives of improving the dispersion of nanocellulose and 

enhancing the properties of the nanocomposites. The methods include in situ emulsion 

polymerization in the presence of nanocellulose, crosslinking of polymer matrix, grafting of 

polymer brushes to nanocellulose and drawing of nanocomposites to obtain aligned 

structures. The resulting mechanical, thermal and other related properties are investigated, 

and the relationship between structure and properties of the nanocomposites are discussed. 

To address the challenge of achieving good dispersion of nanocellulose in hydrophobic 

matrices, in situ emulsion polymerization of vinyl acetate monomer in the presence of 

cellulose nanocrystals has been developed. Microscopy results show that the in situ method 

improves the compatibility between nanocellulose and hydrophobic polymers, which 

consequently improves the dispersion of nanocellulose in the nanocomposites. Compared 

with direct mixed polymer/nanocellulose composites, the in situ synthesized 

nanocomposites exhibit higher stiffness and strength arising from their superior interphase 

volume, which is confirmed theoretically and experimentally. Crosslinking of partially 

hydrolyzed poly(vinyl acetate) by borate additives under different pH conditions has been 

studied to further enhance mechanical properties of the nanocomposites. Moreover, the 

“grafting to” modification method also helps to overcome this challenge. It is revealed that 

poly(ethylene glycol)-grafted cellulose nanofibers disperse better in poly(lactic acid) matrix 

than unmodified cellulose nanofibers, which is attributed to the improved compatibility 

and steric effect provided by the covalently grafted poly(ethylene glycol) brushes. 

To substantially enhance the unidirectional mechanical properties of cellulose-based 

nanocomposites, a highly aligned structure in the materials is obtained through the drawing 

process. Drawing conditions including temperature, speed and draw ratio show 

considerable effects on the mechanical and thermal properties of the nanocomposites. 

Furthermore, the aligned nanocomposites consisting of poly(lactic acid) matrix and ultra-

low weight fraction of poly(ethylene glycol)-grafted cellulose nanofibers demonstrate 
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competitive strength, superb toughness and interesting optical behaviors compared with 

other aligned nanocellulose-based materials reported in the literature, indicating their 

potential to be further developed for large-scale environmentally friendly applications. 

Keywords: Nanocellulose; Nanocomposite; Dispersion; Poly(vinyl acetate);  

 Poly(lactic acid); Alignment; Mechanical characteristics  
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CHAPTER 1 

AN INTRODUCTION OF CELLULOSE-BASED NANOCOMPOSITES 

Energy and environmental issues arising from fossil fuels and fossil-based materials are 

becoming more and more critical. To solve problems associated with energy shortages and 

plastic pollution while reducing greenhouse gas emissions and minimizing carbon 

footprints, materials for the next-generation applications need to be produced from 

renewable resources and used in a sustainable way. Although wood as one kind of renewable 

materials has been used by humans for thousands of years to manufacture tools and build 

structures, the modern society relies heavily on nonrenewable materials. We need to take a 

fresh look at wood and other biomass and explore their new possibilities. Wood-based 

composites have been developed since the 19th century to use forest resources more 

efficiently, but their properties are not good enough for many applications.1 Luckily, today 

we are standing on the verge of a flourishing era of nanotechnology, and nanomaterials from 

biomass such as nanocellulose has been discovered and are being developed rapidly.2-5 

Cellulose-based nanocomposites consisting of nanocellulose reinforcements and 

biodegradable polymer matrices are considered as promising materials to serve the 

sustainable society in the future.6 To enable the large-scale production and widespread use 

of the cellulose-based nanocomposites, their structure must be well designed to obtain 

competitive properties compared with materials from nonrenewable resources. 

Furthermore, the relationship between their structure and properties needs to be 

thoroughly investigated. In this chapter, background knowledge of nanocellulose and 

polymer-based nanocomposites is briefly introduced, and several inspiring studies 

concerning cellulose-based nanocomposites related to this thesis are reviewed.
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1.1 Nanocellulose reinforcements 

Cellulose is a main structural component in many kinds of plants on Earth, like trees, 

bushes, flax and algae. It also acts as the skeletal structure in the integumentary tissue of 

tunicates,7 and it can be produced by several bacteria to form protective envelopes around 

the cells.8 As an example, the hierarchical structure from a tree to a cellulose chain is shown 

in Figure 1.1.9-12 In the wood cell wall, cellulose microfibers are the main reinforcement 

phase that provide axial stiffness for trees.13 They can be further separated into elementary 

fibers (Figure 1.1e) that are usually considered to have 36 cellulose chains packed during 

biosynthesis,14 but recently a 24-chain model has been suggested.12 The basic unit of 

cellulose chains consists of two β-1,4-linked-D-glucose rings in opposite directions, as 

shown in Figure 1.1f, which form a 21 helix symmetrical structure.15 Due to the abundant 

hydroxyls presenting on the cellulose chains, the intra- and intermolecular hydrogen bonds 

together with van der Waals force direct the crystallization of cellulose and form crystalline 

regions. The disordered parts are also present in cellulose due to chain dislocations 

occurring on elementary fibers and can be called amorphous regions.16 

Many natural microfibers with cellulose as the main component have already shown 

excellent mechanical properties, such as flax, whose elastic modulus and strength reach 69 

GPa and 1.4 GPa, respectively.17 To further improve the mechanical performance and 

 

Figure 1.1 Hierarchical structure from wood to cellulose at different length scales. a | A 
schematic of a tree. b | Scanning electron microscopy (SEM) image of cellular structure of wood
from pine (adapted from ref. 9, World Scientific). c | Magnified SEM image of the cross-section of 
wood cell walls (adapted with permission from ref. 10, Springer). d | A schematic of cellulose 
microfibers in the wood cell wall (dimension is according to ref. 11). e | Bundles of elementary 
cellulose fibers (dimension is according to ref. 12). f | Chemical structure of cellulose and
numbering system for carbon atoms in one glucose ring. 
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maximize the surface area, nanocellulose materials have been developed in recent years and 

are expected to be the suitable reinforcement in nanocomposites which will be used for 

environment-friendly applications. Nanocellulose can be extracted from cellulose-

containing biomass through mechanical or chemical treatments. It exhibits superior 

mechanical properties compared with the natural microfibers, whose elastic modulus in the 

crystalline region was reported as approx. 140 GPa owing to the absence of defects on the 

nanoscale.18,19 The common forms of nanocellulose materials which have been extensively 

investigated are cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs). Their 

morphology, preparation methods and related chemistry structure and properties are 

introduced in the following sections. 

1.1.1 Cellulose nanocrystals 

CNCs were first discovered by Rånby in 1949,2 when it was found that needle-shaped 

particles in colloidal suspensions can be obtained after controlled degradation treatment of 

cellulose fibers using sulfuric acid. In 1950 Battista et al. reported that degrading cellulose 

fibers using hydrochloric acid followed by sonification can also generate CNCs.20 During 

the acid treatments, acid hydrolysis of amorphous regions of cellulose occurred, and the 

crystalline regions remained intact and were isolated. Afterwards, several washing and 

dialysis steps need to be performed before aqueous suspensions containing needle- or rod-

like CNCs were produced. 

As shown in Figure 1.2, the morphology and surface chemistry of CNCs depend heavily 

on the cellulose resources and preparation methods.21-25 Sulfuric acid-hydrolyzed CNCs 

from wood (Figure 1.2a) are usually 3–6 nm in width and 100–200 nm in length, while 

those from bacteria (Figure 1.2d) are 10–50 nm in width and their length can be up to 

several micrometers.26 Compared with hydrochloric acid hydrolysis which produces neutral 

CNCs (Figures 1.2b,e) that tend to flocculate due to limited stability, sulfuric acid 

hydrolysis introduces charged sulfate groups to the surface of CNCs, as illustrated in Figure 

1.2g, which provide additional electrostatic stability and promote the dispersion of CNCs. 

However, it has been found that the charged sulfate groups decrease the thermostability of 

the CNCs.27 Recently, Espinosa et al. used phosphoric acid as the hydrolysis agent to 

prepare CNCs,25 and the morphology of the generated CNCs is shown in Figure 1.2f. They 

found that charged phosphate groups on the CNC surface (Figure 1.2h) introduced during 

the hydrolysis also help disperse the CNCs in polar solvents, and the phosphoric acid-

hydrolyzed CNCs have higher thermostability than the sulfuric acid-hydrolyzed CNCs do. 

Meanwhile, Mathew et al. reported a new processing route to isolate CNCs from residue 

from a bioethanol pilot plant.28 Owing to the integration of sulfur dioxide treatment in the 

bioethanol processing unit, additional acetic acid treatment and homogenization steps, they 
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obtained CNCs with large aspect ratios (approx. 100, Figure 1.2c)23 and a small amount of 

carboxylate groups on the surface (Figure 1.2i). They also demonstrated that these CNCs 

have good mechanical properties, thermostability and cytocompatibility. 

1.1.2 Cellulose nanofibers 

CNFs were first extracted from softwood pulp by Turbak et al. using physical treatment in 

1983.3 By disintegrating cellulose fibers along their longitudinal axis, CNFs with both 

crystalline and amorphous regions of cellulose can be isolated. Compared with CNCs, 

CNFs have greater aspect ratios, as shown in Figures 1.3a-d. They have widths in a range of 

3–100 nm and lengths on the scale of microns, depending on the cellulose resources and 

isolation methods, and their surface chemistry also varies as illustrated in Figures 1.3e,f. 

 

Figure 1.2 Morphology and surface chemistry of CNCs prepared from different resources and
by various methods. a | Transmission electron microscopy (TEM) image of CNCs derived from 
wood pulp hydrolyzed by sulfuric acid (adapted with permission from ref. 21, Springer). b,c | 
Atomic force microscopy height images of (b) CNCs derived from wood pulp hydrolyzed by
hydrochloric acid (adapted with permission from ref. 22, Royal Society of Chemistry) and (c)
CNCs derived from bioethanol processing residue treated by acetic acid and sodium chlorite 
(adapted with permission from ref. 23, Springer). d,e | TEM images of bacterial CNCs hydrolyzed
by (d) sulfuric acid and (e) hydrochloric acid (adapted with permission from ref. 24, American 
Chemical Society). f | TEM image of CNCs derived from cotton treated by phosphoric acid
(adapted with permission from ref. 25, American Chemical Society). g–i | Chemical structure of 
CNC surfaces with (g) sulfate, (h) phosphate and (i) carboxylate groups. 
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Typically, CNFs are isolated from cellulose-containing biomass through mechanical 

methods, and sometimes enzymatic or chemical pretreatments can be employed to prepare 

thinner fibers with special functional groups. Three widely used mechanical methods are 

super-grinding, homogenization and microfluidization. In 1998 Taniguchi et al. first 

reported using super-grinding method to produce CNFs,29 where aqueous slurries with 

cellulose fibers were passed through a Masuko grinder (Saitama Prefecture, Japan) 10 times 

and the fibers were disintegrated by a given shear stress. The obtained CNFs had a width of 

20–90 nm, as illustrated in Figure 1.3a. Subsequently, this grinding process has been 

investigated by Oksman et al. intensively including using various cellulose resources,9 tuning 

rotor-speed and the number of passes during the process and calculating related energy 

consumption,30 leading to demonstration of its potential for large-scale production of 

CNFs.31,32 

Furthermore, researchers have studied different pretreatments prior to the above-

mentioned mechanical methods to further break down the thickness of CNFs as well as to 

add useful functional groups to the CNF surface. Isogai et al. developed a chemical 

pretreatment via 2,2,6,6-tetramethyl-piperidine-1-oxyl radical (TEMPO)-mediated 

oxidation,5,33 which converts part of the C6 primary hydroxyls of cellulose to carboxylate 

groups (Figures 1.3b,e). Together with simple mechanical treatments, highly viscous 

 

Figure 1.3 Morphology and surface chemistry of CNFs prepared by different methods. a |
Scanning electron microscopy (SEM) image of CNFs prepared by super-grinding (adapted with
permission from ref. 29, John Wiley & Sons). b,c | Transmission electron microscopy images of
CNFs prepared through (b) TEMPO-mediated oxidation (adapted with permission from ref. 33,
American Chemical Society) and (c) carboxymethylation pretreatment followed by
homogenization and ultrasonication (adapted with permission from ref. 34, American Chemical
Society). d | SEM image of CNFs prepared by enzyme-assisted mechanical treatment (adapted
with permission from ref. 36, American Chemical Society). e,f | Chemical structure of CNF
surfaces with (e) carboxylate groups and (f) carboxymethyl groups. 
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suspensions with CNFs having very fine widths (3–4 nm) and large aspect ratios (>100) 

can be obtained, and the morphology of the TEMPO-oxidized CNFs is shown in Figure 

1.3b. Wågberg et al. developed the carboxymethylation pretreatment which introduces 

carboxymethyl groups to cellulose (Figures 1.3c,f).34 Followed by homogenization, 

ultrasonication and subsequent centrifugation, this method generates CNFs with a width 

of 5–15 nm and a length of up to 1 μm as shown in Figure 1.3c. Moreover, Henriksson et 
al. reported an enzyme-assisted mechanical method to produce CNFs,35,36 where the 

enzymatic pretreatment was used to facilitate the disintegration of cellulose fibers. As 

illustrated in Figure 1.3d, they obtained CNFs that are about 15–30 nm wide and several 

micrometers long. 

1.2 Polymer-based nanocomposites 

Polymer-based composites are important commercial materials nowadays which are widely 

used in many structural applications, for example, in the automotive, aerospace, marine and 

construction sectors, because they exhibit synergistic properties by combining stiff but 

brittle reinforcements and continuous lightweight polymer matrices. Recently, with the 

development of nanomaterials and nanotechnology, new opportunities have been sought 

for optimizing the composite properties via nanomaterials, i.e., materials smaller than 100 

nm in at least one dimension.37 Compared with traditional microscale reinforcements, 

nanomaterials are stronger and provide much larger surface area, which dramatically 

improves the reinforcing efficiency in the composites. Meanwhile, they can keep the optical 

clarity of the nanocomposites due to their small size, and they can be tailored toward 

different functionalities which have a significant impact on the properties of the 

nanocomposites. Considering the unprecedented merits of nanomaterials, many studies 

concerning different types of polymer-based nanocomposites have been done or are 

ongoing,13,38-41 and cellulose-based nanocomposites are a major group.13,40 

Compared with other common nanomaterials such as exfoliated clay, carbon 

nanotubes and graphene, nanocellulose not only has the advantages mentioned above but it 

is also renewable resources-derived and biodegradable, as noted in section 1.1. Thus, in light 

of the critical environmental issues, cellulose-based nanocomposites composed of 

nanocellulose reinforcements and biodegradable polymer matrices are very attractive. In 

this thesis work, both CNCs and CNFs were investigated as reinforcements in the 

nanocomposites, and two biodegradable polymers, poly(vinyl acetate) (PVAc) and 

poly(lactic acid) (PLA), were selected as the matrices. In the following sections, the 

structure and properties of PVAc and PLA are introduced, and previous inspiring works 

concerning their cellulose-based nanocomposites are briefly reviewed. 
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1.2.1 Poly(vinyl acetate) 

PVAc is a synthetic, amorphous and thermoplastic polymer with the chemical formula 

(C4H6O2)n which is characterized by an all-carbon polymer backbone and acetate side 

groups (Figure 1.4a). Its glass transition temperature (Tg) is around 33°C and the processing 

temperature is from 100 to 150°C depending on its molecular weight.42 The widely used 

synthesis route of PVAc starts from ethylene, which reacts with acetic acid and oxygen in 

gas phase with palladium catalyst to form vinyl acetate monomer. Afterwards, PVAc can be 

obtained through emulsion polymerization, which is the most common method and 

generates PVAc latex.43 It should be pointed out that the raw materials in this route are now 

produced from fossil resources. However, it is possible to replace the feedstock of these raw 

materials with bioethanol, which can be produced from renewable resources such as straw, 

corn and sugar cane.44 PVAc can be hydrolyzed to generate poly(vinyl alcohol) and the 

degree of hydrolysis can influence the properties of the polymer. Pure PVAc is hydrophobic 

and insoluble in water, but after partial hydrolysis the polymer becomes more hydrophilic. 

PVAc is a biodegradable polymer under certain conditions. Although insolubility in 

water is the main obstacle for a potential biodegradation mechanism, PVAc can swell when 

exposed to water. This swelling effect makes the PVAc more hydrophilic and promotes its 

degradation by biologically active substances. After it releases the acetic acid residues and 

generates the 1,3 diol segments in the polymer backbone, the polymer can be biodegraded 

by natural redox systems catalyzed by enzymes present in microbial organisms.44 

Presently, the most common applications for PVAc are in the adhesive industry. PVAc 

latex can be used as wood glues and binders for paper. Also, since PVAc is approved by the 

U.S. Food and Drug Administration, it has broad utilization in the food industry. For 

example, PVAc is a major component in gum base which can be found in every chewing 

gum. Moreover, because it is biodegradable and nontoxic, many studies about 

nanocellulose-reinforced PVAc nanocomposites have been reported in recent years. In 

2006 De Rodriguez et al. investigated the water uptake and thermal behavior of PVAc-

based nanocomposites reinforced by sisal-derived CNCs.45 They found that when the CNC 

content is above the percolation threshold (1.4 wt%), the water uptake and Tg of the 

nanocomposites stayed constant under a given humidity, indicating that the CNC network 

has the ability to stabilize polar polymers. In 2011 Mathew et al. studied the moisture 

adsorption behavior of PVAc/CNC nanocomposites and its influence on the mechanical 

properties of the nanocomposites.46 They mixed PVAc latex with CNC suspension and 

freeze-dried the mixture as a master batch, and then processed it through twin-screw 

extrusion to prepare the nanocomposites. The nanocomposites showed higher moisture 

adsorption and lower diffusion coefficient than pure PVAc did. Gong et al. investigated the 

toughening effect of CNCs on the nanocomposites prepared in the same way,47 showing 
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that the CNCs together with bound moisture in the nanocomposites enhanced the 

resistance to crack initiation and propagation. They also studied the morphology, tensile 

and viscoelastic properties of PVAc/CNF nanocomposites,48 where the tensile modulus and 

strength of the nanocomposites were improved with increasing CNF content, and the 

fracture surfaces of the nanocomposites showed a bridging effect caused by CNFs (Figure 

1.4b). In 2014 Pracella et al. prepared PLA/PVAc/CNC nanocomposites and the reference 

materials via the process route illustrated in Figure 1.4c,49 and their morphology, thermal 

behaviors and mechanical properties were investigated. They found that the ternary 

nanocomposites exhibited better dispersion of CNCs, higher mechanical properties and 

thermal resistance than the binary PLA/CNC nanocomposites did. 

1.2.2 Poly(lactic acid) 

PLA is a biodegradable semi-crystalline thermoplastic polymer synthesized from lactic acid 

which is derived from renewable resources like starch and sugarcane. It belongs to the family 

of synthetic aliphatic polyesters, and its chemical structure is shown in Figure 1.5a. 

Generally, high molecular weight of PLA is produced via ring-opening polymerization of 

lactic acid monomer. The molecular weight can be controlled by catalysts. Due to the chiral 

nature of lactic acid, there are two different forms of PLA; namely, poly-L-lactic acid (PLLA) 

and poly-D-lactic acid (PDLA). Commercial PLA normally are copolymers of both forms. 

The amount of PDLA can influence the crystallization of PLA. Since PLA is a semi-

 

Figure 1.4 PVAc structure and previous studies about PVAc-based nanocomposites reinforced
by nanocellulose. a | Chemical structure of PVAc. b | Scanning electron microscopy image of
fracture surface of the PVAc-based nanocomposite reinforced by 10 wt% of CNFs (adapted with
permission from ref. 48, Elsevier). c | Process route showing the preparation methods of PLA/CNC
and PLA/PVAc/CNC nanocomposites from ref. 49 (adapted with permission, Elsevier). 
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crystalline polymer, it has both Tg and melting point (Tm). Its Tg is lower than 60°C and Tm 

is around 165–180°C.50 

PLA is one of the most promising polymer matrices that can be used in environment-

friendly composites. It is quite stiff, its tensile strength can reach 60 MPa and its elastic 

modulus is around 2 GPa.51 Moreover, it has very high transparency at a low degree of 

crystallization and is biodegradable.52,53 In 2003 Oksman et al. investigated flax fiber-

reinforced PLA composites produced by twin-screw extrusion.54 The results indicate that 

the stiffness of PLA improved by 247% with 30 wt% of flax fibers. Later in 2006, they 

investigated PLA-based nanocomposites with N,N-dimethylacetamide/lithium chloride-

swelled CNCs and developed a liquid-feeding extrusion method to produce the 

nanocomposites (Figure 1.5b) which exhibits great potential for large-scale production of 

cellulose-based nanocomposites.55 Afterwards, Iwatake et al. reported that PLA-based 

nanocomposites with 10 wt% of CNFs prepared by an organic solvent-casting method 

showed improved elastic modulus and tensile strength by 40% and 25%, respectively, 

compared with native PLA.56 Nakagaito et al. developed a papermaking-like process to 

produce PLA/CNF nanocomposites,57 where filtration of aqueous suspensions consisting 

of PLA microfibers and CNFs was performed (the filter cake structure is illustrated in 

Figure 1.5c) followed by compression molding to generate the nanocomposite thin sheets. 

 

Figure 1.5 PLA structure and previous studies about PLA-based nanocomposites reinforced by
nanocellulose. a | Chemical structure of PLA. b | A schematic of liquid-feeding extrusion process
of PLA/CNC nanocomposites (adapted with permission from ref. 55, Elsevier). c | Scanning
electron microscopy image of surface of PLA/CNF filter cake (adapted with permission from ref.
57, Elsevier). The arrow points to a PLA microfiber. d | Polarized optical microscopy images of PLA
reinforced by unmodified CNCs (left) and silylated CNCs (right) obtained on the 5th min at 125°C
after quenched from 210°C (adapted with permission from ref. 59, Elsevier). 
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In 2010 Jonoobi et al. studied PLA/CNF nanocomposites prepared by twin-screw 

extrusion.58 They found that the elastic modulus, tensile strength and Tg of PLA were 

enhanced by 5 wt% of CNFs, but CNF aggregates were present in the nanocomposite, 

according to the microscopy results. Pei et al. studied the nucleation effect of silylated 

CNCs on crystallization of PLLA.59 Compared with unmodified CNCs, the silylated 

CNCs increased the crystallization rate and decreased the spherulite size of the PLLA, as 

shown in Figure 1.5d, due to their better dispersion in the PLLA matrix. More recently, 

Fortunati et al. investigated the barrier properties of PLA/modified CNC nanocomposite 

films,60 and the nanocomposites showed reduced water vapor permeability and oxygen 

transmission rate than the native PLA film does, indicating that they have the potential to 

be used in food packaging applications. Herrera et al. studied CNF-reinforced plasticized 

PLA nanocomposites prepared by liquid-feeding extrusion,52 and the results show that both 

the plasticizer and CNFs improved the toughness of PLA. 
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CHAPTER 2 

CHALLENGES, OBJECTIVES AND CONTRIBUTIONS 

According to Web of Science, since 1995, 5,165 articles about cellulose-based 

nanocomposites have been published and the number has grown exponentially. However, 

it seems that there is still a certain distance from the scientific research to the 

commercialization of cellulose-based nanocomposites. Although they give rise to serious 

environmental issues, synthetic polymers which cannot be biodegraded still act as a main 

component of commercial products that are used daily, and was recently reported that 

global production of plastics is as high as 400 million tons per year.61 Till now, only a few 

commercial applications containing nanocellulose have been developed, many of which use 

nanocellulose materials as additives to change the rheological behavior of fluids.62-64 For 

example, Mitsubishi Pencil Co., Ltd. uses cellulose nanofibers as a thickening agent for the 

gel inks used in their ballpoint pen, Uni-Ball Signo 307. The product has been available on 

the European and U.S. markets since 2015.65 More recently, in 2018, one newly launched 

product in which cellulose nanofibers are used as a reinforcement is the midsole of the Gel-

Kayano 25 running shoe from Asics Ltd., which exhibits greater strength and durability 

than the midsole without nanofibers.66 Nevertheless, for cellulose-based nanocomposites, 

there are several challenges that need to be overcome to accelerate the commercialization, 

including the control of nanoscale structure, achieving competitive performance, structural 

characterization and large-scale production. In this chapter, these challenges are discussed, 

and the objectives and research contributions of this thesis work are summarized. 
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2.1 Challenges of cellulose-based nanocomposites 

2.1.1 Challenge of controlling nanoscale structure 

Control of nanoscale structure always poses significant difficulties where nanocomposites 

are concerned. It includes obtaining proper dispersion of the nanomaterials and control of 

their orientation in polymer matrix. Both can drastically influence the properties of the 

nanocomposites. Poor dispersion decreases the surface area of the nanomaterials, and the 

formed aggregates act as defects in the nanocomposites and cause material failure. Thus, 

good dispersion of the reinforcement is very important for nanocomposites. Controlled 

orientation of the nanomaterials is also highly desired, since many types of useful 

anisotropic structures in the nanocomposites which brings unprecedented properties that 

can be designed and achieved through this. 

 The state of agglomeration of nanomaterials in nanocomposites can be described with 

distribution and dispersion. As illustrated in Figure 2.1a, distribution explains the 

homogeneity of the whole sample, and dispersion explains the level of agglomeration of the 

nanomaterials.37 Optimal nanocomposites can be achieved through both good distribution 

and dispersion of nano-reinforcements, thereby maximizing their benefits. However, 

nanomaterials have a very strong tendency to form aggregates that cause poor dispersion, 

 

Figure 2.1 Schematics and research examples showing the challenge of nanocellulose
dispersion in nanocomposites. a | Schematics illustrating different combinations of good/poor
distribution and good/poor dispersion (adapted from ref. 37, John Wiley & Sons). b | Atomic force 
microscopy height image of mechanical-treated CNFs extracted from rachis of date palm tree
(adapted with permission from ref. 68, Elsevier). c | Scanning electron microscopy image of
fracture surface of PLA-based nanocomposite reinforced by 5 wt% of CNFs showing the CNF
aggregates in the white circles (left) and a photo of the nanocomposites with CNF contents from
0 to 5 wt% (right) (adapted with permission from ref. 58, Elsevier). 
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especially in the nanocomposites with high concentrations of nanomaterials. Due to the 

extremely small size of nanomaterials, attractive van der Waals force dominates and pulls 

them together when they are close to each other. When the nanomaterials come into 

physical contact, they will agglomerate and form aggregates due to the tendency towards 

minimization of the surface area and the surface energy driven by interfacial tension.67 In 

the case of nanocellulose materials, hydrogen bonding also acts as a strong driving force of 

agglomeration because of the abundant hydroxyls on their surface, which makes them even 

more difficult to disperse in polymers especially in hydrophobic ones. For CNFs, 

particularly for those only treated through mechanical methods which have no charges on 

the surface, as shown in Figure 2.1b,68 entanglement caused by their large aspect ratio 

further hinders their dispersion. Figure 2.1c shows an example of aggregation behavior of 

CNFs in PLA matrix,58 and some aggregates can be even seen by the naked eye in the 

nanocomposite with 5 wt% of CNFs, as illustrated in the photo on the right. But it needs 

to be noted that when the CNF concentration reaches the percolation threshold, they could 

build an entire network through hydrogen bonds and entanglement, which helps improve 

the mechanical properties of the nanocomposites.69 

To overcome the dispersion challenge of nanocellulose in hydrophobic polymers, 

various surface modification methods have been studied, including silylation, esterification 

and grafting polymer chains from/to the nanocellulose surface.59,70-72 Studies about the 

addition of small molecules together with nanomaterials to prevent agglomeration have also 

been reported.73,74 These modifications enhance the compatibility between the 

nanocellulose and the polymer matrix, and the grafting methods provide a steric effect due 

to the grafted polymer brushes.75 Although considerable improvement in nanocellulose 

dispersion has been achieved via these methods, some drawbacks are worth considering, like 

their lengthy and toxic process as well as high energy consumption.76,77 

Compared with traditional composites reinforced with continuous fibers, control of 

orientation of nanomaterials in nanocomposites to obtain highly aligned structure is 

difficult to achieve, because their extremely small size does not allow them to be handled 

directly. To overcome this, drawing/stretching nanocomposites has been studied by many 

researchers.78-83 Drawing polymers to get ultra-high uniaxial mechanical properties has been 

developed for decades.84 Learning from experience, researchers expect that nanomaterials 

should follow the flow of the polymer matrix during the uniaxial drawing process of 

nanocomposites and reach a certain degree of orientation, and the alignment of 

nanomaterials after the drawing process has been confirmed by many studies.80,82,83 

Recently, another method based on hydrodynamic alignment has been reported to produce 

fibers consisting of aligned CNFs.85 In this study, a special flow cell was designed, as shown 

in Figure 2.2a, where an accelerating flow of dilute CNF suspension makes the CNFs align 

in the flow direction, and then the alignment is locked by gelation with the assistance of 



Cellulose-based Nanocomposites – The Relationship between Structure and Properties 

14 Shiyu Geng – September 2018 

diffusing electrolytes. Later, this method was further developed to produce nanocomposite 

fibers (Figure 2.2b) comprising CNFs and silk fusion proteins which exhibit very strong 

mechanical properties.86 

2.1.2 Challenge of achieving competitive performance 

Besides the nanocellulose dispersion challenge mentioned in section 2.1.1, several other 

obstacles for cellulose-based nanocomposites also need to be overcome to achieve 

competitive performance against those of fossil-based materials. 

First, the water resistance of cellulose-based nanocomposites is limited, especially for 

those containing a large amount of nanocellulose. Because of the great number of hydroxyls 

on the surface, nanocellulose materials are hydrophilic and can adsorb water molecules. The 

adsorbed water molecules act as plasticizer in the nanocomposites and normally impair the 

mechanical properties.46,87 Moreover, many biodegradable polymers used as matrices in the 

nanocomposites are also water-sensitive, like starch and poly(vinyl alcohol). In most of 

mechanical tests reported in the literature, cellulose-based nanocomposites were tested at 

50% relative humidity to simulate the ambience in real life. However, in many areas of the 

world the relative humidity can easily exceed 80% and weather conditions have a significant 

impact on the mechanical properties of materials. Thus, use of cellulose-based 

nanocomposites under conditions of high humidity must be given careful consideration. 

Second, the thermal stability of some nanocellulose materials is relatively low, which is 

not sufficient for many melt compounding processes used to produce nanocomposites. The 

onset of thermal degradation of original cellulose is approx. 300°C,27 and the thermal 

degradation behavior of different nanocellulose materials depends heavily on their 

preparation methods. The degradation temperature of hydrochloric acid-hydrolyzed 

CNCs is very similar to the original cellulose,22 and mechanically-ground CNFs start to 

degrade at approx. 290°C.30 However, the thermal degradation of nanocellulose materials 

 

Figure 2.2 A method based on hydrodynamic alignment to produce fibers with aligned CNFs. a
| A schematic of flow focusing part in the designed flow cell (adapted with permission from ref. 
85, Macmillan Publishers Ltd.). b | Scanning electron microscopy image (left) and optical
microscopy image (right) of CNF/silk (90/10) fibers with aligned structure produced by the flow
cell (adapted with permission from ref. 86, American Chemical Society). The white arrows point 
to two fibers. 
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with functional groups on the surface occurs at much lower temperatures. Sulfuric acid-

hydrolyzed CNCs have a degradation temperature (onset) at approx. 220°C,27 and those of 

carboxymethylated CNFs and TEMPO-oxidized CNFs are at approx. 215°C and 200°C, 

respectively.5,88 Although these materials can have better dispersion in a matrix than native 

nanocellulose materials due to the electrostatic repulsion provided by the functional groups, 

their thermal degradation always happens during the melt compounding process at elevated 

temperature, which generates yellowish and even brownish nanocomposites with reduced 

mechanical, thermal and optical properties. 

Third, for the cellulose-based nanocomposites consisting of CNF networks and a 

thermoset polymer matrix, insufficient impregnation caused by the very dense networks 

poses an obstacle to obtaining the nanocomposites with high mechanical properties. Liquid 

composite molding processes like vacuum infusion are widely used to produce traditional 

composites with high reinforcement content. Similar processes have been developed to 

produce cellulose-based nanocomposites,89-91 where several layers of CNF networks 

prepared by filtration are stacked and impregnated by resin. Unfortunately, impregnation 

of CNF network is very difficult because of the small pore size, resulting in an extremely 

lengthy process or insufficient impregnation causing very poor mechanical properties. 

Aitomäki et al. increased the porosity of the CNF network using solvent exchange and 

freeze-drying methods, and investigated the influence of porosity on impregnation and 

mechanical properties of the nanocomposites.92 They found that with increasing porosity 

the permeability of the network was improved, which leads to higher impregnation 

efficiency, but the mechanical properties of the nanocomposites were not enhanced 

probably due to the decreased quality of the loose CNF network. Nissilä et al. studied the 

impregnation of CNF aerogels prepared through freeze-casting instead of the common 

filtration process,93 where the longitudinal pores present in the aerogels accelerated the 

impregnation significantly, resulting in well-impregnated translucent nanocomposites. 

2.1.3 Challenge of structural characterization 

The structural characterization of bio-based nanomaterials poses a challenge with respect 

to experimental instruments. Bio-based nanomaterials need ultra-high resolution to be 

characterized, but they are very sensitive to the applied energy and can be easily destroyed 

during the characterization. In current state, the main characterization methods for 

morphology include optical microscopy (OM), scanning electron microscopy (SEM), 

transmission electron microscopy (TEM) and atomic force microscopy (AFM). The 

crystalline structure and orientation of materials can be characterized by polarized OM, X-

ray diffraction (XRD) and two-dimensional X-ray diffraction (2D-XRD). 
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The morphology of nanocellulose materials always needs to be clarified. Known 

morphology helps researchers identify and explain the reinforcing behavior of nanocellulose 

in nanocomposites, and the dimension results provide possibilities to simulate and predict 

the properties of nanocomposites theoretically. Normally, the resolution of SEM is not high 

enough to measure the dimensions of nanocellulose accurately, and TEM and AFM are 

commonly used. For TEM, nanocellulose needs to be treated with a stain to increase its 

contrast to the surrounding materials, which results in a slight change in the nanocellulose 

dimensions in the image. For AFM, the height dimension results can be used to determine 

the width of nanocellulose, but the horizontal dimension is seriously influenced by the tip 

broadening effect (Figure 2.3a), which causes deviation in the length measurement. Also, 

the imaging process of AFM is quite lengthy, which causes difficulties in collecting a large 

amount of data using AFM for quantitative studies. Another big challenge is measuring the 

length of CNFs. Due to the strong entanglement and hydrogen bonds presenting among 

CNFs after drying in the sample preparation for microscopy characterization, individual 

fibers are problematic to obtain. Additional processes like sonication can be used to improve 

the dispersion of CNFs on the sample holder, but these processes can damage the CNFs and 

change their morphology depending on the processing intensity. 

To characterize the morphology of cellulose-based nanocomposites, SEM is the most 

commonly used method in the literature. However, the dispersion of nanocellulose in 

polymer matrices is laborious to identify by SEM due to the limited resolution, except in 

the case of large aggregates present in the nanocomposites. In addition, the main elemental 

components of both nanocellulose and the polymer matrix are carbon, oxygen and 

hydrogen; hence, they are difficult to be distinguished from each other even by SEM assisted 

with energy-dispersive X-ray spectroscopy (SEM-EDX). Furthermore, the cellulose-based 

nanocomposites with biodegradable polymer matrices are not conductive and they are very 

sensitive to the electron beam of SEM. A conductive coating layer needs to be applied on 

the sample surface, and low voltage and current have to be used during the SEM 

measurement to prevent the samples from being destroyed. These limitations further 

 

Figure 2.3 Schematic and research example related to the challenge of structural
characterization of cellulose-based nanocomposites. a | A schematic showing the AFM tip
broadening effect. b | TEM images of cross-section of PLA-based nanocomposite containing 1 wt% 
of CNFs (adapted with permission from ref. 72, American Chemical Society). 
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decrease the resolution of SEM, which in turn limits the investigation of the structural 

details of the nanocomposites. There are several studies that report characterization of the 

dispersion of nanocellulose by TEM,72,94 and promising results were obtained, as shown in 

Figure 2.3b, which is attributed to the higher resolution of TEM and the stain-improved 

contrast. 

Characterizing the orientation of nanocellulose in the nanocomposites is another 

obstacle when the nanocellulose concentration is low. Although the crystalline structure of 

cellulose can be detected by XRD, it is nearly impossible to recognize the cellulose signals in 

the nanocomposites with low contents of nanocellulose, e.g., ≤1 wt%.95 The situation is 

more complicated for the nanocomposites with a semi-crystalline polymer matrix, because 

the crystalline peaks of cellulose in the X-ray diffractogram could be overlapped by those of 

the polymer matrix. For example, one crystalline peak of polyethylene oxide is registered at 

2θ = 23.5°,96 which is very similar to one of the main crystalline peaks of cellulose at 2θ = 

22°. Consequently, the 2D-XRD technique can only be used to detect the nanocellulose 

orientation in the nanocomposites with a large amount of nanocellulose, and at least one of 

the main crystalline peaks of cellulose is not overlapped with those of the polymer matrix. 

2.1.4 Challenge of large-scale production 

Two main issues pose a challenge to large-scale production of cellulose-based 

nanocomposites. One is the excessive cost of nanocellulose, and the other is the lack of a 

mature industrial-scale process to produce the nanocomposites. 

Till now, compared with CNFs, it seems that CNCs are more promising for use in 

large-scale production of nanocomposites, because there are already industries and research 

institutes operating pilot or demonstration plants to produce sulfuric acid-hydrolyzed 

CNCs. The price is estimated at just several U.S. dollars per kilogram, which is quite 

reasonable.97 The potential of CNFs is more limited, because the energy consumption of 

CNF fibrillation is still high and the variation in product quality is considerable. Besides, 

due to the challenge of structural characterization as mentioned in section 2.1.3, it is very 

difficult to characterize the quality of CNFs and the related standards are lacking. 

Nevertheless, there are many announced projects focusing on scaling up and 

industrialization of CNFs, as they could have higher reinforcing efficiency in the 

nanocomposites than CNCs.98 But the cost of CNFs is estimated at 45–90 U.S. dollars per 

kilogram, which is more expensive than carbon fiber ($30/kg) and aramid fiber 

($45/kg).65,99 

The nanocellulose products are always in the form of suspension, i.e., they are 

accompanied by large amounts of water. If they are dried in advance, it will be very difficult 

to re-disperse them due to the strong hydrogen bonds formed during the drying step. 
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Therefore, most of processes used in the lab to produce cellulose-based nanocomposites, 

such as solvent casting and freeze-drying, consume a lot of energy to remove the water to 

obtain solid nanocomposites. Moreover, in many circumstances organic solvents are used 

to dissolve hydrophobic polymers so they can be mixed with the nanocellulose suspensions, 

which makes industrial use of the process more difficult. On the other hand, the liquid-

assisted extrusion process developed by Oksman et al. is more promising, as it is a 

continuous method based on the traditional extrusion.55 During this process, the water in 

nanocellulose suspensions is evaporated directly in the extruder and the generated water 

vapor is removed using a vacuum vent built in the end of the extruder. However, many types 

of nanocellulose are not favorable for this process because of their low degradation 

temperature, as noted in section 2.1.2, and the challenge of dispersion of nanocellulose is 

also present in this process.100 In short, the processing of cellulose-based nanocomposites 

needs to be further developed to fulfill the requirements of large-scale production. 

2.2 Objectives and research contributions of this work 

Considering the challenges mentioned in section 2.1, the objectives of this thesis work were 

to improve the dispersion of nanocellulose materials in hydrophobic polymer matrices and 

to enhance the mechanical properties of the cellulose-based nanocomposites while at the 

same time trying to understand the relationship between the structure and properties of the 

nanocomposites. 

Here, the research contributions of this work are briefly introduced based on the 

contents of the appended papers, and an overview is illustrated in Figure 2.4. In Paper 1 the 

initial idea of in situ emulsion polymerization of vinyl acetate monomer in the presence of 

CNCs was applied to improve the dispersion of CNCs in PVAc matrix. Promising results 

were confirmed by AFM, mechanical testing and dynamic mechanical analysis (DMA), 

indicating that a good dispersion of CNCs was achieved through the in situ method. The 

idea of crosslinking partially hydrolyzed PVAc by borate additives was also tested and it is 

found that the crosslinking degree of PVAc varied with the pH during the reaction. In Paper 

2 the borate crosslinking theory was investigated thoroughly by nuclear magnetic resonance 

(NMR) spectroscopy, mechanical testing and differential scanning calorimetry (DSC). An 

unexpected plasticizing effect of borate additives on PVAc was found under acidic 

conditions, and the shift between crosslinking and plasticizing effects was controlled by the 

amount of borate additives and the reaction pH. The results obtained in this paper helped 

optimize the crosslinking conditions for the PVAc/CNC nanocomposites in Paper 3. In 

Paper 3 the in situ emulsion polymerization method was modified to generate latex with 

smaller particle size and higher stability than those in Paper 1, and a theoretical model based 

on interphase volume was developed to simulate the elastic modulus of the PVAc/CNC 
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nanocomposites. Crosslinked in situ PVAc/CNC nanocomposites were also prepared and 

the results from Raman spectroscopy confirmed the possible presence of borate crosslinks 

between PVAc and CNCs, which could improve the PVAc-CNC interaction in the 

nanocomposites. Moreover, the in situ PVAc/CNC was blended with PLA to form 

PLA/PVAc/CNC nanocomposites, which exhibited a good dispersion of CNCs in the 

PLA matrix according to the results from SEM, polarized OM, mechanical testing and 

DMA. 

In Paper 4 a drawing process was performed to produce aligned plasticized PLA/CNF 

nanocomposites, and the formation of “shish-kebab” crystalline structure of PLA was 

confirmed by SEM and AFM. The effects of drawing conditions including draw 

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

investigated. In Paper 5 grafting of poly(ethylene glycol) (PEG) to TEMPO-oxidized CNFs 

(TOCNFs) was conducted to improve the dispersion of TOCNFs in PLA matrix. 

Combined with the drawing process, aligned PLA-based nanocomposites reinforced by 

PEG-grafted TOCNFs (TOCNF-g-PEG) were prepared, where the amount of TOCNFs 

corresponded to 0.1 wt% of the total weight of the nanocomposites. The dispersion of 

TOCNF-g-PEG and the aligned structure in the nanocomposites were studied through 

SEM, polarized OM and AFM. The mechanical testing results indicated that superb 

 

Figure 2.4 An overview of this thesis work showing the contents of the five appended papers. 
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reinforcing efficiency was achieved by the ultra-low weight fraction of TOCNF-g-PEG, and 

the aligned nanocomposites showed interesting light scattering behavior. 
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CHAPTER 3 

DESIGN STRUCTURE – THE MODIFICATION METHODS 

As introduced in section 2.2, four methods for structural modification of cellulose-based 

nanocomposites have been used in this thesis work. They are in situ emulsion 

polymerization in the presence of nanocellulose, crosslinking of PVAc using borate 

additives, grafting of PEG to TEMPO-oxidized CNFs and drawing of PLA/CNF 

nanocomposites. In this chapter, procedures for these structural modifications and 

preparation steps of the related nanocomposites are summarized. Parts of the 

characterization results corresponding to these modifications are also presented. Detailed 

information of the sample preparation is available in the appended Papers 1–5, and the 

information on materials and characterization methods is provided in Appendices A and 

C, respectively. 
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3.1 In situ emulsion polymerization 

To overcome the challenge of dispersing nanocellulose in hydrophobic polymers, the in situ 

emulsion polymerization was developed in this work. Basically, the principle of this in situ 

method is to perform emulsion polymerization of vinyl acetate in the presence of CNCs to 

generate an in situ PVAc/CNC latex where the CNCs are homogenously dispersed. 

Compared with other nanocellulose modification methods using organic solvents,59,70-72,101 

the in situ method is much more environmentally friendly due to the water-based emulsion 

polymerization. Figure 3.1a shows the set-up for preparing native PVAc latex, where the 

vinyl acetate monomer was dropwisely fed in a three-necked flask with water and reaction 

additives, and the emulsion was stirred continuously and heated to 80°C for 

polymerization. Potassium peroxodisulfate (KPS) was used as the initiator of the reaction. 

Additionally, docusate sodium salt as surfactant and sodium bicarbonate for pH tuning 

were added in Papers 2&3. After feeding, a 30-min post-reaction at 80°C was conducted 

and finally a milky PVAc latex with a certain solid content (3.77 wt% in Paper 1 and approx. 

15 wt% in Papers 2&3) was obtained. The in situ polymerization set-up, as illustrated in 

 

Figure 3.1 Schematics of procedures for in situ emulsion polymerization and nanocomposite
preparation. a | Emulsion polymerization of vinyl acetate. b | In situ emulsion polymerization of 
vinyl acetate in the presence of CNCs. c | Preparation steps of in situ PVAc/CNC, direct mixed 
PVAc/CNC (as references) and PLA/PVAc/CNC nanocomposites. 
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Figure 3.1b, is the same as the one used for the emulsion polymerization, but during the 

reaction a CNC suspension was added together with extra water and the additives to the 

flask in advance of feeding vinyl acetate monomer. The weight ratio of PVAc to CNC in 

the final in situ PVAc/CNC latex is 88:12 in Paper 1 and 80:20 in Paper 3. It should be 

noted that the viscosity of the emulsion can be increased significantly by adding CNCs. 

Thus, the quantity of the added CNC suspension needs to be carefully controlled to avoid 

any local overheating during the polymerization. 

Figure 3.1c illustrates the preparation steps for the nanocomposites containing the in 
situ PVAc/CNC latex and the related reference materials. To generate the in situ 

PVAc/CNC nanocomposites with different CNC concentrations, the in situ latex was 

mixed with the native PVAc latex in required weight ratios, and a certain amount of glyceryl 

triacetate (GTA) was added as plasticizer (8 wt% of dry weight of the nanocomposites in 

Paper 1 and 5 wt% of the nanocomposites in Paper 3). Afterwards, the suspensions were 

transformed to solid nanocomposite films through solvent casting and compression 

molding. As a comparison, mixed PVAc/CNC latex was prepared with the same CNC 

concentration via direct mechanical mixing, and the mixed PVAc/CNC nanocomposites 

were produced through the same procedures as the in situ nanocomposites. In Paper 3, 

PLA/PVAc/CNC nanocomposites were also prepared, in which the in situ or mixed 

PVAc/CNC latex and PLA were dissolved and mixed in N,N-dimethylformamide (DMF), 

and then the mixture experienced solvent casting and compression molding to generate the 

nanocomposites with 0.1 wt% of CNCs. 

The morphology of CNC as well as the in situ and mixed PVAc/CNC latex was 

characterized by AFM and SEM as shown in Figure 3.2. The CNCs used in this work, 

kindly supplied by Forest Products Laboratory, Madison, USA, have a width of 5.0 ± 1.5 

nm and a length of 122.6 ± 53.3 nm (Figure 3.2a). To prepare the latex samples for 

microscopy, the latex was diluted to a very low concentration (0.02 wt% in Paper 1 and 0.01 

wt% in Paper 3) and deposited on a piece of freshly cleaved mica to dry. After drying, 

substantial differences in morphology between the in situ and mixed latex can be seen in the 

microscopy images. The in situ sample exhibits very good dispersion of both CNCs and 

PVAc particles (approx. 70.5 nm in diameter), as illustrated in Figures 3.2b,c, while the 

mixed sample presents very large CNC and PVAc aggregates (approx. 1 μm in size) shown 

in Figures 3.2e,f. The possible reason is that the compatibility between PVAc and CNC in 

the in situ latex was improved through the in situ emulsion polymerization, resulting in 

better dispersion of CNCs than that of the mixed sample. This can be further confirmed by 

the magnified AFM image of the in situ PVAc/CNC latex shown in Figure 3.2d, which 

indicates that some of the CNCs are covered by very small PVAc particles (approx. 10 nm). 
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This interesting feature was probably formed during the in situ polymerization, which could 

contribute to the increase in the PVAc-CNC compatibility. 

3.2 Crosslinking of poly(vinyl acetate) using borate additives 

Crosslinking of partially hydrolyzed PVAc was investigated in this work to enhance the 

mechanical properties of the PVAc/CNC nanocomposites. Sodium tetraborate 

decahydrate (borax) as an environment-friendly benign mineral directly mined from the 

ground was used as the crosslinking agent. It is well known that borax can crosslink diol-

containing molecules in aqueous media under alkaline conditions and form borate 

complexes.102 Consequently, the formation of borate crosslinks between the partially 

hydrolyzed PVAc, as illustrated in Figure 3.3c, can be expected. Figure 3.3a shows the 

procedure for preparing crosslinked PVAc samples (XPVAc, where the “X” stands for 

crosslinking), and XPVAc/CNC nanocomposites were prepared in the same way. Briefly, a 

certain amount of saturated borax solution (at 20°C) was added to the PVAc or the 

PVAc/CNC latex, and then the pH of the suspension was controlled to a certain value by 

0.1 M sodium hydroxide solution or acetic acid. The quantity of added borax is 3 and 5 wt% 

of the total composite weight in Paper 1 and is from 0 to 3 wt% in Paper 2. The pH during 

the crosslinking reaction was controlled to 4, 9.3 and 11 in Papers 1&2 to investigate its 

impact on the degree of crosslinking of the samples. In Paper 3, 1.5 wt% of borax was added 

and the pH was tuned to 11 to optimize the crosslinking effect on the mechanical properties 

 

Figure 3.2 Morphology of CNC as well as the in situ and mixed PVAc/CNC latex. a | AFM image
of CNCs used in this work. b,c | (b) AFM and (c) SEM images of the in situ PVAc/CNC (weight
ratio 80:20) latex after drying (0.01 wt% of solid content). d | Magnified AFM height image of the
in situ PVAc/CNC (weight ratio 88:12) latex after drying (0.02 wt% of solid content). e,f | (e) AFM
and (f) SEM images of the mixed PVAc/CNC (weight ratio 80:20) latex after drying (0.01 wt% of
solid content). Panel b, c, e and f are adapted from Paper 3, and panel d is adapted from Paper 1. 
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of the in situ XPVAc/CNC nanocomposites. Afterwards, the crosslinked films were 

obtained from the crosslinked latex through solvent casting and compression molding. 

As shown in Figures 3.3b,c, the crosslinking of borax in XPVAc samples was 

characterized by solid-state 11B NMR spectra. Figure 3.3b shows that the dried borax 

powder has tetra-coordinated and tri-coordinated boron denoted in regions A and B, 

respectively. Compared with that, two new resonance lines appear in the spectra of XPVAc 

samples shown in Figure 3.3c, representing crosslinked tetra-coordinated boron species 

(region C) and exchanging boron atoms between boric acid and borate ions (region D).103 

This indicates that the borate crosslinks were formed between PVAc chains in the XPVAc 

samples, and the crosslinked borate fraction and the absolute crosslinked borate content 

calculated based on the integrated areas of the corresponding resonance lines in the NMR 

spectra can be used to estimate the degree of crosslinking in each sample. 

3.3 Grafting of poly(ethylene glycol) to nanocellulose 

Grafting PEG to TOCNF is another structure modification method conducted in this 

work to promote the dispersion of TOCNFs in PLA matrix. The grafting procedure is 

described in detail in the work reported by Tang et al.83 Briefly, a never-dried softwood pulp 

 

Figure 3.3 Preparation and characterization of XPVAc samples. a | A schematic of procedure
for crosslinking PVAc using borate additives and preparation of the crosslinked films. b,c | Single-
pulse solid-state 11B NMR spectra of (b) dried borax powder and (c) XPVAc films containing 0.5,
1 and 1.5 wt% of borax prepared at pH 9.3 and 11. Adapted from Paper 2. 
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was treated by TEMPO-mediated oxidation to generate carboxylated pulp fibers with 1.2 

mmol·g-1 carboxylate content. Subsequently, the carboxylated pulp fibers were 

functionalized by carbodiimide-mediated amidation with amino-terminated PEG (PEG-

NH2, Mn = 750). After the reaction, the PEG-grafted pulp fibers were purified by dialysis 

against deionized water and then disintegrated using a high-speed kitchen blender and 

sonication. Finally, a transparent aqueous suspension of TOCNF-g-PEG was obtained. The 

TOCNF suspension was produced in the same way but without the functionalization step.  

The chemical structures of the obtained TOCNF and TOCNF-g-PEG are 

schematically shown in Figure 3.4a, and they were characterized by Fourier-transform 

infrared spectroscopy (FTIR) and the results are illustrated in Figure 3.4d. Compared with 

the native TOCNF, TOCNF-g-PEG shows higher intensities of bands at 1459 and 2894 

cm-1 in the spectrum, which correspond to the CH2 bending and stretching, 

respectively.104,105 Moreover, the intensity of the band at 1600 cm-1, representing the C=O 

stretching in carboxylate anions,106 obviously decreases in TOCNF-g-PEG due to the 

formation of amide bonds between TOCNF and PEG-NH2, indicating the success of 

 

Figure 3.4 Structure and morphology characterizations of TOCNF and TOCNF-g-PEG. a | 
Chemical schematic of grafting PEG to TOCNF. b,c | (b) AFM and (c) TEM images of TOCNF and
TOCNF-g-PEG. d,e | (d) FTIR spectra and (e) thermogravimetric curves of PEG, TOCNF and
TOCNF-g-PEG. Adapted from Paper 5. 
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grafting PEG to TOCNF. AFM and TEM images shown in Figures 3.4b,c demonstrate that 

the morphology of TOCNF and TOCNF-g-PEG is very similar. According to the 

measurements based on the TEM images, the average width of TOCNF-g-PEG is 4.3 nm 

which is slightly greater than that of the native TOCNF (3.6 nm), owing to the grafted PEG 

covering on the TOCNF surface. Figure 3.4e shows the thermal degradation curves of PEG, 

TOCNF and TOCNF-g-PEG characterized by thermogravimetric analysis (TGA), which 

were used to estimate the amount of the grafted PEG in the TOCNF-g-PEG. By 

extrapolating the degradation onset of PEG (approx. 340°C) and the residue charring onset 

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

as 31 wt%. In addition, TOCNF-g-PEG exhibits higher thermal stability than the native 

TOCNF does, as its degradation onset shifted to a higher temperature, which can be 

attributed to the layer of the grafted PEG that acts as a shield protecting the inner 

TOCNFs. 

To prepare PLA/TOCNF-g-PEG nanocomposites, the TOCNF-g-PEG suspension 

was first dispersed in DMF, and then PLA pellets were added. The suspension was stirred 

constantly at 80°C until the PLA pellets were totally dissolved. Thereafter, the 

nanocomposite films with 0.1 wt% of TOCNF (the weight of the grafted PEG is not 

included in this weight fraction) were produced through solvent casting and compression 

molding. The reference materials reinforced by same amount of native TOCNFs as well as 

TOCNFs with mixed PEG were prepared in the same way. Afterwards, the isotropic 

samples were transformed to aligned nanocomposites through a solid-state drawing process 

which will be presented in the next section. 

3.4 Drawing of poly(lactic acid)/nanocellulose nanocomposites 

According to the literature, drawing of PLA not only enhances its elastic modulus and 

strength, but also considerably improves its elongation to break, resulting in superior 

toughness than that of isotropic PLA.107-109 Thus, solid-state drawing of plasticized 

PLA/CNF as well as PLA/TOCNF-g-PEG nanocomposites was performed in this work to 

acquire a unique anisotropic structure and to improve their uniaxial mechanical properties. 

Compared with melt drawing, solid-state drawing is conducted at a temperature above Tg 

but below Tm of PLA, which aligns amorphous regions in PLA but maintains its original 

crystalline regions. After drawing, the crystallinity of the sample can be increased because 

the aligned amorphous regions transfer to crystallites during the process. Figure 3.5 

illustrates the procedures for preparing the isotropic nanocomposites before drawing and 

the set-up of drawing process used in this work. To prepare the isotropic materials, liquid-

assisted extrusion was used in Paper 4 to produce plasticized PLA/CNF nanocomposites 
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reinforced by 1 wt% of CNF, while solvent casting of PLA/TOCNF-g-PEG 

nanocomposites from DMF was used in Paper 5 as shown in Figure 3.5a. 

To produce the aligned nanocomposites, a Shimadzu AG-X universal testing machine 

(Kyoto, Japan) was used to clamp the samples and perform the drawing at a controlled 

speed, and a Shimadzu THC1-200SP thermostatic chamber was equipped to control the 

draw temperature, as shown in Figure 3.5b. In Paper 4 drawing was carried out at four 

different draw temperatures (35, 40, 45 and 50°C) with three draw speeds (10, 50 and 100 

mm·min-1) to reach two draw ratios, 2.0 and 2.5, respectively. Here the Tg of the plasticized 

PLA/CNF nanocomposite is approx. 37°C tested by DSC. In Paper 5 the draw temperature 

was chosen between Tg and cold crystalline temperature (Tcc) of the PLA in the 

nanocomposites, and the value was determined as 100°C based on the DSC data. A draw 

speed of 100 mm·min-1 was selected based on the results from previous studies (Paper 4), 

and a draw ratio of 8 was reached. After drawing, the aligned films were cooled down to 

room temperature rapidly to avoid the release of the alignment. 

 

Figure 3.5 Schematics of procedures for preparing isotropic PLA-based nanocomposite films 
and the set-up for drawing process. a | Different procedures used in Papers 4 and 5 to prepare 
the isotropic PLA-based nanocomposites. b | Set-up of drawing process used to produce aligned
PLA-based nanocomposites. Photos are adapted from Paper 5. 
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CHAPTER 4 

STRUCTURE-PROPERTY RELATIONSHIPS OF NANOCOMPOSITES 

This chapter presents the main results related to the cellulose-based nanocomposites 

prepared in this thesis work. The structure and properties of the nanocomposites derived 

from the performed structure modifications are reported. Furthermore, the relationship 

between the structure and properties revealed in the nanocomposites are discussed. The 

composition of the samples and information on the characterization methods mentioned 

in this chapter are provided in Appendices B and C, respectively. 
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4.1 Effects of in situ emulsion polymerization 

To study the effects of in situ emulsion polymerization on the dispersion of nanocellulose 

in hydrophobic polymers, in situ and mixed PVAc/CNC nanocomposites were prepared 

with various CNC concentrations (see section 3.1 for the preparation procedure). The 

morphology of the cross-section of the nanocomposites with 19 wt% of CNCs was 

characterized by AFM phase images, as illustrated Figures 4.1a,d. Here, the brightness of the 

images is registered via the phase angle shifts of the AFM probe oscillation, which is 

correlated with the stiffness of the materials.110 It is obvious that the cross-section of the in 
situ nanocomposite shown in Figure 4.1a indicates a homogenous stiffness, while that of the 

mixed sample (Figure 4.1d) has many localized areas with higher stiffness than the 

surroundings. These areas could be assigned to the CNC aggregates which have much 

higher stiffness than PVAc does. This implies that the CNC dispersion in the PVAc matrix 

was improved by the in situ emulsion polymerization due to the better compatibility 

between PVAc and CNCs. 

In situ and mixed PLA/PVAc/CNC nanocomposites with 0.1 wt% of CNCs were also 

produced to further investigate the effects of the in situ method on CNC dispersion in PLA 

matrix. Figures 4.1b,e indicate the morphology of the fracture surface of the in situ and 

mixed PLA-based nanocomposites obtained from tensile testing. Compared with the mixed 

 

Figure 4.1 Comparison of the dispersion of CNCs in the nanocomposites prepared by in situ
method and direct mixing. a,d | AFM phase images of the cross-section (cryo-cut by microtome) 
of the (a) in situ and (d) mixed PVAc/CNC nanocomposites with 19 wt% of CNCs. Possible CNC
aggregates are pointed by white arrows. b,e | SEM images of the fracture surface of the (b) in situ
and (e) mixed PLA/PVAc/CNC nanocomposites (weight ratio 90:9.9:0.1) from tensile testing. c,f
| Polarized OM images of the (c) in situ and (f) mixed PLA/PVAc/CNC after melting at 190°C 
followed by isothermal annealing at 110°C for 10 min. Adapted from Paper 3. 
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sample shown in Figure 4.1e, the in situ sample (Figure 4.1b) has a more homogeneous and 

ductile fracture surface. This unique morphology could be attributed to the massive crazing 

phenomenon,52,111 in which the well-dispersed CNCs owing to the in situ method act as the 

bridges during the cracking and hinder the crack propagation. Moreover, the crystallization 

behavior of PLA in the in situ and mixed nanocomposites was studied by polarized OM, 

DSC and XRD. During the polarized OM study the nanocomposite melts were annealed 

at 110°C for a certain time, and the images exhibited in Figures 4.1c,f were taken after 10 

min. It can be seen that the PLA spherulites generated in the in situ nanocomposite (Figure 

4.1c) are much smaller than those in the mixed sample (Figure 4.1f), and the in situ sample 

has higher crystallinity according to the DSC and XRD results. This also indicates that the 

CNCs in the in situ nanocomposite are better-dispersed in the PLA/PVAc matrix, which 

provides superior nucleation effect than the CNCs in the mixed sample which have 

relatively poor dispersion. 

Turning to the mechanical properties of the in situ and mixed PVAc/CNC 

nanocomposites, a theoretical model has been developed in this work based on a modified 

Cox-Krenchel model.17,112,113 Due to the tremendous surface area of nanomaterials, 

interphase with alternative properties between the nano-reinforcement and matrix plays a 

key role in reinforcing efficiency in the nanocomposites.114,115 Under this consideration, the 

theoretical elastic modulus of the PVAc/CNC nanocomposites (Ec) is thus: 

  (1) 

where Ef, Em and Ei represent the elastic modulus of CNC, PVAc and the interphase in the 

nanocomposite (assumed as 1.5 times of Em),115 respectively. ηo and ηl correspond to the 

orientation and length efficiency of CNC. νf and νi denote the volume fraction of CNCs 

and the interphase, respectively. In calculating νf, the original CNC dimensions from the 

AFM measurements (d = 5.0 nm, L = 122.6 nm) were used for the in situ nanocomposites 

because the CNCs were assumed to be individually dispersed in the matrix, while the size 

of the CNC aggregates (d = 13.6 nm, L = 324.8 nm) was used for the mixed samples. In the 

νi calculation, the thickness of the interphase (ti, see Figure 4.2a) was determined as 13.6 nm 

based on the radius of gyration of the PVAc.116 

A MATLAB script was developed to simulate the theoretical volume fraction of the 

interphase (νi) in the nanocomposites with various CNC contents, under an estimated state 

of uniformly random distribution of CNCs or CNC aggregates. The results are shown in 

Figure 4.2b. It indicates that the in situ nanocomposites possess much larger νi than the 

mixed samples with the same CNC content, and this phenomenon arises from the size 

difference between CNCs and CNC aggregates. Using this data in the model described in 
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Equation 1, the theoretical Ec of the in situ and mixed PVAc/CNC nanocomposites was 

simulated to compare with the experimental results, as illustrated in Figure 4.2c. The 

experimental Ec of the mixed samples fits the simulation very well, except that of the one 

with 19 wt% of CNCs, probably caused by a higher degree of aggregation of CNCs. 

Although the experimental Ec of the in situ nanocomposites is higher than that of the mixed 

samples, it is still lower than the theoretical prediction, which implies that the CNCs are 

not individually dispersed in the in situ samples. 

Rheological behaviors of native PVAc and the nanocomposites with 5 wt% of CNCs 

were studied and parts of the results are shown in Figure 4.2d. Obviously, the plateau storage 

modulus (G’) of both in situ and mixed nanocomposites is greater than that of the native 

PVAc melt at 120°C, but it starts to decline at lower strains caused by the disruption of the 

 

Figure 4.2 Mechanical model and properties as well as rheological behaviors of the in situ and 
mixed PVAc/CNC nanocomposites. a | A schematic of a CNC and its surrounding interphase. b | 
Theoretical fraction of interphase volume (vi) in the in situ and mixed PVAc/CNC nanocomposites
with increasing CNC content simulated by MATLAB, and 3-dimensional schematics of the in situ
(left) and mixed (right) nanocomposites with 0.1 wt% of CNCs. c | Theoretical and experimental
elastic modulus of the in situ and mixed nanocomposites with increasing CNC content. d | Dynamic 
strain sweep tests of native PVAc and PVAc/CNC samples reinforced by 5 wt% of CNCs at 120°C. 
Adapted from Paper 3. 
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hydrogen bonds among the CNCs. Furthermore, the in situ nanocomposite melt exhibits 

higher G’ than the mixed sample does, which also confirms that better dispersion of CNCs 

can be achieved by the in situ emulsion polymerization compared with the direct 

mechanical mixing method. 

The mechanical properties of PLA/PVAc (weight ratio 90:10) and the 

PLA/PVAc/CNC nanocomposites reinforced by 0.1 wt% of CNCs were also 

characterized, and their representative stress-strain curves are presented in Figure 4.3a. The 

addition of 0.1 wt% of CNCs enhances the strength and elastic modulus of the PLA/PVAc, 

which arises from a synergistic effect including the CNC reinforcing effect and the increase 

of crystallinity of PLA in the nanocomposites caused by the nucleation effect of the CNCs. 

Moreover, the in situ nanocomposite exhibits superior strength and elongation to break 

compared with the mixed nanocomposite, which is attributed to the improved dispersion 

of the CNCs and the massive crazing behavior. The schematic in Figure 4.3b shows that a 

possible mechanism of massive crazing occurred during tensile testing, where many micro-

cracks are formed in the in situ sample due to the bridging effect of the CNCs, which 

contributes to the extended elongation to break. Instead, one macro-crack is formed in the 

mixed sample and causes material failure at a lower strain. 

Overall, the characterizations of morphology, mechanical properties and rheological 

behaviors reveal that the dispersion of CNCs in PVAc and PLA/PVAc matrices can be 

improved through the in situ emulsion polymerization, indicating that it is a promising 

method and can probably be applied to improve the nanocellulose dispersion in other 

hydrophobic matrices. 

 

Figure 4.3 Mechanical properties of the PLA/PVAc/CNC nanocomposites. a | Stress-strain
curves of PLA/PVAc (weight ratio 90:10) and PLA/PVAc/CNC nanocomposites (weight ratio
90:9.9:0.1) from tensile testing at 50% humidity. b | A schematic indicating the possible different
types of crack propagation in the in situ and mixed samples. Adapted from Paper 3. 



Cellulose-based Nanocomposites – The Relationship between Structure and Properties 

34 Shiyu Geng – September 2018 

4.2 Effects of crosslinking poly(vinyl acetate)-based nanocomposites 

Raman spectroscopy was used to study the borate-crosslinking structure in the in situ 

XPVAc/CNC nanocomposite (see section 3.2 for the preparation procedure), and part of 

the results is illustrated in Figures 4.4a,b. As shown in Figure 4.4a, the spectrum of borax-

treated CNC (XCNC) as a reference material demonstrates higher intensity of Raman 

bands assigned to heavy atom bending and stretching in cellulose (330, 379, 459 and 519 

cm-1) than those of the native CNC,117 and it shows new bands correlated with borate ring 

together with C–C bonds (664, 768 and 833 cm-1).118 This implies that the borate 

crosslinks can be generated between CNCs apart from the PVAc chains. The borate-ring 

bands at 805 and 833 cm-1 also appear in the spectrum of the in situ XPVAc/CNC 

nanocomposite shown in Figure 4.4b, and the intensity of the bands at 330 and 379 cm-1 

related to heavy atoms in cellulose is increased compared with the in situ PVAc/CNC. 

 

Figure 4.4 Characterizations of structure, mechanical properties and thermal behaviors of the
crosslinked PVAc/CNC nanocomposites. a,b | Raman spectra of (a) CNC and borax-treated CNC 
as well as (b) in situ PVAc/CNC and in situ XPVAc/CNC samples (weight ratio of PVAc to CNC is
80:20). c | Stress-strain curves of native PVAc and the nanocomposites reinforced by 5 wt% of
CNCs from tensile testing. d | DMA tests for native PVAc and the nanocomposites with 5 wt% of
CNCs. Adapted from Paper 3. 
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Consequently, the crosslinking of both CNC and PVAc can be expected in the in situ 

XPVAc/CNC nanocomposite, in addition to that, the borate crosslinks between CNC and 

PVAc are possible to present as shown in the chemical structure in Figure 4.4b. This 

indicates that a stronger PVAc-CNC interaction could be achieved through crosslinking in 
situ PVAc/CNC nanocomposites by borate additives. 

Figure 4.4c illustrates the stress-strain graph of the in situ XPVAc/CNC 

nanocomposite reinforced by 5 wt% of CNCs with the uncrosslinked samples as a 

comparison. It shows substantially higher strength and lower elongation to break due to the 

crosslinking effect. However, it seems that the tanδ peak of the PVAc/CNC nanocomposite 

is not significantly influenced by the crosslinking reaction according to the DMA results 

illustrated in Figure 4.4d. One possible reason is that the sample is only slightly crosslinked 

as a result of the low degree of hydrolysis of the PVAc matrix based on the NMR data 

(Figure 3.3c). Thus, a 3-dimensional network structure which contributes considerably to 

tanδ peak of the materials cannot be established through the borate-crosslinking reaction. 

4.3 Effects of drawing poly(lactic acid)-based nanocomposites 

To investigate the effects of solid-state drawing, the structures of the isotropic and aligned 

PLA/CNF nanocomposites were characterized by SEM and AFM. Figure 4.5 illustrates the 

 

Figure 4.5 Comparison of structure of the isotropic and aligned plasticized PLA/CNF films. a,c
| SEM images of the surface of the (a) isotropic and (c) aligned films after being etched for 6 h in
a 0.04M NaOH solution (with 70:30 water-methanol solvent). b,d | 3-dimensional AFM images
taken from the certain areas of the (b) isotropic and (d) aligned films. e | A schematic of Pennig’s
model representing “shish-kebab” crystalline structure of polymers. Adapted from Paper 4. 
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morphology of the etched surface of the nanocomposites reinforced by 1 wt% of CNFs, 

where the etching process was performed to observe the structure of the nanocomposites 

more clearly attributed to removing part of the amorphous PLA.119 Figure 4.5a shows that 

the PLA on the surface of the isotropic nanocomposite was randomly etched out, while the 

etched surface of the aligned nanocomposite with a draw ratio of 2.5 (Figure 4.5c) exhibits 

longitudinal channels parallel to the drawing direction, which indicates that the alignment 

of the nanocomposite was reached via the drawing process. The etched surface of the 

nanocomposites were further investigated by AFM with higher magnification as shown in 

Figures 4.5b,d. It is obvious that the aligned sample (Figure 4.5d) shows highly ordered 

structure which does not appeared in the isotropic sample (Figure 4.5b), and the ordered 

annular features are perpendicular to the draw direction. This is strong evidence of the 

formation of a “shish-kebab” crystalline structure of PLA in the aligned nanocomposite, 

which was first reported by Penning et al. in 1970.120 Figure 4.5e shows a schematic of the 

“shish-kebab” structure, where the extended chain crystallite is called “shish” and folded 

chain crystallite is called “kebab”.121 

The surface structure of the aligned PLA/TOCNF-g-PEG nanocomposite with 0.1 

wt% of TOCNF and a draw ratio of 8 was also studied and the results are shown in Figure 

4.6. Figures 4.6a,c illustrate that there are small wrinkles present on the surface of the 

unetched aligned film that are parallel to the drawing direction. The formation of these 

 

Figure 4.6 Structural characterizations of the aligned PLA/TOCNF-g-PEG film. a,b | SEM 
images of (a) unetched and (b) etched surface of the aligned film. c-e | 3-dimensional AFM height 
images of the (c) unetched and (d,e) etched surface of the aligned film. The etching was carried 
out at 60°C for 6 h in a 0.025M NaOH solution (with 1:2 water-methanol solvent). Adapted from
Paper 5. 
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wrinkles is driven by the transverse compressive stress caused by the inability of the film near 

the clamped edges to accommodate the Poisson contraction during the drawing process.122 

Thanks to the high draw ratio, a very distinct orientation structure in the aligned 

PLA/TOCNF-g-PEG nanocomposite can be observed after etching, as illustrated in 

Figures 4.6b,d. The periodic annular features also present on the etch surface of the aligned 

film, as exhibited in the magnified AFM image in Figure 4.6e, indicating the “shish-kebab” 

structure was formed. 

To study the effects of the drawing process on the mechanical properties of the 

PLA/TOCNF-g-PEG nanocomposite, tensile testing was conducted. Figure 4.7a shows the 

representative stress-strain curves of the isotropic and aligned nanocomposites. It can be 

seen that the solid-state drawing process provides an unprecedented enhancement to the 

mechanical properties of the nanocomposite, in which all the elastic modulus, ultimate 

strength and elongation at break are dramatically improved. The strengthened elastic 

modulus and ultimate strength arise from the high degree of alignment of the PLA chains 

as well as the possible alignment of TOCNF-g-PEG. Because the crystallinity of PLA in the 

nanocomposite was increased significantly after drawing, according to DSC measurements 

(from 4.7% to 54.5%), the higher crystallinity also enhances the elastic modulus of the 

nanocomposite. The improved elongation to break is probably caused by the “shish-kebab” 

crystalline structure of the PLA in the nanocomposite. As a result, the toughness of the 

aligned nanocomposite (82.5 MJ·m-3) is 28.5 times higher than the isotropic sample (2.9 

MJ·m-3). The inset photo in Figure 4.7a shows the significant fibrillation behavior of the 

aligned nanocomposite after its failure occurred during the tensile testing, which confirms 

 

Figure 4.7 Comparison of mechanical and optical properties of the isotropic and aligned
PLA/TOCNF-g-PEG nanocomposite films. a | Stress-strain curves of the isotropic and aligned
nanocomposites from tensile testing. The inset photo was taken at the failure moment of the
aligned film during tensile testing. b | A schematic of light scattering test and the scattering
patterns of the isotropic and aligned films. Adapted from Paper 5. 
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the formation of highly aligned structure due to the solid-state drawing process. 

The drawing process also brings interesting anisotropic optical properties to the 

nanocomposite. A light scattering test was performed in this work for the isotropic and 

aligned PLA/TOCNF-g-PEG films, and the experimental set-up and the results are 

presented in Figure 4.7b. A 635-nm laser source was applied to pass through the 

nanocomposite films, and patterns shown in the detection surface were collected. 

Compared with the isotropic film, the aligned nanocomposite shows obvious anisotropic 

light scattering behavior, which could be attributed to its oriented structure and the small 

wrinkles on the surface, as exhibited in Figure 4.6. This scattering effect was reported to 

help increase the light absorption and reduce the light reflection of the materials,123,124 

which suggests the possibility of improving the performance of solar cells and display devices 

by the aligned nanocomposite. 

4.4 Effects of grafting poly(ethylene glycol) to nanocellulose 

Apart from the PLA/TOCNF-g-PEG nanocomposite, several reference materials including 

PLA, native TOCNF-reinforced PLA and PLA/TOCNF nanocomposite with mixed PEG 

(same amount as the grafted PEG) were prepared for a comparative study of the effects of 

grafting PEG to TOCNF. All the nanocomposites contain 0.1 wt% of TOCNFs, and the 

sample composition is shown in Appendix B. 

The fracture surface of the isotropic nanocomposites was examined by SEM and the 

images are shown in Figures 4.8a-c. Compared with the native TOCNF-reinforced PLA 

which has large TOCNF agglomerates (Figure 4.8a), PLA/TOCNF nanocomposite with 

mixed PEG shows more homogenous and ductile fracture surface with fewer aggregates 

(Figure 4.8b), which is attributed to the addition of the mixed PEG. Moreover, no obvious 

TOCNF aggregates present in the PLA/TOCNF-g-PEG nanocomposite (Figure 4.8c), 

indicating that the dispersion of TOCNFs in the PLA matrix are further improved by the 

grafting of PEG. 

After drawing the nanocomposites, all the aligned samples exhibit extraordinary 

birefringence under a polarized OM at 45° to the directions of the crossed polarizers, as 

shown in Figures 4.8d-f. This indicates that a high degree of alignment of the 

nanocomposites was achieved by the drawing process in all the samples.78 However, the 

aligned native TOCNF-reinforced PLA illustrates an apparent disordered part in the center 

(Figure 4.8d), probably because the large TOCNF agglomerates hinder the movement of 

the PLA chains during the drawing process. Both aligned nanocomposites reinforced by 

TOCNF-g-PEG and TOCNFs with mixed PEG demonstrate much more homogenous 

alignment (Figures 4.8e,f), due to the better dispersion of TOCNFs as well as the 
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plasticizing effect of the mixed and grafted PEG which contributes to the movement of the 

PLA and TOCNFs in the nanocomposites. 

Figure 4.9 visualizes the comparison of the mechanical properties of the aligned PLA 

and its nanocomposites. All the nanocomposites exhibit much higher ultimate strength and 

 

Figure 4.8 Comparison of the dispersion of TOCNFs in the PLA-based nanocomposites
reinforced by native TOCNFs, TOCNFs with mixed PEG and TOCNF-g-PEG. a-c | SEM images of
the fracture surface of the isotropic nanocomposites with (a) native TOCNFs, (b) TOCNFs with
mixed PEG and (c) TOCNF-g-PEG from tensile testing. Possible aggregates are pointed by white
arrows. d-f | Polarized OM images of the surface of the aligned nanocomposites with (d) native
TOCNFs, (e) TOCNFs with mixed PEG and (f) TOCNF-g-PEG. Scale bar, 500 m. Directions of the
crossed polarizers are indicated in the lower left corner. Adapted from Paper 5. 

 

Figure 4.9 Mechanical properties of aligned PLA and the aligned PLA-based nanocomposites
reinforced by native TOCNFs, TOCNFs with mixed PEG and TOCNF-g-PEG. a | Stress-strain
curves of the aligned samples from tensile testing. b | Comparison of mechanical properties of the
aligned samples. The data was normalized based on the properties of aligned PLA. ANOVA and
Tukey-HSD comparison test was conducted: *, p < 0.05; **, p < 0.01. Adapted from Paper 5. 
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elongation to break than the aligned PLA does, as shown in Figure 4.9a, and the ultimate 

strength of the aligned PLA/TOCNF-g-PEG reaches 343 MPa, which is 73% higher than 

that of the aligned PLA. The comparison in Figure 4.9b clearly demonstrates that the 

mechanical properties of the samples improve with the improving dispersion of TOCNFs 

in the PLA matrix, which corresponds to the microscopy results in Figure 4.8. The aligned 

PLA/TOCNF-g-PEG nanocomposite outperforms other samples with respect to ultimate 

strength, elongation to break and toughness. Compared with the aligned native TOCNF-

reinforced PLA, the ultimate strength and toughness of the aligned PLA/TOCNF-g-PEG 

show 39% and 70% improvement, respectively, owing to the reduction in degree of 

aggregation of the TOCNFs in the nanocomposites. However, it can be seen from Figure 

4.9b that there is no significant difference in the elastic modulus of the aligned samples, 

which implies that the elastic modulus is mainly controlled by the alignment and 

crystallinity of the PLA. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

This thesis reports four structural modification methods addressing two research challenges 

of cellulose-based nanocomposites: to improve dispersion of nanocellulose in hydrophobic 

polymer matrices and to achieve competitive properties compared with materials from 

nonrenewable resources. 

In situ emulsion polymerization of vinyl acetate in the presence of CNCs improves the 

dispersion of CNCs in PVAc and PLA/PVAc matrices, which is attributed to better 

compatibility between PVAc and CNC. AFM images demonstrate that part of CNCs are 

covered by small PVAc particles after the in situ process, which can be beneficial for the 

PVAc-CNC compatibility. Because of better dispersion of CNCs, in situ PVAc/CNC 

nanocomposites exhibit better elastic modulus and strength than mixed PVAc/CNC 

samples with the same CNC content do, and a massive crazing phenomenon occurred in in 
situ PLA/PVAc/CNC nanocomposite, resulting in extended elongation to break. 

Borate crosslinks can be formed between PVAc chains, CNCs as well as PVAc and 

CNC, which improves the mechanical properties of PVAc/CNC nanocomposites and 

probably strengthens the interaction between PVAc and CNC. No significant 

improvement in thermal properties of the crosslinked nanocomposites was observed, due 

to the lack of 3-dimensional network crosslinking structure in the materials. 

A solid-state drawing process leads to the formation of the “shish-kebab” structure in 

aligned PLA/CNF nanocomposites, and significantly promotes the uniaxial mechanical 
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properties of the nanocomposites. All elastic modulus, ultimate strength and elongation to 

break of the nanocomposites can be significantly improved, and light scattering behavior 

can be obtained. 

Grafting of PEG to TOCNF improves the dispersion of TOCNFs in PLA matrix, 

which further increases the homogeneity of the aligned PLA/TOCNF nanocomposites 

after drawing. Consequently, the ultimate strength and elongation to break of the aligned 

nanocomposites reinforced by PEG-grafted TOCNFs are superior compared with those of 

the samples reinforced by native TOCNFs. 

Although promising results were obtained, some interesting topics derived from this 

thesis work can be investigated in the future. Several examples are mentioned here. First, the 

in situ emulsion polymerization can be performed in the presence of CNFs instead of 

CNCs, because CNFs can provide higher reinforcing efficiency to the nanocomposites due 

to their greater aspect ratio. But the suspension viscosity during the reaction needs to be 

considered carefully as the CNF suspension is much more viscous than that of CNC in the 

same concentration. Second, it is quite interesting to combine the liquid-assisted extrusion 

process with the in situ method, where the in situ latex can be fed into the extruder to 

produce nanocomposites with well-dispersed nanocellulose in large scale. Third, solid-state 

drawing can be applied to the PLA-based nanocomposites with higher contents of 

nanocellulose. It is possible that high contents of nanocellulose could provide a greater 

reinforcing effect, and the orientation of nanocellulose in the aligned nanocomposites could 

at the same time be characterized. 
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APPENDIX A 

INFORMATION ON MATERIALS 

An aqueous CNC suspension with 10.3 wt% of solid content containing 1.02 wt% of sulfate 

ester groups was kindly provided by U.S. Forest Service, Forest Products Laboratory, 

Madison, USA. Vinyl acetate monomer (99%, Alfa Aesar, Karlsruhe, Germany), KPS 

(VWR International, Leuven, Belgium), docusate sodium salt (≥96%, Sigma-Aldrich, St. 

Louis, USA), sodium bicarbonate (≥99.7%, Sigma-Aldrich), GTA (≥99%, Sigma-Aldrich), 

PLA (Ingeo 4032D, NatureWorks, Nebraska, USA), DMF (anhydrous, 99.8%, Sigma-

Aldrich), borax (≥99.5%, Sigma-Aldrich), sodium hydroxide (pure pellets, Merck KGaA, 

Darmstadt, Germany), acetic acid (96%, Merck KGaA) and methoxy PEG (Mn = 750, 

Sigma-Aldrich) were all used as received. 
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APPENDIX B 

SAMPLE COMPOSITION 

Table B.1  The composition of the nanocomposite samples and their reference materials 
discussed in this thesis, as well as their related sample codes in the appended papers 1–5. 

Sample coding Composition 

Thesis Appended papers Components Weight ratio 

PVAc PVAc PVAc:GTA 95:5 

In situ or Mixed 
PVAc/CNC 

In situ or Mixed 
PVAc/5CNC 

PVAc:CNC:GTA 90:5:5 

In situ or Mixed 
PVAc/10CNC 

PVAc:CNC:GTA 85:10:5 

In situ or Mixed 
PVAc/15CNC 

PVAc:CNC:GTA 80:15:5 

In situ or Mixed 
PVAc/19CNC 

PVAc:CNC:GTA 76:19:5 

In situ or Mixed 
XPVAc/CNC 

In situ or Mixed 
XPVAc/5CNC 

PVAc:CNC:Borax:GTA 88.6:5:1.5:4.9 

In situ or Mixed 
XPVAc/19CNC 

PVAc:CNC:Borax:GTA 74.6:19:1.5:4.9 

In situ or Mixed 
PLA/PVAc/CNC 

In situ or Mixed 
PLA/PVAc/0.1CNC 

PLA:PVAc:CNC 90:9.9:0.1 

Isotropic 
plasticized PLA/CNF 

Undrawn PLA:CNF:GTA 89:1:10 

Aligned 
plasticized PLA/CNF 

D2.5/40/50 PLA:CNF:GTA 89:1:10 

Aligned PLA Aligned PLA PLA 100 

Aligned 
PLA/TOCNF 

Aligned 
P0.1TOCNF 

PLA:TOCNF 99.9:0.1 

Aligned 
PLA/TOCNF with 

mixed PEG 

Aligned 
P0.1TOCNF/PEG 

PLA:TOCNF: Mixed PEG 99.85:0.1:0.05 

Isotropic or Aligned 
PLA/TOCNF-g-PEG 

Isotropic or Aligned 
P0.1TOCNF-g-PEG 

PLA:TOCNF: Grafted PEG 99.85:0.1:0.05 
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APPENDIX C 

CHARACTERIZATION METHODS 

AFM.  AFM tapping mode was used to characterize the morphology of the samples. A 

Veeco MultiMode scanning probe (Santa Barbara, USA) with Bruker TESPA tips 

(Camarillo, USA) were used for the tests. To characterize the CNC, latex and TOCNF, 

respectively, the corresponding suspension was diluted to a desired concentration, and then 

one droplet of it was deposited on a piece of freshly cleaved mica which was glued on a 

sample holder. Afterwards, the droplet was dried to be scanned by the AFM probe and the 

AFM height images were captured. To characterize the cross-section of the nanocomposite 

films, the film was cryo-cut using a Leica EM UC7 microtome (Wetzlar, Germany) at 

−60°C, and then its cross-section was obtained and analyzed by AFM phase images. To 

investigate the unetched and etched surface of the nanocomposite films, the film was 

attached to a sample holder directly and scanned by the AFM probe to obtain the 3-

dimensional height images. 

DMA. A Q800 analyzer (TA Instruments, USA) with a tension clamp configuration was 

used to test the thermo-mechanical properties of the PVAc/CNC samples. The 

temperature ramp was executed in a range of −40–60°C with a scanning rate of 1 °C·min-1 

and at a frequency of 1 Hz. 

DSC.  A Mettler Toledo DSC 821e (Columbus, USA) with ME-27331 aluminum 

crucibles was used to analyze the thermal behavior of the samples. The sample was measured 

in a temperature range of −20–220°C with a scanning rate of 10 °C·min-1 under nitrogen 

atmosphere. The crystallinity of the PLA-based sample was calculated according to the ratio 

of the tested melting enthalpy of the sample to the melting enthalpy of 100% crystalline 

PLA. 

FTIR. A Perkin-Elmer Spectrum 2000 FTIR spectrometer equipped with an attenuated 

total reflectance system and an MKII Golden Gate (Specac Ltd., London, UK) was used for 

the tests. The samples were freeze-dried and then analyzed in a spectral range of 600–4000 

cm-1 with a resolution of 4 cm-1. 

Light scattering test.  A 635-nm laser source was used to test the light scattering behavior 

of the samples. The distance between the laser source and the sample was approx. 5 cm, and 

the distance between the sample and the detector was approx. 20 cm. The scattering pattern 

of the sample was captured by a Sony α5100 camera. 
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Mechanical testing. A universal testing machine (Shimadzu AG-X, Japan) with a SLBL-

1kN load cell was used to characterize the mechanical properties of the samples. Tensile 

testing was performed and at least 5 specimens of each sample were tested to calculate the 

average values. The humidity during the measurement was controlled by a THC1-200SP 

thermostatic chamber (Shimadzu, Japan). For the PVAc/CNC samples, the tests were 

carried out with a 20 mm gauge length and a 5 mm·min-1 crosshead speed at 25% humidity. 

For the PLA/PVAc/CNC samples, the tests were performed with a 30 mm gauge length 

and a 5 mm·min-1 crosshead speed at 50% humidity. For the isotropic PLA/TOCNF-g-

PEG samples, the tests were carried out with a 30 mm gauge length and a 5 mm·min-1 

crosshead speed at 6% humidity. For the aligned PLA/TOCNF-g-PEG samples and related 

references, the tests were performed with a 10 mm gauge length and a 1 mm·min-1 crosshead 

speed at 6% humidity. All the tests were conducted at room temperature. 

NMR spectroscopy. The solid-state magic-angle spinning (MAS) one-pulse NMR 

experiments were performed on a Bruker Ascend Aeon WB 400 NMR spectrometer with 

a triple resonance HXY 4 mm MAS probe. During the experiments the sample was packed 

in a 4 mm standard ZrO2 rotor. Liquid sample of Et2O·BF3 (0 ppm) was used as an external 

reference for the 11B MAS NMR spectra. 

Polarized OM. A Nikon Eclipse LV100 POL polarizing optical microscope (Kanagawa, 

Japan) was used for the experiments. To investigate the crystallization of PLA in the 

nanocomposite samples, the samples were placed on a Linkam TH600 heating stage 

(Tadworth, UK) and heated to 190°C at first, and then they were annealed at 110°C for 10 

min. The images were captured at the 0th, 3rd, 5th, 7th and 10th min under crossed polarized 

light. To investigate the birefringence behaviors of the aligned nanocomposites, the samples 

were observed under crossed polarized light at room temperature. 

Raman spectroscopy. A Bruker Senterra Dispersive Raman microscope (Bruker Optik 

GmbH, Germany) with an Olympus 10× objective was used to execute the measurements. 

The Raman spectra were recorded with a 785-nm laser at a power of 50 mW and a 

resolution of 3–5 cm-1. Several spots of each sample were probed to assure the 

reproducibility. 

Rheology testing. A Discovery Hybrid rheometer (DHR-1, TA Instruments, USA) 

equipped with a parallel plate configuration (diameter 25 mm) and an environmental test 

chamber (ETC) was used to investigate the rheological behaviors of the PVAc/CNC 

nanocomposite melts. The sample was heated to 120°C and kept at that temperature for 

360 s, and then a dynamic strain sweep with a strain range of 0.01–100% was conducted to 

obtain the storage modulus (G’) and loss modulus (G’’) of the sample. 
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SEM.  An FEI Magellan 400 XHR-SEM (Hillsboro, USA) was used to investigate the 

morphology of the samples. The samples of the latex as well as unetched and etched films 

were prepared using the methods similar to ones applied for the AFM samples as mentioned 

above. The fracture surface of the films was obtained after tensile testing, and then the 

sample was clamped on a SEM sample holder vertically. All the samples were coated with 

tungsten using a Bal-Tec MED 020 coating system, and the secondary electron images of 

them were captured. 

TEM.  The morphology of TOCNF and TOCNF-g-PEG were characterized by TEM. A 

Hitachi Model HT7700 TEM (Tokyo, Japan) was used for the tests in high-contrast mode 

at 100 kV. To prepare the TEM samples, the suspensions with nanofibers were deposited 

on a carbon-coated grid and treated with 1% uranyl acetate negative stain. 

TGA.  TGA analysis was carried out using a Mettler Toledo TGA/DSC 1STA Re System 

in nitrogen atmosphere. The samples were heated in a temperature range of 30–700°C with 

a heating rate of 10 °C·min-1. 

XRD.  An Empyrean X-ray diffractometer (PANalytical, UK) was used to perform the 

XRD measurements. The sample was scanned using CuKα radiation (λ = 1.5418 Å) in a 2θ 

angular range of 5–40° with a scan speed of 0.01°·s-1 at room temperature. The crystallinity 

of the sample was calculated according to the obtained XRD scattering curve by the ratio of 

the integrals of the crystalline peaks to the total integral under the curve. 
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a b s t r a c t

The structure of cellulose-based nanocomposites significantly influences their final mechanical proper-
ties. However, obtaining a good dispersion of hydrophilic nanocellulose materials in a hydrophobic
polymer matrix is challenging. In this study, two unique methods were developed to improve the
dispersion of cellulose nanocrystals (CNC) in a poly(vinyl acetate) (PVAc) matrix. One method was the
crosslinking of PVAc by sodium tetraborate (borax), which is expected to prevent agglomeration of CNCs
during the drying process, and the other method was the in-situ polymerization of vinyl acetate in the
presence of CNCs to generate good compatibility between CNC and PVAc. The results showed that the
crosslinking degree of PVAc could be varied by tuning the pH. The atomic force microscopy images
illustrate that after drying, the in-situ polymerized PVAc/CNC composite was much better dispersed than
the composite produced using mechanical mixing. The mechanical and thermo-mechanical character-
izations indicate that the in-situ nanocomposite with 10 wt% of CNC had a higher strength and storage
modulus compared with the mixed composite with the same CNC concentration. Further investigations
of the restriction effect caused by the crosslinker are required.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Over the last decade, cellulose-based nanocomposites have
received much attention and are expected to be used to help
overcome the shortage of fossil resources and help solve environ-
mental problems. Cellulose shows high strength/weight perfor-
mance, and the Young's modulus of its crystalline region was
reported as 150 GPa [1]. Nanocomposites with different biode-
gradable polymer matrixes, such as polylactic acid (PLA) [2e5],
starch [6,7] and poly(vinyl acetate) (PVAc) [8e11], reinforced with
cellulose nano-crystals (CNC) or cellulose nanofibers (CNF) have
been investigated. However, unsatisfactory enhancements due to
the poor dispersion of cellulose nanomaterials were reported
[2,3,12,13], causing one of the main gaps between academic studies
and industrial applications.

Many methods have been attempted to solve this problem and
chemical modifications of cellulose have been the most common
methods because the intrinsically hydrophilic cellulose surface is
not compatible with the hydrophobic polymer matrixes. Heux et al.

[14,15] used phosphoric esters as a surfactant to form a coated layer
surrounding the CNCs and reported good dispersion in nonpolar
polymers. 2,2,6,6-Tetramethylpiperidine-1-oxyl radical (TEMPO)-
mediated oxidation of cellulose was reported to have remarkable
effects on nanofibrillation and was shown to improve the solubility
of cellulose in organic solvents [16e18]. Moreover, silylation [19]
and esterification [20] were reported to lead to a hydrophobic
cellulose surface. Other methods such as solvent exchange [2,21,22]
have also been tested. Although these methods contain numerous
merits and significantly promote the dispersion of cellulose nano-
materials, they still have disadvantages. For example, the surfactant
around CNCs acts as a plasticizer, which softens composites [23],
and other chemical modifications and solvent exchange may
reduce the integrity of celluloses and require complex processing
procedures [24,25]. In addition, the toxicity and recycling of TEMPO
are notable [26].

In this study, we combined two simple methods, the restriction
of CNC movement by crosslinking PVAc with sodium tetraborate
(borax) and the in-situ polymerization of vinyl acetate in the
presence of CNC, to improve the dispersion of CNCs and the rein-
forcing efficiency of CNC in crosslinked PVAc composites. PVAc was
chosen as the matrix because it is biodegradable, inexpensive,
widely used in industries and can be produced from bioethanol* Corresponding author.
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[27]. It is well known that poly(vinyl alcohol) (PVA) produced by
the hydrolysis of PVAc establishes a 3-D network with tetrahy-
droborate ions that can be generated in aqueous borax solution
[28e31]. Based on the same principle, the partially hydrolyzed
PVAc can also be crosslinked [32,33]. We investigated the effect of
tuning the pH on the crosslinking degree of PVAc and its nano-
composite materials and the additional effect on their mechanical
and thermo-mechanical properties. More importantly, the re-
lationships among microstructure, dispersion and mechanical
properties of crosslinked PVAc/CNC composites were studied.

2. Materials and methods

2.1. Materials

An aqueous cellulose nanocrystal dispersion (solid content of
10.3 wt% in which 1.02 wt% is sulfate ester groups on dry CNC, the
diameter of CNC is 5 ± 1 nmmeasured by AFM)was kindly supplied
by USDA Forest Service, Forest Products Laboratory, Madison, USA.
Vinyl acetate monomer (99%, Alfa Aesar, Karlsruhe, Germany), po-
tassium peroxodisulfate (KPS) (VWR International, Leuven,
Belgium), glyceryl triacetate (GTA) (�99%, Sigma-Aldrich, St. Louis,
USA), sodium tetraborate decahydrate (borax) (�99.5%, Sigma-
Aldrich, St. Louis, USA), sodium hydroxide (pure pellets, Merck
KGaA, Darmstadt, Germany), acetic acid (96%, Merck KGaA, Darm-
stadt, Germany) and N,N-dimethylformamide (DMF) (anhydrous,
99.8%, Sigma-Aldrich, St. Louis, USA) were used as received.

2.2. Synthesis of PVAc and in-situ PVAc/CNC dispersions

PVAc was synthesized by emulsion polymerization of vinyl ac-
etate, according to a previously reported method [34]. A dispersion
consisting of 13.5 ml of vinyl acetate monomer and 320 ml of
deionized water was stirred continuously and heated to 80 �C in a
flask with awater-cooled condenser, and then 0.3775 g of KPS (3 wt
% of vinyl acetate monomer) as the initiator was added. The reac-
tion was maintained at 80 �C for 1 h and a milky PVAc dispersion
with 3.77 wt% of solid content was obtained. The PVAc particle size
in water dispersion is around 230 nm that was characterized by
Zeta sizer nano ZS, Malvern (UK). An in-situ PVAc/CNC dispersion
was prepared by the polymerization of vinyl acetate in the presence
of CNCs. First, 16.5 g of aqueous CNC dispersion was dispersed in
300 ml of deionized water in the flask by stirring for 1 h. Then,
13.5 ml of vinyl acetate was added to the dispersion, and the sub-
sequent steps were the same as those used to conduct vinyl acetate
polymerization. A dispersion containing 4.18 wt% of solid content in
which the PVAc/CNC ratio was 88/12 in weight was generated. The
solid concentration of both dispersions was determined by
weighing 3 specimens before and after overnight drying in an oven
at 60 �C and then the average values were calculated.

2.3. Preparation of composite films

Composite films, including crosslinked PVAc (named XPVAc in
this text where “X” refers to “crosslinked”), in-situ XPVAc/CNC and
mixed XPVAc/CNC, were prepared with controlled pH values for
this study. The compositions are shown in Table 1.

Typically, the PVAc or in-situ PVAc/CNC (diluted by the PVAc
dispersion to reach the required CNC content in advance) disper-
sionwasmixed with a certain amount of borax by stirring, and then
the pH of the dispersion was immediately tuned by 0.1 M sodium
hydroxide solution or 96% acetic acid. Next, the dispersion was
stirred for 1 h, and the GTA as a plasticizer was added. Because the
effect of a plasticizer on polymers is to separate the polymer chains,
the small molecules of borax in the materials was not considered in

the calculation of GTA content. The weight ratio of polymers to GTA
in each sample was 92/8. Then, the dispersion was stirred for
30 min, poured into a Teflon petri dish and dried in an oven with a
fan at 45 �C for 36 h. Finally, the cast film was peeled off and hot
pressed using a laboratory press (LabEcon 300, Fontijne Grotnes,
Vlaardingen, Netherlands) at 120 �C for 3 min, which includes
2 min pre-heating and 1 min pressing under a pressure of 1.1 MPa.
In the case of the mixed XPVAc/CNC composite, in the beginning,
the aqueous CNC dispersion was directly mixed with the PVAc
dispersion by stirring for 2 h, followed by the same steps listed
above including adding borax, controlling the pH, adding the
plasticizer, solvent casting and hot pressing. The thickness of the
obtained composite films was approximately 0.3 mm.

2.4. Atomic force microscopy

The topography of the PVAc, in-situ PVAc/CNC and mixed PVAc/
CNC dispersions was investigated by atomic force microscopy
(AFM), and their compositions are presented in Table 2.

A MultiMode scanning probe (Veeco, Santa Barbara, USA) with
TESPA tips (Bruker, Camarillo, USA) was used. To prepare the AFM
samples, the dispersions were diluted to 0.02 wt% of solid content,
and then one droplet of each material was deposited on a piece of
freshly cleaved mica, which was adhered to an AFM sample holder.
Then, the samples were dried at room temperature overnight. The
mixed PVAc/CNC sample with the same CNC concentration (12 wt%
of total dry weight) as that of the in-situ sample was prepared by
following the previous steps after stirring the aqueous CNC
dispersion with the PVAc dispersion for 2 h. Tapping mode in air
was used for analyses, which generated height as well as phase
AFM images. The accurate horizontal and vertical dimensions of the
dried particles were measured using NanoScope Version 9.1 soft-
ware (Bruker), and at least six specimens were chosen for the
measurements.

2.5. Gel content testing

The measurement and calculation of gel contents of the XPVAc
composites with various pH values were based on the ASTM D
2765-01 standard [35]. Briefly, approximately 0.1 g of the composite
film was weighed, cut into small pieces and placed in a weighed
metal net pouch. Then, the pouch with the film inside was
immersed into DMF that was heated and stirred continuously at
80 �C in a flask with a water-cooled condenser for 17 h. After
extraction, the pouch containing the remaining gel was placed in an
oven at 45 �C for 24 h, and the dry weight was measured. Three
specimens were tested for each sample. The equation for calcu-
lating the gel contents of the samples is shown below:

Gel content; % ¼ 100� percent extract

¼ 100� ðW1 þW2 �W3Þ=W1 (1)

where W1 is the weight of the specimen, W2 is the weight of the
pouch, and W3 is the weight of the specimen and the pouch after
extraction and drying.

2.6. Mechanical testing

The mechanical properties of XPVAc and its nanocomposites
were characterized using a universal tensile testing machine (Shi-
madzu Autograph AG-X, Kyoto, Japan) with an SLBL-1kN load cell.
The elongation was monitored by a video extensometer (Shimadzu
DVE 201). The experiments were performed under 20% of humidity
at 20 �C with a gauge length of 30 mm and a constant crosshead
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speed of 10 mm/min. Five rectangular specimens (5 mm � 80 mm)
cut from each sample were tested, and the averages of their me-
chanical properties were plotted. The Young's modulus of each
sample was calculated according to the slope of the initially linear
part of its stress-strain curve, and the toughness was determined
from stress-strain curves.

2.7. Dynamic mechanical analysis

The thermo-mechanical properties of the composites were
determined using the tensile mode on a Q800 analyzer (TA In-
struments, New Jersey, USA). Temperature sweeps in a range
from�40 �C to 120 �C were performed with a scanning rate of 3 �C/
min and a constant frequency of 1 Hz. The dimensions of the tested
rectangular specimens were 5.3 mm � 30 mm, and the gauge
lengths were automatically measured by the analyzer.

3. Results and discussion

3.1. Effects of tuning the pH on the crosslinking degree of XPVAc
materials

Theoretically, borax is dissociated intomany types of ions after it
dissolves in water, and several reversible chemical reactions can
occur in the borax solution [36]. The most important reaction is the
transition between boric acid and tetrahydroborate ions (Eq. (2)).
According to several studies [28e33], only the tetrahydroborate
ions can react with diol on the polymer chains to form crosslinks,

and the reaction of crosslinking partially hydrolyzed PVAc is illus-
trated in Fig. 1. From Eq. (2), we can see that increasing the pH shifts
the reaction towards the right side and generates more tetrahy-
droborate ions that participate in the crosslinking reaction. More-
over, a higher pH promotes the hydrolysis of PVAc. Under the
combination of these two effects, we predicted that the cross-
linking degree of the XPVAc materials can be tuned by the varying
the pH. Mechanical testing, dynamic mechanical analysis (DMA)
and gel content measurement were used to confirm this prediction.

BðOHÞ3ðaqÞ þ H2OðlÞ!BðOHÞ�4 ðaqÞ þ HþðaqÞ (2)

Fig. 2 reveals the mechanical properties (detailed values are
shown in Table 3) and the DMA results of the X3PVAc samples at
different pH values. As the pH increases, Fig. 2 shows that (a) the
yield strength of the samples was improved, (b) the Young's
modulus was sharply increased at pH 11 compared to pH 4, (c) the
storage modulus was improved, especially in the relatively high
temperature range shown in the figure, and (d) the tan d peak was
shifted towards a higher temperature, from 37.7 �C at pH 4 to
44.2 �C at pH 11. Moreover, the result in Table 3 indicates that the
toughness of the samples was enhanced with rising pH level. These
phenomena can be attributed to the increased crosslinking degree
caused by the increased pH.

The gel content in Fig. 3(a) illustrates interesting behaviors of
the XPVAc samples with different borax concentrations at various
pH values. It is obvious that the gel contents of the samples were
only dependent on pH, and there was virtually no difference be-
tween that of X3PVAc and X5PVAc at the same pH. This confirms
that the pH controlled the crosslinking degree of the samples rather
than the amount of borax when the borax content exceeds a
threshold. Furthermore, Fig. 3(b) demonstrates that the yield
strength of X5PVAc was lower than that of X3PVAc at the same pH
level. Because they had similar crosslinking degrees, indicating that
the same amount of tetrahydroborate ions was generated at a
certain pH, more boric acid molecules remained in X5PVAc. The

Table 1
Compositions of the composite films prepared in this study.

Sample coding Polymers/GTA (ratio in weight) CNC (wt% of total) Borax (wt% of total) pH

X3PVAc 92/8 0 3 4
X3PVAc 92/8 0 3 9.3
X3PVAc 92/8 0 3 11
X5PVAc 92/8 0 5 9.3
X5PVAc 92/8 0 5 11
In-situ X3PVAc/CNC2 92/8 2 3 9.3
In-situ X3PVAc/CNC5 92/8 5 3 9.3
In-situ X3PVAc/CNC10 92/8 10 3 9.3
Mixed X3PVAc/CNC10 92/8 10 3 9.3

Table 2
Compositions of the aqueous samples prepared for AFM characterization.

Sample coding Solid content (wt%) CNC (wt% of total dry weight)

PVAc 0.02 0
In-situ PVAc/CNC 0.02 12
Mixed PVAc/CNC 0.02 12

Fig. 1. Chemical equation of crosslinking partially hydrolyzed PVAc by the tetrahydroborate ion (redrawn based on Ref. 32).

S. Geng et al. / Composites Science and Technology 126 (2016) 35e42 37



reduction of the yield strength could be due to the plasticization
effect caused by the residual boric acid molecules. Similarly, Yin
et al. [37] also found that when the boric acid concentration was
higher than a certain level, the strength of the crosslinked PVA/
starch composites was decreased.

3.2. Effects of CNC concentration on the properties of in-situ XPVAc/
CNC nanocomposites

Fig. 4 (a) and (b) demonstrate the variations of the yield strength
and Young's modulus of X3PVAc and its nanocomposites with
different CNC contents at a pH of 9.3, and the detailed values are
shown in Table 3. The yield strength of in-situ X3PVAc/CNC2 was
347% higher than the sample without CNC, which is a significant
enhancement compared with previous studies using similar CNC
contents [2,4,9,13]. The Young's modulus of the in-situ

nanocomposites was also enhanced compared to X3PVAc, but the
improvement was not significant with increasing CNC concentra-
tion. Meanwhile, the toughness of the samples shown in Table 3
was increased until 5 wt% of CNC and then slightly decreased for
the sample with 10 wt% of CNC. In addition, the curves of the
storage modulus and tan d of the samples as a function of tem-
perature are illustrated in Fig. 4 (c) and (d). The storage modulus
was enhanced due to the higher CNC concentration, and it was
much more obvious when the temperature was higher than 30 �C.
However, the tan d peak position shifted to a lower temperature as
the CNC concentration increased from 40.8 �C (0 wt%) to 36.4 �C
(10wt%), whichmight be attributed to the reduction of crosslinking
degree of the PVAcmatrix caused by CNC. The backbone of CNC also
contains diol that can react with tetrahydroborate ions, which
consumed a certain amount of tetrahydroborate ions, depending on
the CNC content. As a result, fewer crosslinks between PVAc chains

Fig. 2. Stress-strain curves (a), Young's moduli (b), storage modulus (c) and tan d (d) of X3PVAc samples at pH values of 4, 9.3 and 11.

Table 3
Mechanical properties of XPVAc and its nanocomposites with controlled pH values.

Sample coding pH Yield strength* (MPa) Young's modulus* (GPa) Toughness (J/m3)

X3PVAc 4 2.5a ± 0.3 0.10a ± 0.02 1.82 � 107

X3PVAc 9.3 4.0a, A ± 0.6 0.26a, A ± 0.08 2.25 � 107

X3PVAc 11 18.3b ± 2.2 1.22b ± 0.29 2.90 � 107

X5PVAc 9.3 2.6a ± 0.6 0.14a ± 0.06 1.68 � 107

X5PVAc 11 14.4c ± 1.9 0.90b ± 0.21 4.68 � 107

In-situ X3PVAc/CNC2 9.3 13.9B ± 2.4 0.84B ± 0.15 3.55 � 107

In-situ X3PVAc/CNC5 9.3 15.4B ± 0.8 1.00B ± 0.22 4.56 � 107

In-situ X3PVAc/CNC10 9.3 16.8B,a ± 1.3 1.08B,a ± 0.27 4.05 � 107

Mixed X3PVAc/CNC10 9.3 12.2b ± 0.9 0.75a ± 0.24 4.01 � 107

*Average values with same superscript letter in the same column are not significantly different at 5% significance level based on ANOVA and Tukey-HSD comparison test.(a, b,
c: samples without CNC; A, B: samples with different CNC contents; a, b: samples with different processing methods).
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could be formed in the XPVAc/CNC samples and led to lower glass
transition temperatures. Pei et al. [38] reported very similar DMA
results for the polyurethane/CNC system. Overall, the results
included an efficient reinforcement of yield strength, Young's
modulus, toughness and storage modulus, indicating that a good
dispersion of CNC was obtained in the in-situ nanocomposites with
low CNC contents (�5 wt%) produced by the in-situ polymerization
of vinyl acetate.

3.3. Comparison of CNC dispersion in nanocomposites prepared
using in-situ polymerization and mechanical mixing

To compare the CNC dispersion, the difference in the structure
between the in-situ and mixed PVAc/CNC dispersions was inves-
tigated by AFM (Fig. 5). The mechanical and thermo-mechanical
properties of in-situ and mixed XPVAc/CNC composites were
characterized by tensile testing and DMA (Fig. 6). Fig. 5 shows the
height and phase AFM images of the pure PVAc (a, b and c), in-situ
PVAc/CNC (d, e, f and g) and mixed PVAc/CNC samples (h and k). In
addition, the sizes of the sample particles and aggregates after
drying are summarized in Table 4. The size of PVAc particles

Fig. 3. Gel content measurements (a) and mechanical properties (b) of X3PVAc and X5PVAc at pH values of 9.3 and 11.

Fig. 4. Stress-strain curves (a), Young's moduli (b), storage modulus (c) and tan d (d) of X3PVAc and its in-situ nanocomposites with various CNC contents at a pH of 9.3.
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characterized by AFM was lower than the result from Zeta sizer
(230 nm) because the water layers surround the particles was lost
and the particles will shrink during the drying process. Also, the

particles were considered as spheres in the Zeta sizer measurement
but in fact they are ellipsoidal shown in AFM images.

It can be seen from Fig. 5 (a) and (d) that the average size of the

Fig. 5. AFM images of the pure PVAc particles (a, b and c), the in-situ PVAc/CNC particles (d, e, as well as f and g magnified from the positions in red and white boxes in e,
respectively) and the mixed PVAc/CNC particles (h, k) dried from their dispersions whose compositions are shown in Table 2. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 6. Stress-strain curves (a) and thermo-mechanical properties (b) in which curves in the line-symbol and the line without symbols represent storage modulus and tan d,
respectively, of in-situ and mixed X3PVAc/CNC10 composites at a pH of 9.3.
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in-situ PVAc/CNC particles was slightly larger than the pure PVAc
particles, which might be attributed to the appearance of CNC
accompanied with the PVAc particles. Fig. 5 (b) and (e), which are
the phase images of these two samples, reveal more details in
which many small PVAc particles and well-dispersed CNCs
(magnified in c, f and g) on the substrates are present in addition to
the large particles. More specifically, in Fig. 5 (f), we can see that the
small PVAc particles are located on the CNC surface, which could
indicate that good compatibility between CNC and PVAc was ob-
tained during the in-situ polymerization. Unaccompanied CNCs
shown in Fig. 5 (g) also existed in the in-situ CNC/PVAc sample.
Compared to the in-situ PVAc/CNC nanocomposite, the mixed
PVAc/CNC sample after drying formed much larger polymer ag-
gregates and CNC bundles, as exhibited in Fig. 5 (h) and (k). Table 4
shows that the horizontal sizes of the PVAc aggregates and the CNC
bundles reached 1.4 mm and 138 nm, respectively. This phenome-
non should be attributed to the poorer compatibility between CNC
and PVAc generated by direct mixing process, which further con-
firms that the dispersion of CNC in the in-situ sample was much
better than in the mixed sample.

The mechanical properties of in-situ and mixed X3PVAc/CNC10
composites are shown in Table 3, and their stress-strain curves are
illustrated in Fig. 6 (a). Compared with the mixed composite, it is
obvious that the yield strength of the in-situ nanocomposite had a
37.7% of improvement, and the toughness was slightly increased.
The higher efficiency of reinforcement could be caused by themuch
larger interfacial area with altered properties in the in-situ nano-
composite due to the better dispersion of CNC [39]. Similar results
were also reported by Iwatake et al. [2]. They found that the me-
chanical properties of the PLA/CNF composite after solvent ex-
change were stronger than the composite prepared by direct
mixing because of the better dispersion. Fig. 6 (b) shows that the in-
situ X3PVAc/CNC10 composite had a higher storage modulus than
the mixed sample, while the temperature at tan d peak was lower.
The possible reason could be that the CNCs in the in-situ nano-
composite consumed more tetrahydroborate ions than the CNCs in
the mixed composite due to a larger surface area caused by better
dispersion; thus, the crosslinking degree of the matrix in the in-situ
XPVAc/CNC nanocomposite decreased.

4. Conclusions

The crosslinking of PVAc by borax and the in-situ polymeriza-
tion of vinyl acetate in the presence of CNC were used to improve
the dispersion of CNC in the PVAc matrix. The results from me-
chanical testing, DMA and gel content testing reveal that the
crosslinking degree of XPVAc could be tuned by pH rather than the
amount of borax. For in-situ XPVAc/CNC nanocomposites, a high
reinforcing efficiency and higher toughness were achieved with
low CNC contents (�5 wt%), while the crosslinking degree of the
XPVAc matrix might be reduced, as illustrated in the DMA results.
Compared with the composites prepared by mechanical mixing,
much better dispersion of CNC in the in-situ nanocomposites was
found in the AFM characterization, which was further confirmed by

mechanical testing and DMA. The impacts of crosslinking PVAc by
borax on the properties of XPVAc/CNC composites will be further
investigated. These in-situ XPVAc/CNC nanocomposites provide
potential possibilities for use as the next generation of green
packaging and coating materials.
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Plasticizing and crosslinking effects of borate
additives on the structure and properties of
poly(vinyl acetate)†

Shiyu Geng,a Faiz Ullah Shah,b Peng Liu,a Oleg N. Antzutkinbc and Kristiina Oksman*ad

As an environmentally friendly, low-cost and widely used polymer, poly(vinyl acetate) (PVAc) is worth

modifying to achieve better properties. Here, we report on the influence of borate additives on the

structure and properties of partially hydrolysed PVAc. In addition to the general crosslinking function of

borate additives, an extraordinary plasticizing effect was found. By controlling the pH from 4 to 11 during

sample preparation, the plasticizing and crosslinking effects can be shifted. In alkaline conditions, the

degree of crosslinking in the PVAc/borate sample is increased; however, this increase declines gradually

with an increase in the borate additive content, which impacts the morphology of the PVAc latex

particles, as well as the mechanical and thermal properties of the PVAc/borate films. In contrast, in acidic

conditions, the PVAc/borate films are plasticized by borate additives; thus, their ultimate mechanical

strength, elastic moduli and thermal stabilities decrease, while the water diffusivities increase.

Introduction

Poly(vinyl acetate) (PVAc) is a polymer that is widely used in
many applications, such as paints, surface coatings, food
additives and adhesives for wood, paper and cloth. PVAc, with
its advantageous properties, can be considered a “green”
material suitable for overcoming a range of environmental
challenges. First, PVAc can be produced from renewable
resources. Its monomer, vinyl acetate, can be synthesized from
bioethanol, which is extracted from the biomass rening
process, and then further treated by dehydration, oxidation and
vinylation.1 Second, PVAc is predominantly synthesized by
emulsion polymerization, with the use of water as the disper-
sion medium during processing. This type of synthesis is
a nontoxic, non-ammable and low-cost system, which is more
environmentally friendly than other polymerization methods.2–4

Finally, it has been reported that PVAc is principally biode-
gradable,1 which means that it will be modied, hydrolysed,
metabolized and nally assimilated by microbial organisms
under specic conditions.

However, several drawbacks of PVAc, including decient
mechanical properties, a high water or humidity sensitivity and
a poor performance at elevated temperatures,5,6 pose limita-
tions in some applications. During the last few decades, many
studies have focused on improving the properties of PVAc. One
of the most famous reports from 1940 by Perrin et al.7 has
described in detail, for the rst time, copolymerization of
ethylene with vinyl-acetate: The product poly(ethylene-co-vinyl-
acetate) has then been widely used in various types of
commercial products due to its much higher ductility and lower
water sensitivity compared to pure PVAc. Recently, nano-
composites with improved properties achieved by adding
nanosized reinforcements into PVAc, have received a great
attention. Kaboorani et al. studied the effects of admixing of
nanoclays and cellulose nanocrystals on the adhesive properties
of PVAc, especially at elevated temperatures and in wet condi-
tions.5,6 Khan et al. improved the adhesive strength and
toughness of PVAc dramatically by adding only 0.1 vol% of
graphene.8 Mathew et al. investigated the moisture absorption
and its effect on the mechanical properties of PVAc reinforced
by cellulose nanocrystals.9 Gong et al. studied the viscoelastic
properties and toughness of PVAc nanocomposites with cellu-
lose nanobers.10,11

Alternatively, crosslinking PVAc with certain crosslinkers, for
instance, sodium tetraborate (borax), is another possible
approach to enhance the mechanical and thermal properties
and moisture resistance of PVAc. Borax, an environmentally
benign mineral mined directly from the ground, is well known
to crosslink diol-containing molecules in aqueous media under
alkaline conditions and to form borate complexes. Many studies
have been done on crosslinking of poly(vinyl alcohol) by borax
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or its derivatives,12–16 and crosslinking of partially hydrolysed
PVAc to form gel-like materials has also been reported. Angelova
et al. studied the structure and rheological properties of PVAc/
borate gel aer absorbing different organic liquids,17,18 and
this type of gel was further developed by Natali et al. for appli-
cation as a cleaner for painted surfaces.19

In our previous research,20 we combined both methods –

reinforcing with nanocellulose and crosslinking with borax – to
improve the properties of PVAc, and we found very interesting
behaviour of borax-crosslinked PVAc lms. Some experiments
indicated that borate additives can not only provide cross-
linking but also have a plasticizing effect on PVAc lms
prepared at specic pH, although this has not yet been fully
explored. Thus, in this report, both plasticizing and cross-
linking effects of borate additives on PVAc/borate samples
prepared at different pH are investigated. The morphology of
PVAc/borate latex particles as well as the structure, mechanical
performance, thermal properties and moisture absorption
behaviour of PVAc/borate lms are explored. Furthermore, the
relationship between the structure and properties of the PVAc/
borate materials is also discussed in detail.

Experimental
Materials

Vinyl acetate monomer (99%) was purchased from Alfa Aesar,
Karlsruhe, Germany. Potassium peroxodisulfate (KPS) was
purchased from VWR International, Leuven, Belgium. Sodium
hydroxide (pure pellets) and acetic acid (96%) were purchased
from Merck KGaA, Darmstadt, Germany. Sodium tetraborate
decahydrate (borax) ($99.5%), glyceryl triacetate (GTA) ($99%),
docusate sodium salt ($96%), and sodium bicarbonate
($99.7%) were all purchased from Sigma-Aldrich, St. Louis,
USA. All chemicals were used as received.

Sample preparation

Poly(vinyl acetate) (PVAc) was synthesized using an emulsion
polymerization method, according to US patent 4812510.21

Briey, 2.25 g of docusate sodium salt as surfactant and 0.135 g
of sodium bicarbonate were dissolved in 255 g of distilled water
in a three-necked ask with a water-cooled condenser. The
solution was heated to 353 K and kept under stirring. Then,
0.225 g of KPS, as an initiator of polymerization, and 2.25 g of
vinyl acetate monomer were added. Aer 20min, 42.75 g of vinyl
acetate monomer was continuously fed into the ask dropwise
over 3 h. Finally, the reaction was maintained at 353 K for
another 30 min aer feeding. The solid content of the obtained
PVAc latex was 15.3 wt% and was measured by weighing before
and aer overnight drying in an oven at 333 K.

The compositions of the samples prepared in this study, with
different borax content at various pH values, are given in
Table 1. The PVAc/borate lms were prepared by a crosslinking/
plasticizing reaction, followed by solvent casting and hot
pressing. The reaction for each sample was performed by add-
ing a certain amount of a borax saturated solution (293 K) to the
PVAc latex dropwise, and then, the pH of the dispersion was

controlled to a selected value by sodium hydroxide (0.1 M) or
acetic acid. Aerwards, the dispersion was heated at 353 K for
1 h with stirring, and then, the PVAc/borate latex was obtained.
Next, GTA was added as a plasticizer and the weight ratio of GTA
to PVAc in each sample was kept constant (GTA : PVAc¼ 5 : 95).
Finally, the dispersion was poured into a Teon Petri dish and
dried in an oven with a fan at 313 K for 30 h. The dried lm was
peeled off and hot pressed using a laboratory press (LabEcon
300, Fontijne Grotnes, Netherlands) at 423 K for 1 min under
a pressure of 1.1 MPa, with 2 min of pre-heating. The thickness
of the obtained lms was �0.15 mm. The native PVAc latexes
and dried lms were prepared, with controlled pH values, as
references, in the same manner as described above but without
the addition of borax.

Characterization methods

Nuclear magnetic resonance (NMR) spectroscopy. All NMR
spectra were recorded on a Bruker Ascend Aeon WB 400 NMR
spectrometer. Liquid-state 400.21 MHz 1H and 100.64 MHz 13C
NMR spectra were recorded in DMSO using standard Bruker
pulse programs. Chemical shis were expressed in parts per
millions (ppm) from tetramethylsilane with the solvent reso-
nance as the internal standard. Solid-state magic-angle-
spinning (MAS) one-pulse NMR experiments (for 11B and 13C)
or with cross-polarization (CP) from the protons and with
proton decoupling were performed using a triple resonance
HXY 4 mm MAS probe. The cross-polarization contact time was
4 ms in 13C CP-MAS NMR experiments. The samples were
packed in 4 mm standard ZrO2 rotors.

11B MAS NMR spectra
were externally referenced using liquid samples of Et2O$BF3 (0

Table 1 Composition of all prepared PVAc and PVAc/borate materials,
and their glass transition temperatures (Tg) and equilibrium moisture
contents (Me) (at 90% humidity, 293 K)

Sample coding
Borax content
(wt% of dried lm) pH Tg (K) Me (%)

PVAc-4 0 4 298.9 4.7 � 0.5
X0.5PVAc-4a 0.5 4 298.3 5.6 � 1.1
X1PVAc-4a 1 4 297.9 5.9 � 1.2
X1.5PVAc-4a 1.5 4 297.5 5.9 � 2.7
X2PVAc-4a 2 4 297.2 4.8 � 1.1
X3PVAc-4a 3 4 296.8 6.7 � 1.4
PVAc-9.3 0 9.3 298.7 8.6 � 0.7
X0.5PVAc-9.3a 0.5 9.3 298.9 12.3 � 1.4
X1PVAc-9.3a 1 9.3 299.3 15.9 � 0.9
X1.5PVAc-9.3a 1.5 9.3 298.6 18.6 � 3.0
X2PVAc-9.3a 2 9.3 297.6 11.9 � 0.5
X3PVAc-9.3a 3 9.3 297.2 12.7 � 1.5
PVAc-11 0 11 297.7 9.8 � 0.8
X0.5PVAc-11a 0.5 11 298.2 19.7 � 3.1
X1PVAc-11a 1 11 299.5 15.3 � 1.1
X1.5PVAc-11a 1.5 11 299.8 21.6 � 0.5
X2PVAc-11a 2 11 300.3 17.4 � 3.3
X3PVAc-11a 3 11 298.9 15.2 � 2.8

a Samples are coded as “XaPVAC-b”, where “X” stands for the borax
addition, “a” stands for borax content (wt%) in the samples and “b”
stands for the controlled pH values during the sample preparation.
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ppm). 13C chemical shis were referenced to the least shielded
resonance line of polycrystalline adamantine, used as the
external standard (38.48 ppm relative to tetramethylsilane).22 To
prepare the native PVAc samples for NMR spectroscopy, the
lms were washed with distilled water for 24 h to remove the
surfactant (docusate sodium salt) and the plasticizer (GTA) that
may give additional signals in 13C CP-MAS NMR spectra. The
samples were then dried in the oven at 313 K. To prepare the
dried borax powder as a reference material for 11B MAS NMR,
the pH of a 0.23 wt% borax aqueous solution was tuned to 11
with NaOH (0.1 M), and then, the solution was heated at 353 K
for 1 h and dried in the oven to obtain a powder sample.

Atomic force microscopy (AFM) and scanning electron
microscopy (SEM). AFM (Veeco MultiMode scanning probe with
Bruker TESPA tips, USA) and SEM (Magellan 400 XHR-SEM, FEI
Company, USA) were used for characterizing topography and
morphology of the latex particles. The preparation of the AFM
samples involved depositing one drop of diluted (0.01 wt%)
aqueous solution of latex on freshly cleaved mica and drying at
room temperature overnight. The samples were then analysed
by tapping mode in AFM at ca. 303 K. The SEM samples were
prepared in the same manner as for AFM and then coated with
tungsten using a Bal-Tec MED 020 Coating system. The
secondary electron images were captured at ca. 295 K.

Particle size measurements. The latex particle sizes of the
samples were measured by a Zetasizer Nano ZS (Malvern, UK)
with DTS0012 cells at 298 K. Each sample of the latex was
diluted to 0.01 wt%, and 3 runs with 10 scans per run were
processed for eachmeasurement to determine the average value
of the particle size.

Mechanical testing. A universal tensile testing machine
Shimadzu AG-X (Kyoto, Japan) with an environmental chamber
THC1-200SP and an SLBL-1kN load cell was used tomeasure the
mechanical properties of the dried lms. Materials were tested
with 20 mm of gauge length and 5 mm min�1 of crosshead
speed under 25% of humidity at 293 K. At least 5 specimens (5
� 40 mm) of each sample were tested, and the average was
calculated. The elastic modulus was determined by the initial
linear portion of the stress–strain curve, and the toughness, as
work to fracture, was dened by the integrated area under the
stress–strain curves.

Differential scanning calorimetry (DSC). A Mettler Toledo
DSC 821e with aluminium crucibles (ME-27331) was used for
investigating the glass transition temperatures (Tg) of the
samples (dried lms) under nitrogen atmosphere. First, a blank
curve was run to remove the background noise, and then, the
samples were measured. In the rst heating runs, all samples

were heated from 233 K to 393 K, with a heating rate of 10 K
min�1, and then isothermal for 3 min to remove the heating
history. Aerwards, the samples were cooled down rapidly with
a cooling rate of 20 K min�1 and isothermal at 233 K for 3 min
and then heated to 393 K again with the same heating rate (10 K
min�1) as in the rst heating runs. The results from the second
heating runs were considered, and Tg of the samples were
determined by the middle points of the inclines between the
extrapolated baselines.

Thermo-gravimetric analysis (TGA). The thermal stability of
the dried lms was studied by TGA using a Q500 analyser (TA
Instruments, USA) with platinum sample pans. The tests were
performed by temperature sweeps from room temperature to
873 K, with a heating rate of 10 K min�1 and nitrogen ow at 60
mL min�1.

Moisture absorption measurement. The moisture absorp-
tion measurements procedure was performed according to the
standard ASTM D 5229.23 Briey, 3 specimens (13 mm � 38
mm) of each sample (dried lm) were dried in an oven at 318 K
to remove the moisture until constant weights were reached,
and then, they were placed into the thermostatic chamber with
a controlled humidity of 90% at 293 K and weighed every 15min
until the moisture absorption reached equilibrium. The diffu-
sivity of each sample was calculated by the average values of the
three specimens based on the following equation:

Dz ¼ p

�
h

4Me

�2�
M2 �M1ffiffiffiffi
t2

p � ffiffiffiffi
t1

p
�2

(1)

where h is the thickness of the sample, Me is the equilibrium
moisture content, and ðM2 � M1Þ=ð

ffiffiffiffi
t2

p � ffiffiffiffi
t1

p Þ is the slope of
the initial linear portion in the moisture absorption curve.

Results and discussion
Structure characterization

Chemical structure. In this work, all the materials (sample
coding and compositions are shown in Table 1) with various
borax content (from 0 to 3 wt%) were produced at pH 4, 9.3 or
11. Before investigating the effects of borate additives on the
structure of PVAc, the basic structures of native PVAc (prepared
without borax) as reference materials at pH 4, 9.3, and 11 were
characterized by NMR spectroscopy. All three samples were
slightly hydrolysed, and the degree of hydrolysis was calculated
based on the integrals of acetate and methylene protons in
liquid-state 1H NMR spectra (see Fig. S1 in the ESI†). The data
are summarized in Table 2. The solid-state 13C MAS NMR
spectra of these samples are illustrated in Fig. 1. The resonance

Table 2 The degree of hydrolysis and 13C chemical shifts of –CHO carbons (region C) and –COO carbons (region D), as denoted in Fig. 1, of
native PVAc films treated in various pH conditions

Sample coding Hydrolysis degree (%) 13C chemical shi (region C) (ppm) 13C chemical shi (region D) (ppm)

PVAc-4 7.9 66.0 167.6
PVAc-9.3 9.8 67.3 170.4
PVAc-11 9.9 68.0 174.6

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 7483–7491 | 7485
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lines assigned to –CH3, –CH2, –CHO and –COO carbons on the
PVAc chains are labelled in these spectra by A, B, C and D,
respectively. The resonance lines at 11.0 ppm, 14.2 ppm and
23.1 ppm were assigned to the methyl (–CH3) carbons of the
residual monomer or oligomer of vinyl acetate in the samples.
In addition, the liquid-state 13C NMR spectra in DMSO and the
solid-state 13C CP-MAS NMR spectra of the native PVAc samples
are given in Fig. S2 and S3 in the ESI.†

From Fig. 1, it is clear that the 13C sites of the native PVAc
become more de-shielded (chemical shis move towards
higher ppm values) with an increase in pH from 4 to 11, espe-
cially for –CHO carbons (region C) and –COO carbons (region
D), see Table 2. These spectral observations imply structural
changes in PVAc-4, PVAc-9.3 and PVAc-11. Asakawa et al.
investigated the hydrogen-bonding effect on 13C NMR chemical
shis of L-alanine residues, and they found that carbon sites
become more de-shielded with a decrease in length of hydrogen
bonds.24 Similarly, it is suggested here that an additional de-
shielding of –CHO and –COO carbon sites in PVAc samples
prepared in different pH conditions (see Fig. 1) is also caused by
hydrogen bonding effects, as will be discussed in the following
text. Table 2 shows that with an increase in pH, the degree of
hydrolysis of PVAc is increased from 7.9% in PVAc-4 to 9.9% in
PVAc-11, which indicates that there are larger numbers of
hydroxyl groups present in PVAc-11, and thus, the polymer
chains of PVAc-11 have a higher propensity to form hydrogen
bonds with each other. A larger number of hydroxyl groups also
contributes to a higher exibility of the PVAc chains, because
bulky acetate side groups (before the hydrolysis) cause larger
restrictions in chain movement. As a result of a higher degree of
hydrolysis in PVAc-11, polymer chains could pack more closely
compared to those in PVAc-4 and generate more hydrogen
bonds with a shorter length, which should cause a larger de-
shielding of 13C sites. Moreover, it is obvious that an addi-
tional de-shielding of resonance lines in regions C and D is
signicantly larger than that for other resonance lines (see

Fig. 1), which implies that the –CHO and –COO carbon sites in
PVAc are more strongly inuenced by the pH compared with the
methyl –CH3 (region A) and methylene –CH2 carbons (region B).
This is because a larger number of the –CHO and –COO carbons
are involved in the hydrogen bonds in the form of C–O–H/O
and C]O/H–O, respectively,25 and chemical shis of these
carbon sites are obviously more affected by hydrogen bonding
compared to chemical shis of methylene and methyl carbons,
which are one more chemical bond further away from the
hydrogen bond. However, it should be noted that the degree of
hydrolysis of PVAc-9.3 (9.8%) is very close to that of PVAc-11
(9.9%), but according to NMR spectra in Fig. 1, there is an
obvious difference in 13C chemical shis of corresponding
carbon sites in these two samples. A possible reason is that
polymer chains in PVAc-11 are shorter than in PVAc-9.3 due to
a higher degree of cleavage in the harsher alkaline condi-
tions.26,27 Shorter chains have a higher mobility due to a less
prominent entanglement effect in polymers,28 that promotes
the formation of a larger number of hydrogen bonds in PVAc-11
compared with PVAc-9.3, even though they have a similar
degree of hydrolysis.

To further investigate the crosslinking effects of borate
additives, solid-state 11B MAS NMR spectra of dried borax
powder and PVAc/borate materials were recorded and are
illustrated in Fig. 2. From Fig. 2a, it can be seen that there are
two types of boron sites present in the dried borax powder, one
is tetra-coordinated boron [B44] denoted in region A (approxi-
mately 1 ppm), and the other is tri-coordinated boron [B43]
shown in region B (approximately 15 ppm), where 4 refers to
either O or OH.29 In Fig. 2b, one can see that there are two new
resonance lines in the PVAc/borate samples in addition to
regions A and B, which is attributed to the crosslinked tetra-
coordinated boron species (region C, approximately 5 ppm)
and exchanging boron atoms between boric acid and borate
ions (region D, approximately 10 ppm), consistent with previous
reports.17

The basic theory of crosslinking by borax has been intro-
duced in detail in our previous work.20 Here, the crosslinked
borate fraction (fc) and the absolute crosslinked borate content
(na) of each sample out of the total amount of added borax were
estimated from the integrated areas of the corresponding
resonance lines in the 11B MAS NMR spectra (Fig. 2b), and the
results are tabulated in Table 3. We can see that fc of the sample
X1PVAc-9.3 (9.6%) is lower than that for X0.5PVAc-9.3 (16.9%),
which illustrates that the conversion efficiency from original
borax to the crosslinked borate is reduced with an increase in
borax content at a certain pH level. Conversely, na of X1PVAc-9.3
(1.0 � 10�5 mol) is still larger than that in X0.5PVAc-9.3 (8.9 �
10�6 mol) due to a larger amount of the added borax. We can
speculate that the increase in na will decline gradually as borax
content is further increased as a result of the decreasing
conversion efficiency. In addition, fc of X1.5PVAc-11 (9.1%) is
similar to that for X1PVAc-9.3 (9.6%), although the former
sample contains more borax and na of X1.5PVAc-11 (1.5 � 10�5

mol) is the highest among the three samples in this study (see
Table 3). Since the na is related to the total crosslinking degree
of a PVAc/borate sample, it can be concluded that with an

Fig. 1 One-pulse 13C MAS NMR spectra of the native PVAc films
(partially hydrolysed in various pH conditions).
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increase in borax content, the degree of crosslinking in the
sample is increased but to a smaller extent at pH > 7; mean-
while, with an increase in pH, the degree of crosslinking in the
sample at a constant borax content also increases. This
conclusion is in accord with the results reported by Angelova
et al.17

Morphology of latex particles. Fig. 3 compares the
morphology of native PVAc and PVAc/borate latex particles. The
AFM (Fig. 3a and b) and SEM (Fig. 3c and d) images demon-
strate that the average diameter of PVAc-4 latex particles is
approximately 79 nm and that of X3PVAc-11 latex particles is

approximately 180 nm, while there are many small particles on
the substrate that could be the docusate sodium salt used as
surfactant during the polymerization of vinyl acetate. Both AFM
and SEM images show that the size of the PVAc latex particles
increases considerably aer reacting with the borate additives
under alkaline conditions. The possible mechanism of this
phenomenon is described in Fig. 3e. When pH > 7, the tetra-
coordinated borate ions present in the borax solution can
react with the partially hydrolysed PVAc and crosslink the PVAc
latex particles together to form larger particles. A similar
phenomenon has been reported by Song et al., in which the size
of polystyrene particles is increased signicantly aer cross-
linking by divinylbenzene.30

To further investigate the effect of borate additives on the
morphology of PVAc, the particle size results from light scat-
tering measurements performed by a Zetasizer are shown in
Fig. 4. First, it can be seen that the sizes of the PVAc-9.3 (100
nm) and PVAc-11 (105 nm) particles are larger than the PVAc-4
(62 nm) particles, which can be attributed to the swelling
behaviour of the particles in aqueous medium caused by the
presence of more hydrolysed PVAc chains that contain a higher
ionic strength and absorb more water molecules.31 With an
increase in borax content, it is interesting to note that the size of
the samples treated at pH 4 grows linearly. This is because the
borax solution was added into the PVAc latex rst, and then, the
pH of the dispersion was adjusted during the sample prepara-
tion. Therefore, part of the PVAc particles may have already
been crosslinked before the pH was tuned to 4. On the other
hand, the particle size in the samples treated at pH 9.3 and 11 is
also increased, but the rate of this increase is gradually reduced
with a further increase in borax content. This is consistent with

Table 3 The crosslinked borate fractions (fc) and the absolute cross-
linked borate content (na) of the PVAc/borate samples calculated from
the deconvoluted 11B MAS NMR spectra shown in Fig. 2b

Sample coding fc (%) na (mol)

X0.5PVAc-9.3 16.9 8.9 � 10�6

X1PVAc-9.3 9.6 1.0 � 10�5

X1.5PVAc-11 9.1 1.5 � 10�5

Fig. 3 AFM (height) and SEM images of PVAc-4 (a and c) and X3PVAc-
11 (b and d) latex particles and a schematic (e) of one possible
mechanism of increasing particle size during the crosslinking reaction.

Fig. 2 Single-pulse 11B MAS NMR spectra of a dried borax powder
treated at pH 11 (a) and PVAc/borate films (b). The spectra of PVAc/
borate were deconvoluted using Lorentzian functions.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 7483–7491 | 7487
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the 11B MAS NMR data (see Table 3), indicating that the degree
of crosslinking in the sample follows the same trend under
alkaline conditions, because the increased particle size is
related to the crosslinking reaction, as explained in Fig. 3e.

However, it can be seen from Fig. 4 that the particle sizes of
the samples at pH 9.3 are similar to those at pH 11, although,
the samples treated at pH 11 have a larger degree of cross-
linking. A possible reason for this is that crosslinking of the
PVAc chains may occur within one particle instead of between
several particles together that are combined.32 In addition, by
comparing the results from microscopy (Fig. 3) and the light
scattering measurements (Fig. 4), one can see that the diame-
ters of particles in samples measured by AFM (horizontal size)
and SEM are slightly larger than the particles tested by the
Zetasizer. This is because the particles were deformed and
became ellipsoids on the substrate during the sample prepa-
ration for microscopy due to a low glass transition temperature
(close to room temperature) of the PVAc materials,33 and SEM
samples have a tungsten coating layer (thickness is around
3 nm).

Characterization of properties

Mechanical properties. The mechanical properties of the
native PVAc and PVAc/borate lms were characterized by tensile
testing. The results of ultimate strength, elongation at break
and elastic modulus of the samples are presented in Fig. 5, and
the toughness data are shown in the ESI Table S1.† From

Fig. 4 Particle size of the native PVAc and PVAc/borate latexes
prepared with different borax content under various pH levels.

Fig. 5 Stress–strain curves (a), ultimate strength (b), elongation at break (c) and elastic modulus (d) of the native PVAc and PVAc/borate films
prepared with various borax content at different pH levels.
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Fig. 5a, one can see that with an increase in pH the strength of
the samples with 1.5 wt% of borax is enhanced signicantly,
while the elongation at break is decreased due to an increase in
the degree of crosslinking. Meanwhile, X1.5PVAc-4 exhibits
a lower strength and a larger elongation at break compared with
X0.5PVAc-4, which can be attributed to the plasticizing effect
caused by more borate additives. According to the literature,
many small molecules containing hydroxyl groups, such as
glycerol and sorbitol, have the ability to plasticize PVAc.34,35

Therefore, boric acid, which is present in all PVAc/borate
samples in this study, as conrmed by 11B MAS NMR (region
D in Fig. 2b), could also act as a plasticizer.

Consequently, in all PVAc/borate samples, both a crosslinker
(tetra-coordinated borate ion) and a plasticizer (boric acid) are
present, and they are “competing” with each other. At pH 4, the
ultimate strength of the samples shown in Fig. 5b is reduced
with an increase in borax content, except for the sample with 3
wt% borax. Although a small amount of PVAc was crosslinked
as a result of the sample preparation, as described above, the
strength of X3PVAc-4 is still much lower than that of PVAc-4 due
to the plasticizing effect. It can also be seen in Fig. 5b that at pH
9.3, with an increase in borax content, the strength of the
samples is enhanced and reaches the maximum at 1 wt% borax,
and then, it drops down for the samples with >1 wt% borax.
Similarly, at pH 11, the ultimate strength reaches the maximum
at 2 wt% borax content and then decreases. This is also in
accord with the NMR results showing that more borax mole-
cules are converted to the tetra-coordinated borate ions at
higher pH levels and form more crosslinks in the samples,
providing a higher strength, but the conversion rate declines,
and boric acid becomes dominant at high borax concentrations.
The elastic modulus of the samples illustrated in Fig. 5d follows
exactly the same trend as the ultimate strength, and the elon-
gation at break (Fig. 5c) indicates the opposite trend, which
further conrms the “competition” between the crosslinking
and plasticizing effects in the samples.

Considering the mechanical properties of the native PVAc
samples as reference materials, from Fig. 5b and d, it can be
seen that both the strength and the elastic modulus of PVAc-9.3
are slightly lower than those for PVAc-4. A possible reason is
that the molecular weight of PVAc is reduced with an increase in
pH,26 which may lead to smaller entanglement of the polymer
chains. However, PVAc-11 has a much larger strength and
elastic modulus and a lower elongation at break (see in Fig. 5c)
compared to those in PVAc-4 and PVAc-9.3. This could be due to
a larger number of hydrogen bonds present in PVAc-11, in
accord with the NMR data shown in Fig. 1.

Thermal properties. The thermal properties of PVAc are also
slightly inuenced by borax additives, according to the DSC and
TGA results shown in Fig. 6. From Fig. 6a one can see that the
glass-transition temperature (Tg) of X2PVAc-11 is somewhat
higher than that for PVAc-11, which is caused by the cross-
linking effect of borate additives under alkaline conditions. In
turn, Tg of X2PVAc-4 is lower than that for PVAc-4, which is
attributed to the plasticizing effect under acidic conditions. The
glass transition temperatures of all samples measured by DSC
are shown in Table 1. It can be seen that, at pH 4, the Tg of the

samples keeps declining from 298.9 K to 296.8 K with increased
borax content; at pH 9.3, it increases to 299.3 K at 1 wt% borax
and then decreases, and at pH 11, it reaches the maximum
temperature of 300.3 K at 2 wt% borax. The results completely
agree with the variations in the mechanical properties of the
PVAc/borate samples. Nevertheless, it should be noted that the
changes in the Tg caused by borate additives are not signicant.
One of the possible reasons could be that the samples are only
slightly crosslinked due to the low degree of hydrolysis in PVAc
based on the NMR data (see Table 2). Meanwhile, the cross-
linking and plasticizing effects restrict each other in the
samples. Moreover, according to the morphology results shown
in Fig. 3, most of the crosslinks in the PVAc/borate samples are
consumed to increase the latex particle size instead of forming
a 3D network.

The thermal stabilities of the samples were characterized by
TGA, and the results are demonstrated in Fig. 6b. The weight
loss curves indicate that there are two main PVAc degradation
steps: one occurs between 523 K and 623 K and represents
deacetylation, and the other occurs between 633 K and 733 K
and is caused by chain scission reactions.36,37 It can also be seen
that X1.5PVAc-11 shows a higher stability, especially when the
temperature exceeds 613 K, than all the other samples due to
the crosslinking effect of borate additives. From the derivative

Fig. 6 DSC 2nd heating-run thermograms (a) and TGA curves (b) of
native PVAc and PVAc/borate films treated at pH 4 and 11.
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weight loss curves, it is obvious that X1.5PVAc-11 starts to
degrade at approximately 543 K, while the other samples start to
degrade at approximately 493 K.

Moisture absorption behaviour. Fig. 7 reveals the diffusiv-
ities of the native PVAc and PVAc/borate lms, and their equi-
librium moisture content (Me) values are shown in Table 1. Me

of the samples shows an irregular tendency because it can be
inuenced by several factors, including the degree of hydrolysis,
degree of crosslinking, plasticizer content, and salt.38 However,
in general, one can see that the Me of the samples is increased
with an increase in pH, which is attributed to a larger degree of
hydrolysis in PVAc at higher pH, causing water accumulation.9

In Fig. 7, at pH 4, the diffusivity of the samples is increased with
an increase in borax content (except 3 wt% borax). This can be
attributed to the plasticizer (boric acid) molecules, which
increase the space between the PVAc polymer chains and
promote water molecules to pass through the lms.39 When pH
is increased to 9.3 or further to 11, the diffusivity of the native
PVAc lm is reduced considerably due to a larger number of
hydroxyl groups hindering diffusion of water molecules and
a closer packing of PVAc chains.40 However, there is no an
obvious change in diffusivity of the samples with an increase in
the borax content at both pH 9.3 and 11, which indicates that
a competition between crosslinking and plasticizing effects
could eliminate the variation in moisture absorption behaviour
of the PVAc/borate samples.

Conclusions

In summary, both crosslinking and plasticizing effects on PVAc
can be provided by borate additives, and the conversion
between them depends on the pH during sample preparation.
The crosslinking effect dominates under alkaline conditions
(pH > 7), and the formation of crosslinks in PVAc/borate
materials is conrmed by solid-state 13C and 11B MAS NMR
spectroscopy. An increase in the concentration of borate addi-
tives at pH 9.3 and 11 is correlated with an increase in the

degree of crosslinking in PVAc, and the increase is reduced
gradually, which leads to similar variation tendencies in the size
of PVAc latex particles and the mechanical and thermal prop-
erties of the PVAc/borate lms. Plasticizing effects may play
a key role at pH 4, and consequently, the strength, elastic
modulus, thermal properties and moisture resistance of the
PVAc/borate lms are reduced with an increase in borate
additive content. Because borate additives have generally only
been considered crosslinkers in materials, many impacts of
these additives may be overlooked. This study provides
a different perspective on borate additives.
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S2 

 

 

Fig. S1 400.21 MHz 1H NMR spectra of PVAc-4 (a), PVAc-9.3 (b) and PVAc-11 (c) dissolved in 

DMSO-d6 at 40 °C. Resonance lines in the ranges A and B were assigned to the acetate protons and 

the methylene protons, respectively, in the partially hydrolyzed PVAc. The hydrolysis degrees of the 

samples were calculated according to the equation: 
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Fig. S2 100.64 MHz 13C NMR spectra of PVAc-4 (a), PVAc-9.3 (b) and PVAc-11 (c) dissolved in 

DMSO-d6 at 40 °C. Resonance lines of –CH3, –CH2, –CHO and –COO carbons in the partially 

hydrolyzed PVAc are located in the positions A, B, C and D, respectively. 
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Fig. S3 Solid-state 100.64 13C CP-MAS NMR spectra of the native PVAc samples prepared in 

different pH conditions. 

  



S5 

Table S1  Toughness of all samples characterized by tensile testing in this study. 

Sample coding Toughness (J/m3) 

PVAc-4 1.96 × 107 

X0.5PVAc-4 2.05 × 107 

X1PVAc-4 1.64 × 107 

X1.5PVAc-4 1.28 × 107 

X2PVAc-4 0.82 × 107 

X3PVAc-4 1.31 × 107 

PVAc-9.3 1.75 × 107 

X0.5PVAc-9.3 1.82 × 107 

X1PVAc-9.3 1.15 × 107 

X1.5PVAc-9.3 1.40 × 107 

X2PVAc-9.3 1.63 × 107 

X3PVAc-9.3 2.19 × 107 

PVAc-11 1.61 × 107 

X0.5PVAc-11 1.47 × 107 

X1PVAc-11 1.44 × 107 

X1.5PVAc-11 1.34 × 107 

X2PVAc-11 0.21 × 107 

X3PVAc-11 0.36 × 107 



 

 

PAPER 3 

 

Well-dispersed Cellulose Nanocrystals in Hydrophobic Polymers 

by In Situ Polymerization for Synthesizing Highly Reinforced 

Bio-nanocomposites 

 

Shiyu Geng, Jiayuan Wei, Yvonne Aitomäki, Maxime Noël and Kristiina Oksman 

Nanoscale 10, 11797-11807 (2018) 

DOI: 10.1039/C7NR09080C 

 

 

 





Registered charity number: 207890

 Showcasing research from the Wood and Bio-nanocomposites 
Group, Luleå University of Technology, Luleå, Sweden. 

  Well-dispersed cellulose nanocrystals in hydrophobic polymers 
by  in situ  polymerization for synthesizing highly reinforced 
bio-nanocomposites  

 The illustration describes that cellulose nanocrystals (CNC) which 

can be derived from wood are promising reinforcements for 

environment-friendly nanocomposites in the next generation. 

In this work, an  in-situ  emulsion polymerization method is 

developed and utilized to achieve superior dispersion of cellulose 

nanocrystals in hydrophobic polymer matrices. The generated 

polymer latex particles from the  in-situ  step surround the CNCs 

and help improve the compatibility between the CNCs and the 

matrices, resulting in highly reinforced bio-nanocomposites with 

very low fraction of cellulose nanocrystals. 

As featured in:

rsc.li/nanoscale

See Kristiina Oksman  et al. , 
 Nanoscale , 2018,  10 , 11797.

Nanoscale
rsc.li/nanoscale

ISSN 2040-3372

 PAPER 
 Pengpeng Chen, Gang Zhao  et al.  
 Near-infrared laser mediated modulation of ice crystallization by 
two-dimensional nanosheets enables high-survival recovery of 
biological cells from cryogenic temperatures 

Volume 10  Number 25  7 July 2018  Pages 11683–12206





Nanoscale

PAPER

Cite this: Nanoscale, 2018, 10, 11797

Received 6th December 2017,
Accepted 26th March 2018

DOI: 10.1039/c7nr09080c

rsc.li/nanoscale

Well-dispersed cellulose nanocrystals in
hydrophobic polymers by in situ polymerization
for synthesizing highly reinforced bio-
nanocomposites†

Shiyu Geng, a Jiayuan Wei, a Yvonne Aitomäki, a Maxime Noël a and
Kristiina Oksman *a,b

In nanocomposites, dispersing hydrophilic nanomaterials in a hydrophobic matrix using simple and envir-

onmentally friendly methods remains challenging. Herein, we report a method based on in situ polymer-

ization to synthesize nanocomposites of well-dispersed cellulose nanocrystals (CNCs) and poly(vinyl

acetate) (PVAc). We have also shown that by blending this PVAc/CNC nanocomposite with poly(lactic acid)

(PLA), a good dispersion of the CNCs can be reached in PLA. The outstanding dispersion of CNCs in both

PVAc and PLA/PVAc matrices was shown by different microscopy techniques and was further supported

by the mechanical and rheological properties of the composites. The in situ PVAc/CNC nanocomposites

exhibit enhanced mechanical properties compared to the materials produced by mechanical mixing, and

a theoretical model based on the interphase effect and dispersion that reflects this behavior was devel-

oped. Comparison of the rheological and thermal behaviors of the mixed and in situ PVAc/CNC also

confirmed the great improvement in the dispersion of nanocellulose in the latter. Furthermore, a synergis-

tic effect was observed with only 0.1 wt% CNCs when the in situ PVAc/CNC was blended with PLA, as

demonstrated by significant increases in elastic modulus, yield strength, elongation to break and glass

transition temperature compared to the PLA/PVAc only material.

Introduction

Nanocomposites consisting of nano-size reinforcements and a
polymer matrix have received tremendous interest during the
past few decades. Various types of nanomaterials have been
investigated as reinforcements, such as exfoliated clay,1–3

carbon nanotubes,4–6 graphene,7–9 and cellulose nanocrystals
and nanofibers.10–14 Common to these widely different types
of nanomaterials is the issue of the dispersion of the nano-

materials in the matrix. Poor dispersion – because of inter-
molecular interactions, like the van der Waals forces in the
nanomaterials, and an incompatibility between the reinforce-
ments and the matrix – limits the properties of nano-
composites.15,16 To address this, different methods have been
studied to improve the dispersion, including silylation, esterifi-
cation and grafting polymer chains to/from the nanomaterials
to enhance the compatibility between the nanomaterials and
hydrophobic polymers.17–21 The grafting methods can also
provide a steric-stabilized effect that increases the stability of
the nanomaterial suspensions.22 Some studies have also used
the addition of small molecules together with nanomaterials
as a plasticizer to avoid agglomeration.23,24 Improvements in
the dispersion of nanomaterials arising from these methods
have been found. However, different drawbacks accompany
these methods, such as high energy consumption and rela-
tively lengthy and toxic processing.25,26

In addition to the modification methods mentioned above,
a type of single-step method based on the in situ emulsion
polymerization of producing nanocomposites reinforced by
clay, carbon and metal oxide nanomaterials has been
reported.27–32 It has been shown that laminate graphite oxide
and clay can be penetrated by some monomers, such as vinyl

†Electronic supplementary information (ESI) available: AFM images and size
distribution of the original CNC; Viscosity measurements of the PVAc and in situ

PVAc/CNC latexes; an additional SEM image of the unconsolidated in situ PVAc/
CNC; an additional AFM image of the unconsolidated mixed PVAc/CNC; size dis-
tribution of the CNC aggregates; zeta potentials of all latexes; calculation of the
length efficiency used in the mechanical model; sample coding and compo-
sitions of all consolidated samples; mechanical properties of all samples;
additional POM images of the crystallization of PLA in different nano-
composites; XRD scattering curves of PLA/PVAc/CNC nanocomposites. See DOI:
10.1039/c7nr09080c

aDivision of Materials Science, Department of Engineering Sciences and

Mathematics, Luleå University of Technology, SE-971 87, Luleå, Sweden.

E-mail: kristiina.oksman@ltu.se
bFibre and Particle Engineering, University of Oulu, FI-900 14, Oulu, Finland
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acetate, methyl methacrylate and styrene, and be intercalated
and expanded after the emulsion polymerization, resulting in
exfoliated nanomaterial/polymer nanocomposites.27–30 Carbon
nanotubes and metal oxide nanoparticles have also been inves-
tigated as reinforcements in nanocomposites produced via the
in situ polymerization to achieve good dispersion of the nano-
materials.31,32 Cellulose nanocrystals (CNCs), a special nano-
material with remarkable mechanical properties and biode-
gradability,33 are expected to be a promising reinforcement in
environmentally friendly nanocomposites. However, the in situ
emulsion polymerization has not been used to produce CNC
reinforced nanocomposites until our previous study,34

although many earlier studies were conducted on preparing
polymer/CNC composites by directly mixing the polymer latex
with a CNC suspension followed by solvent casting or
extrusion.35–39 Favier et al. firstly reported the method of
mixing the CNC suspension and aqueous polymer latex fol-
lowed by solvent casting to produce the CNC reinforced nano-
composites in the 1990s, and the thermal–mechanical pro-
perties of the nanocomposites were studied.35 De Rodriguez
et al. prepared poly(vinyl acetate) (PVAc)/CNC composites
using a similar method and investigated their water uptake
and thermal behaviours.36 Gong et al. freeze-dried the mixed
aqueous PVAc/CNC suspension as a master batch and then pro-
cessed it in a twin-screw extruder to produce the composites, and
the toughening effect of the CNCs on the PVAc was studied.37

Recently, Pracella et al. also prepared master batches by mixing
the PVAc latex with the CNC suspension followed by drying, and
then blended them with PLA in the Brabender Plasti-corder to
produce the PLA/PVAc/CNC composites.38 They found that the
dispersion of the CNCs in these composites was improved com-
pared with that in the PLA/CNC composites, resulting in
enhanced mechanical properties and thermal resistance.

Inspired by these previous studies, in our previous work, we
developed a method based on in situ polymerization to prepare
the CNC-reinforced PVAc nanocomposites in a simple and
environmentally friendly manner, resulting in the improved
dispersion of CNCs in the PVAc matrix compared with the
direct mixing method.34 Basically, we in situ polymerized vinyl
acetate in the presence of CNCs, and generated an in situ PVAc/
CNC latex as the master batch to prepare nanocomposites by
solvent casting. In the current study, this method is modified
to generate in situ PVAc/CNC nanocomposites with a nano-
meter-scale homogeneous structure and a higher stability
through the synthesis of a much smaller latex particle size of
ca. 70 nm compared to the previous study where large latex
particles were used (ca. 230 nm). Also, a larger solid content of
the in situ latex (ca. 15 wt%) is generated for potential large-
scale production compared to the previous study where the
content was only ca. 3 wt%. As a comparison, nanocomposites of
the same composition were prepared via direct mixing and
solvent casting. The dispersion of the CNCs in both in situ and
mixed nanocomposites is investigated using different microscopy
techniques directly, and the results are further supported by the
mechanical and rheological properties of the nanocomposites.
We also demonstrate a modified Cox–Krenchel model with an

additional term to include the effects of the interphase, which
can be useful in theoretically estimating the mechanical pro-
perties of the nanocomposites with various reinforcement con-
tents. The thermal behaviours of the materials that correspond
with the mechanical properties are also presented.

Furthermore, polylactic acid (PLA) as one of the most prom-
ising polymer matrices in composites gained significant atten-
tion due to its high mechanical properties, high optical trans-
parency and the ability of biodegradation.24,40 Producing PLA-
based nanocomposites reinforced with well-dispersed cellulose
nanomaterials is highly desired but still remains challen-
ging.41 Therefore, blending the in situ PVAc/CNC with PLA is
performed in this study to improve the dispersion of CNCs in
the PLA matrix. Well-dispersed CNCs in PLA/PVAc/CNC nano-
composites are expected to influence the morphology and crys-
tallinity of the PLA, and consequently improve the mechanical
and thermal properties. In addition, the relationship between
crack propagation and dispersion of the CNCs in the nano-
composites is discussed in this work.

Results and discussion
PVAc/CNC composite system

Fig. 1a illustrates the process of the in situ method used in this
study, where the vinyl acetate monomer was emulsion poly-
merized in an aqueous CNC suspension consisting of nano-
crystals with a diameter of 5.0 ± 1.5 nm and a length of 122.6 ±
53.3 nm (Fig. S1†), resulting in an in situ PVAc/CNC (weight
ratio 80/20) latex with ca. 15 wt% of solid content. The viscosity
of the obtained in situ latex (23.2 mPa s) is substantially higher
than the native PVAc latex (1.4 mPa s) because of the presence
of the CNCs (Fig. S2†). For reference, an equivalent suspension
was prepared using a mechanical mixing method. This was
done by directly stirring the CNC suspension and the PVAc
latex together as shown in Fig. 1b.

In the liquid state, both the in situ and mixed PVAc/CNC
latexes are electrostatically stable with zeta potentials signifi-
cantly lower than −30 mV,42 as illustrated in Fig. 2-Ia and IIa,
and the particle sizes of both are ca. 70 nm. However, substan-
tial differences between the in situ and mixed PVAc/CNC
samples are seen after drying. The unconsolidated in situ
PVAc/CNC sample exhibits very good dispersion of both PVAc
particles (∼70.5 nm, Fig. S3†) and CNCs (∼5 nm of diameter)
after drying (Fig. 2-Ib and Ic), while substantially larger PVAc

Fig. 1 Illustrations of the process of (a) the in situ polymerization and
(b) the mechanical mixing.
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agglomerates (∼1 μm) and CNC aggregates (13.6 ± 6.2 nm of
diameter and 324.8 ± 120.1 nm of length, Fig. S4 and S5†) are
observed to have been generated in the mixed sample (Fig. 2-
IIb and IIc). When the consolidated nanocomposite films were
prepared using solvent casting from the latex, an investigation
of the dispersion of the CNCs in the consolidated state was
carried out using atomic force microscopy (AFM) phase
images, and the results are shown in Fig. 2-Id and IId. Here,

the phase angle shifts of the AFM probe oscillation are regis-
tered as brightness in the images and are correlated with the
stiffness of the material regions.43 It can be seen that the
stiffness of the cross-section of the in situ PVAc/CNC film is
relatively homogeneous compared to that of the mixed film. It
is thought that the localized areas of high stiffness in the
mixed film (Fig. 2-IId) correspond to CNC aggregates. Overall,
the microscopy results imply that the in situ method can
increase the compatibility between the CNCs and PVAc, and
consequently improve the dispersion of the CNCs in the PVAc
matrix after the drying process, resulting in a more homo-
geneous material. The reason for the improved compatibility is
thought to be that the CNCs in the in situ latex are coated with
PVAc particles as confirmed in our previous study.34

To further improve the interaction between PVAc and CNCs,
the in situ latex was crosslinked by sodium tetraborate decahy-
drate (borax). The particle size of the in situ PVAc/CNC latex
increases dramatically from 77.3 nm to 315 nm with the
addition of borax (1.5 wt% of dry weight of the latex), but the
zeta potential remains in the relatively stable region (Fig. S6†).
The produced crosslinked latex is denoted as in situ XPVAc/
CNC, in which “X” refers to crosslinking. To investigate the
crosslinking effect of borax on both PVAc and CNCs, cross-
linked PVAc (XPVAc), crosslinked CNCs (XCNC) and in situ
XPVAc/CNC were characterized by Raman spectroscopy
(Fig. 3), together with their references, PVAc, CNC and in situ
PVAc/CNC, respectively. Fig. 3a shows that the intensities of
Raman bands at 807 cm−1 and 932 cm−1 increased in XPVAc
compared to that of native PVAc. The band at 932 cm−1 is
assigned to the C–O stretching in polyvinyl alcohol, indicating
that the degree of hydrolysis of PVAc was enhanced due to the
crosslinking reaction. The increased intensity of the band at
807 cm−1 could be assigned to the newly formed borate ring
including C–C bonds, as reported by Itou et al.,44 which
implies that the crosslinks formed by tetra-coordinated borate
ions were generated between the PVAc chains as shown in the
chemical structure in Fig. 3a. Fig. 3b illustrates that the borate
crosslinks can also be generated between CNCs, because the
intensities of the Raman bands at 330 cm−1, 379 cm−1,

Fig. 2 Comparison of the dispersion of CNCs in the (I) in situ and (II)
mixed PVAc/CNC samples in the latex, unconsolidated and consolidated
states. (Ia, IIa) Illustrations of the in situ and mixed PVAc/CNC (weight
ratio 80 : 20) latexes. (Ib, IIb) AFM height images and (Ic, IIc) SEM images
of the unconsolidated in situ and mixed PVAc/CNC latexes (0.01 wt% of
solid content) after drying. (Id, IId) AFM phase images of the cross-sec-
tions of the consolidated in situ and mixed PVAc/CNC films (weight ratio
of PVAc to CNC is 80 : 20). Possible CNC aggregates are indicated by
white arrows.

Fig. 3 (a) Raman spectra of PVAc and XPVAc films in a spectral range of 200–3500 cm−1, and the chemical structure of borax-crosslinked PVAc
chains. (b) Raman spectra of CNCs and XCNCs in a spectral range of 200–1500 cm−1. (c) Raman spectra of in situ PVAc/CNC and in situ XPVAc/CNC
films (weight ratio of PVAc to CNCs is 80 : 20), and a possible chemical structure of borax-crosslinked PVAc-CNCs.
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459 cm−1, and 519 cm−1, assigned to the heavy atom bending
and stretching in cellulose,45 increased significantly in XCNC
compared with native CNC. Furthermore, the bands at
664 cm−1, 768 cm−1 and 833 cm−1, correlated with different
vibrational modes of the borate ring together with C–C bonds,
also appeared in the spectrum of XCNC, which further sup-
ports the expectation. The Raman spectrum of the in situ
XPVAc/CNC in Fig. 3c shows the evidence of crosslinking of
both PVAc and CNC, including the appearance of the borate-
ring band at 805 cm−1 and 833 cm−1, and the increased inten-
sities of the bands at 330 cm−1 and 379 cm−1. Therefore, it is
possible to form the borate crosslinks between the CNCs and
PVAc chains as shown in the chemical structure in Fig. 3c,
indicating that a stronger interaction between the CNCs and
PVAc can be obtained in the crosslinked sample.

Turning to the mechanical properties of the consolidated
samples with various CNC amounts, the theoretical elastic
modulus (Ec) of the in situ and mixed PVAc/CNC nano-
composites was obtained, based on a modified Cox–Krenchel
model:46–48

Ec ¼ νfEfηoηl þ ð1� νfÞEm ð1Þ

where Ef and Em denote the elastic modulus of the reinforce-
ment and the matrix, respectively. ηo and ηl stand for the orien-
tation efficiency and the length efficiency.48 νf corresponds to
the volume fraction of the reinforcement. In this study, this
model is further modified with an additional term to include
the effects of the interphase. This is because the interphase
with alternative properties between the reinforcement and the
matrix in nanocomposites plays a key role in the reinforcing
efficiency due to the tremendous surface area of nano-
materials.49,50 Ec is thus:

Ec ¼ νfEfηoηl þ νiEi þ ð1� νf � νiÞEm ð2Þ

where Ef, Em and Ei denote the elastic modulus of CNC (140
GPa),51 the PVAc matrix (0.52 GPa according to the experi-
mental data shown in Table S2†) and the interphase in the
nanocomposite (assumed as 1.5 times of Em),

50 respectively.
νi corresponds to the volume fraction of the interphase. The
orientation efficiency ηo is 0.2 for randomly orientated fibre
reinforcements,48 and the length efficiency ηl was calculated
according to eqn (S1).† For the in situ samples, the CNCs are
assumed to be homogeneously dispersed in the matrix, thus,
the original CNC dimension (Fig. S1†) was used for the calcu-
lation while for the mixed samples, the size of the CNC aggre-
gates (Fig. S5†) was used. In calculating νi, the thickness of the
interphase (ti, see the schematic in Fig. 4a) equals the radius
of gyration of the PVAc;50 thus, 13.6 nm is for the PVAc with a
molecular weight of 153 000.52

The theoretical νi in the in situ and mixed nanocomposites
were simulated by an in-house MATLAB script under the status
of a uniformly random distribution of CNCs or CNC aggre-
gates, and are shown in Fig. 4a as a function of the CNC
content. The results indicate that the in situ nanocomposite
possesses a much larger νi than the mixed sample does with

the same CNC content, arising from the difference in the size
of the CNCs and the CNC aggregates. The schematics of the
in situ samples (Fig. 4b-i and ii) also clearly show more
massive interphase area compared to those of the mixed
samples (Fig. 4b-iii and iv) with the same CNC amounts.
Fig. 4c demonstrates both theoretical and experimental Ec of
the in situ and mixed nanocomposites. To obtain the experi-
mental data from tensile testing, the in situ and mixed PVAc/
CNC (weight ratio 80/20) latex as master batches were diluted
by the native PVAc latex, and nanocomposite films with
various CNC contents (from 5 wt% to 19 wt%) were generated
after solvent casting and compression moulding. The compo-
sitions of all the samples are shown in Table S1.† As illustrated
in Fig. 4c, the experimental Ec of the mixed samples fit the
theoretical calculation very well, except the one with 19 wt% of
CNCs, probably due to its higher degree of aggregation than
that of the samples with lower CNC contents.53 The in situ
PVAc/CNC nanocomposites with low CNC loadings (5 and
10 wt%) indicate improved Ec compared to the mixed samples,
which is caused by a larger interphase volume because of the
smaller nano-reinforcements, arising from a better dispersion.
However, the improvements become negligible with increasing
CNC loading, which indicates that the aggregation also
occurred in the in situ samples. Furthermore, the experimental
data of the in situ samples are lower than the theoretical pre-
diction, implying that the CNCs are not individually dispersed
in the in situ nanocomposites.

The experimental results from the tensile testing of all con-
solidated samples are presented in Table S2.† The in situ
XPVAc/CNC nanocomposite films prepared using the same
method show substantially higher Ec than the uncrosslinked
samples do. This can be attributed to the crosslinks in the
PVAc matrix that decrease the mobility of the PVAc chains,54

and the strengthened interaction between the CNCs and PVAc,
as is shown in the Raman spectra (Fig. 3c). The stress–strain
curves of the samples with 5 wt% CNCs (coded as PVAc/5CNC)
illustrated in Fig. 4d also confirm the improved dispersion of
the CNCs generated in the in situ PVAc/5CNC, as it has a
strength and elongation to break higher than those of the
mixed PVAc/5CNC. Moreover, the strength of the in situ XPVAc/
5CNC increases even more while the elongation significantly
reduces due to the crosslinking effect.

In addition to the mechanical properties, the rheological
and thermal–mechanical behaviours of the nanocomposites
produced from the different methods were investigated. The
reference material, native PVAc melt, demonstrates a nonlinear
viscoelastic behaviour in Fig. 5a, i.e., its shear viscosity is con-
stant at low shear rates, and decreases at relatively high shear
rates because of the breakdown of the entanglement of the
PVAc chains.55,56 This behaviour is fully reversible, as shown
by the ascending and descending flows. In contrast, the nano-
composite melts in Fig. 5b exhibit an additional thixotropic
behaviour arising from the presence of the CNCs, resulting in
significantly higher viscosities, and irreversible changes
between ascending and descending flows caused by the
rupture of the hydrogen bonds formed among the CNCs and
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PVAc chains.57 Moreover, during the ascending flow, the vis-
cosity of the in situ PVAc/5CNC melt is significantly higher
than that of the mixed PVAc/5CNC because of the better dis-
persion of CNCs,58 and that of the in situ XPVAc/5CNC melt
increases further at high shear rates.

Similarly, the plateau storage modulus (G′) of the nano-
composite melts is greater than that of the native PVAc melt in
the dynamic strain sweeps (Fig. 5c), while the declines of G′
occur at lower strains because of the disruption of the hydro-
gen bonds. Notably, the in situ XPVAc/5CNC melt has a lower
plateau G′ than the in situ PVAc/5CNC, which corresponds to
the initial viscosities at low shear rates in Fig. 5b. The possible
reasons are that the crosslinking performed in this study
cannot generate a bulky 3D network,59 and a number of CNCs
in the in situ XPVAc/5CNC are arrested by the crosslinking reac-
tion, as indicated in the Raman spectra (Fig. 3c), resulting in
their inability to form the hydrogen bonds.60 In the dynamic
mechanical analysis (DMA) measurements (Fig. 5d), the
storage moduli of the nanocomposite films are also higher
than those of the native PVAc, however, the tan delta peak posi-
tions are nearly the same. This can be explained by the fact
that the large free volume in PVAc caused by the large acetate

side groups decreases the restrictive effects of CNCs on PVAc
chains, especially at a relatively high temperature.61,62

PLA/PVAc/CNC composite system

To demonstrate the influence of the in situ method on the dis-
persion of the CNCs in PLA, a nanocomposite with 0.1 wt% of
CNCs was prepared by blending the in situ PVAc/CNC with PLA
(coded as in situ PLA/PVAc/0.1CNC, see the compositions in
Table S1†). Compared to PLA/PVAc (Fig. 6a) and mixed PLA/
PVAc/0.1CNC (Fig. 6b) films, the in situ sample demonstrates a
significantly more homogeneous and ductile fracture surface
after tensile testing (Fig. 6c). This unique morphology could
be caused by the massive crazing effect, which indicates that
the CNCs are homogeneously distributed and dispersed in the
in situ sample and provide the bridging effect for the
crazing.24,63 Network structures can be observed in both mixed
and in situ samples, as shown in magnified SEM images
(Fig. 6b and c), which are caused by the presence of CNCs.
Small cavities on the fracture surface of the PLA/PVAc (magni-
fied image in Fig. 6a) could be the result of a small amount of
salt from the PVAc latex unexpectedly introduced into the
sample during the sample preparation.64

Fig. 4 Volume fraction of the interphase and the mechanical properties of PVAc/CNC nanocomposites with various CNC contents. (a) Schematic of
a CNC and its surrounding interphase, and the theoretical fraction of interphase volume (νi) in the in situ and mixed nanocomposites with a CNC
content from 0 to 25 wt% simulated by MATLAB. (b) 3-Dimensional schematics of the in situ and mixed nanocomposites with the same CNC con-
tents (i and iii: 0.02 wt%; ii and iv: 0.1 wt%). (c) Theoretical and experimental elastic moduli of the in situ and mixed nanocomposites. (d) Stress–
strain curves of native PVAc and the nanocomposites with 5 wt% CNCs from tensile testing.
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The crystallization of PLA in the nanocomposites was inves-
tigated by polarized optical microscopy (POM, Fig. 7 and
Fig. S7†), differential scanning calorimetry (DSC, Fig. 9a) and
X-ray diffraction (XRD, Fig. S8–S10†). Fig. 7 illustrates that
after 3 min isothermal annealing at 110 °C, a large number of
fine PLA spherulites are present in the in situ PLA/PVAc/

0.1CNC, while fewer of them appear in the mixed PLA/PVAc/
0.1CNC and only few spherulites exist in the PLA/PVAc. This
can be explained by the nucleation effect of the CNCs and
shows furthermore that well-dispersed CNCs are more effective
in causing nucleation.65 Similarly, after 10 min annealing,
both the in situ and mixed samples are filled with spherulites;

Fig. 5 Rheological and thermal-mechanical behaviors of the native PVAc and the PVAc/CNC nanocomposites with 5 wt% of CNCs. (a, b) Steady
shear viscosities of the native PVAc melt and the nanocomposite melts with an ascending flow (shear rate from 0.01 to 10 s−1) followed by a des-
cending flow (shear rate from 10 to 0.01 s−1) at 120 °C. (c) Dynamic strain sweep tests of the melts at 120 °C. (d) Dynamic mechanical analyses of the
nanocomposite films.

Fig. 6 SEM images of the fracture surfaces of the (a) PLA/PVAc (weight ratio 90/10), (b) mixed PLA/PVAc/0.1CNC and (c) in situ PLA/PVAc/0.1CNC
after tensile testing.
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their size in the in situ sample is smaller than those in the
mixed sample, and there are substantially fewer spherulites
present in the PLA/PVAc. This is consistent with the relative
crystallinity (Xc) of the samples calculated from the DSC and
XRD results (Table S3†), in which the Xc of the in situ and
mixed PLA/PVAc/0.1CNC according to DSC are 45.5% and
42.2% (43.3% and 35.8% according to XRD), respectively, and
that of the PLA/PVAc is significantly lower (21.2% from DSC
and 30.9% from XRD).

From the stress–strain curves obtained from tensile testing
(Fig. 8a), appreciable increases in strength and elastic
modulus are observed for both the in situ and mixed PLA/
PVAc/0.1CNC relative to the PLA/PVAc, which is caused by a
synergistic effect of the addition of 0.1 wt% of CNCs, i.e., the
CNC reinforcing effect together with the increased crystallinity
of the PLA caused by the CNC nucleation in the nano-
composites. The strength and elongation to break of the
in situ sample exhibit prominent increases compared to those
of the mixed sample, which is attributed to the enhanced dis-
persion of the CNCs and the massive crazing behaviour. The
possible mechanism of the massive crazing is illustrated in the
schematic in Fig. 8a. Instead of generating a macro-crack
causing material failure as shown in the mixed sample, many
micro-cracks were evolved in the in situ sample because of the
bridging effect of the well-dispersed CNCs. This contributes to
the extended elongation to break of the in situ sample, and is
consistent with the microscopy result shown in Fig. 6c.
Compared to other studies on nanocomposites with a low
reinforcement content (≤1 wt%) as shown in Fig. 8b,15,24,65–75

our in situ PLA/PVAc/0.1CNC demonstrates remarkable
improvements on both strength (23%) and toughness (153%)
by adding only 0.1 wt% CNCs to the PLA/PVAc matrix (see
Table S2†), indicating that the in situ method we developed is
promising for producing low-cost and bio-based nano-
composites in the future.

Good dispersion of CNCs also contributes to the improved
thermal properties of the in situ PLA/PVAc/0.1CNC. The DMA

Fig. 7 POM images of the PLA/PVAc, mixed PLA/PVAc/0.1CNC and in situ PLA/PVAc/0.1CNC after melting at 190 °C followed by isothermal anneal-
ing at 110 °C for 3 min (up) and 10 min (bottom).

Fig. 8 Mechanical properties of PLA/PVAc/CNC nanocomposites. (a)
Stress–strain curves of the samples from tensile testing at 50% humidity,
and a schematic indicating two types of cracks propagated in the in situ
and mixed samples during the tensile testing. (b) Percent increments in
the toughness and strength of the in situ PLA/PVAc/0.1CNC compared
to other PLA/nanocellulose composites, and nanocomposites with
multiwalled carbon nanotubes (MWNTs), single-walled carbon nano-
tubes (SWNTs) and graphene (GR) as reinforcements and PLA, epoxy,
natural rubber (NR) and polyurethane (PU) as matrices. The reinforce-
ment content in all the nanocomposites is ≤1 wt%.
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results in Fig. 9a show that the tan delta peak, related to the
glass transition temperature, of the in situ PLA/PVAc/0.1CNC
shifts to a high temperature (57.2 °C) compared to those of the
mixed sample (55.4 °C) and the PLA/PVAc (53.8 °C), which
correspond to the glass transitions shown in the DSC thermo-
grams in Fig. 9b. In addition, Fig. 9b indicates that a cold crys-
tallization peak is observed in the PLA/PVAc rather than the
in situ and mixed nanocomposites, and there are two melting
peaks in all three samples at approximately 160 °C and 166 °C
referring to the α′ and α crystalline phases of PLA,
respectively.76

Conclusions

In conclusion, we investigated the effects of the in situ
polymerization on the dispersion of CNCs in hydrophobic
PVAc and PLA/PVAc matrices and the properties of the pre-
pared nanocomposites. The results for the in situ PVAc/CNC
nanocomposites show that a superior dispersion of CNCs can
be achieved using the in situ method compared to the tra-
ditional mechanical mixing method, therefore imparting
increased strength, elastic modulus, and elongation to break

at relatively low CNC loadings (5 and 10 wt%). Nevertheless,
their elastic moduli are still lower than the theoretical predic-
tion based on the interphase effect, revealing that the CNCs
are not individually dispersed in the PVAc matrix. The cross-
linking reaction improves the interaction between the CNCs
and PVAc after the in situ polymerization, further enhancing
the mechanical properties of the nanocomposites. Turning to
the rheological and thermal properties, the in situ PVAc/CNC
exhibits a viscosity and storage modulus that are higher than
those of the mechanically mixed sample, which correlates with
their mechanical properties. In the in situ PLA/PVAc/CNC
nanocomposite, an excellent dispersion of CNCs in PLA can be
achieved due to the dispersive action of the in situ polymerized
PVAc. This leads to high crystallinity in PLA and increased
mechanical and thermal properties compared to those of the
mixed sample. We can conclude that the reported in situ
method is a convenient, designable and generalizable process,
which could be used for dispersing hydrophilic nanomaterials
in different types of hydrophobic polymer matrices. This
method has the potential to be widely used to produce bio-
degradable nanocomposites with remarkable dispersion and
properties.

Experimental
Materials

An aqueous cellulose nanocrystal (CNC) suspension (1.02 wt%
of sulphur on dry CNC) was kindly supplied by the USDA
Forest Service, Forest Products Laboratory, Madison, USA.
Vinyl acetate monomer (99%, Alfa Aesar), docusate sodium
salt (≥96%, Sigma-Aldrich), potassium peroxodisulfate (KPS)
(VWR International), sodium bicarbonate (≥99.7%, Sigma-
Aldrich), sodium tetraborate decahydrate (borax) (≥99.5%,
Sigma-Aldrich), sodium hydroxide (pure pellets, Merck KGaA),
glyceryl triacetate (GTA) (≥99%, Sigma-Aldrich) and N,N-di-
methylformamide (DMF) (anhydrous, 99.8%, Sigma-Aldrich)
were used without any further purification. Polylactic acid
(Ingeo 4032D PLA) was purchased from NatureWorks,
Nebraska, USA.

Sample preparation

A poly(vinyl acetate) (PVAc) aqueous latex was synthesized by
emulsion polymerization, and the method has been described
in detail in our previous work.59 Briefly, 2.25 g of docusate
sodium salt, 0.135 g of sodium bicarbonate and 255 g of dis-
tilled water were added to a three-necked flask with a water-
cooled condenser, and the solution was stirred continuously
and heated to 80 °C. After this, 0.225 g of KPS and 2.25 g of
vinyl acetate monomer were added, and the pre-reaction lasted
for 20 min. 42.75 g of vinyl acetate monomer was then fed
dropwise in the flask over 3 h, followed by a 30 min post-reac-
tion at 80 °C. Finally, a PVAc latex with approximately 15 wt%
of solid content was obtained. To synthesize the in situ PVAc/
CNC latex, 115.6 g of CNC suspension (10.3 wt% of solid
content) was dispersed in 220.8 g of distilled water by stirring

Fig. 9 (a) Dynamic mechanical analyses and (b) DSC thermograms of
the PLA/PVAc, mixed PLA/PVAc/0.1CNC and in situ PLA/PVAc/0.1CNC.

Paper Nanoscale

11804 | Nanoscale, 2018, 10, 11797–11807 This journal is © The Royal Society of Chemistry 2018

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
7 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/6
/2

01
8 

1:
24

:3
9 

A
M

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

Li
ce

nc
e.

View Article Online



followed by 5 min sonication, and thereafter transferred to the
flask for in situ emulsion polymerization. The polymerization
procedure and the amount of the ingredients were the same as
those of the PVAc latex mentioned above. In the final in situ
PVAc/CNC latex, the solid content was approximately 15 wt%,
and the ratio of PVAc to CNC was 80 : 20 in weight. The mixed
PVAc/CNC reference latex was produced by the mechanical
mixing of a CNC suspension and the PVAc latex for 2 h at
room temperature, and the weight ratio of PVAc to CNC was
also kept as 80 : 20.

To prepare consolidated PVAc/CNC composite films for this
study, the in situ or mixed PVAc/CNC latex was diluted by the
PVAc latex to reach the required CNC concentration for each
sample. GTA (weight ratio of GTA to polymer is 5 : 95 in the dry
state) was added in as a plasticizer, and the suspension was
kept stirring for 1 h. After that, the suspension was poured
into a Teflon Petri dish (12 cm in diameter) and dried in an
oven with a fan at 40 °C for 30 h. The obtained cast film was
then peeled off and compression moulded using a laboratory
press (LabEcon 300, Fontijne Grotnes, Vlaardingen, The
Netherlands) under a pressure of 1.1 MPa at 150 °C for 1 min
with 2 min of preheating.

In situ XPVAc/CNC films were prepared using the same pro-
cedure mentioned above but with an additional crosslinking
reaction. Briefly, a saturated borax solution (4.71 wt% at 20 °C)
was added dropwise into the in situ PVAc/CNC latex and the
pH of the suspension was tuned to 11 using a sodium hydrox-
ide solution (0.1 M). Later, the suspension was heated to 80 °C
and kept stirring for 1 h. The final in situ XPVAc/CNC films
were obtained after following the steps including adding GTA,
solvent casting and hot pressing. The concentration of borax
in dried composites was kept as 1.5 wt%. The XCNC film was
prepared via the same procedure but using a CNC suspension
(5 wt%) instead of the in situ latex.

To prepare PLA/PVAc/CNC films, the in situ or mixed PVAc/
CNC latex and PLA were dissolved in DMF at 80 °C, and then
the solution was poured into a Teflon Petri dish and dried at
80 °C in an oven with a fan for 24 h. The obtained films were
further compression moulded using a pressure of 2.2 MPa at
190 °C for 1 min with 2 min of pre-heating and then annealed
at 110 °C for 10 min. The compositions of all the samples in
this study are shown in Table S1.† The native PVAc, XPVAc and
PLA/PVAc films without CNCs were prepared using the same
procedures described above but using the PVAc latex instead of
the in situ or mixed PVAc/CNC latex.

Characterization

Atomic force microscopy (AFM) was used to characterize the
topography of the in situ and mixed PVAc/CNC latexes and the
stiffness of the cross-sections of the in situ and mixed PVAc/
19CNC films. The samples were scanned using the AFM
tapping mode using a Veeco MultiMode scanning probe
(Santa Barbara, USA) with Bruker TESPA tips (Camarillo, USA).
To prepare the unconsolidated samples, the in situ or mixed
PVAc/CNC latex was diluted to 0.01 wt% of solid content, and
then one droplet of the suspension was deposited on a piece

of freshly cleaved mica stuck on an atomic force microscope
holder. Lastly, the sample was dried at room temperature over-
night, and then the AFM height images were captured. To
investigate the cross-sections of the consolidated films, the
casted films were cryo-cut using a Leica EM UC7 microtome
(Wetzlar, Germany) at −60 °C and then analysed by AFM phase
images.

Scanning electron microscopy (SEM) was used to investigate
the morphology of the in situ and mixed PVAc/CNC latexes and
the fracture surfaces of the PLA/PVAc and PLA/PVAc/CNC films
after tensile testing. An FEI Magellan 400 XHR-SEM (Hillsboro,
USA) was used and the secondary electron images were cap-
tured. The in situ and mixed PVAc/CNC latex samples for SEM
were prepared in the same manner as for AFM and then
coated with tungsten using a Bal-Tec MED 020 coating system.
The fractured film generated from tensile testing was held ver-
tically by two pieces of copper tape on a scanning electron
microscope holder and coated with tungsten, and then the
fracture surface was investigated.

The zeta potentials and particle sizes of the PVAc, in situ
PVAc/CNC, mixed PVAc/CNC and in situ XPVAc/CNC latexes
(the weight ratio of PVAc to CNC in each latex is 80 : 20 except
the PVAc latex) were measured by using a Zeta sizer nano ZS
(Malvern, UK). To measure the zeta potential of each sample,
the latex was diluted to 0.2 wt% of solid content, and then the
pH was tuned to 4 (the original pH of the PVAc latex after
emulsion polymerization, for the PVAc, in situ and mixed PVAc/
CNC latexes) and 11 (the pH during the crosslinking reaction,
for the in situ XPVAc latex). The particle size measurements
were performed after the zeta potential measurements. The
viscosities of the PVAc and in situ PVAc/CNC latexes with
15 wt% of solid content were tested by using a sine-wave Vibro
viscometer SV-10/SV-100 (A&D Company, Japan) at room
temperature.

Raman spectroscopy measurements were executed on a
Bruker Senterra Dispersive Raman microscope, Bruker Optik
GmbH (Germany) equipped with an Olympus 10× objective.
Spectra were obtained with a 785 nm laser at a power of
50 mW with a resolution of 3–5 cm−1. To assure the reproduci-
bility of the measurements, and thus present typical spectra,
several spots of each sample were probed.

The mechanical properties of the samples were measured
by tensile testing using a universal testing machine (Shimadzu
AG-X, Japan) with a SLBL-1kN load cell. At least 5 specimens of
each sample were tested, and the average values of the elastic
modulus, ultimate strength and elongation to break were cal-
culated. For the PVAc and PVAc/CNC films, a 20 mm gauge
length and a 5 mm min−1 crosshead speed were used, and the
specimens were tested at 25% humidity and 20 °C, as con-
trolled by using a thermostatic chamber (THC1-200SP,
Shimadzu, Japan). For the PLA/PVAc and PLA/PVAc/CNC films,
the specimens were kept in a chamber with 50 ± 5% humidity
for 48 h and then tested with a 30 mm gauge length and a
5 mm min−1 crosshead speed.

Rheology measurements for the PVAc and PVAc/CNC melts
were performed on a Discovery Hybrid rheometer (DHR-1, TA
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Instruments, USA) with a parallel plate configuration (plate
diameter 25 mm). Before each measurement, the sample was
heated to 120 °C in an environmental test chamber (ETC, TA
Instruments, USA) and soaked for 360 s. The shear viscosity of
the sample was determined by the steady state sweep at 120 °C
with an ascending flow (shear rate from 0.01 to 10 s−1) and a
descending flow (shear rate from 10 to 0.01 s−1). The dynamic
shear properties (the storage modulus (G′) and the loss
modulus (G″)) were determined by the dynamic strain sweep at
120 °C with a strain range from 0.01% to 100%.

The thermo-mechanical properties of the samples were
characterized by dynamic mechanical analysis (DMA) using a
Q800 analyser (TA Instruments, New Jersey, USA) with a
tension clamp configuration. For the PVAc and PVAc/CNC
films, the temperature ramps were executed in a range from
−40 to 60 °C with a 1 °C min−1 scanning rate and at a fre-
quency of 1 Hz. For the PLA/PVAc and PLA/PVAc/CNC films,
the temperature range was from 0 to 100 °C and the scanning
rate was 3 °C min−1.

Differential scanning calorimetry (DSC) was performed on a
Mettler Toledo DSC 821e with ME-27331 aluminium crucibles
under a nitrogen atmosphere. A blank curve was firstly run to
remove the background noise, and then the samples were
measured from −20 to 220 °C with a scanning rate of
10 °C min−1. The crystallinity (Xc) of the samples was calcu-
lated from the DSC thermograms using the equation:

Xcð% Þ ¼ ΔHm � ΔHcc

ΔH1
m

� 100
w

ð3Þ

where ΔHm is melting enthalpy, ΔHcc is enthalpy of cold crys-
tallization, ΔHm

∞ is the melting enthalpy for 100% crystalline
PLA (93 J g−1) and w is the weight fraction of PLA in each
sample.24,77

To investigate the crystallization morphology of PLA in the
PLA/PVAc and PLA/PVAc/CNC samples, polarized optical
microscopy (POM) was executed on a Nikon Eclipse LV100 POL
polarizing optical microscope (Kanagawa, Japan) with a
Linkam TH600 heating stage (Tadworth, UK). The sample was
heated to 190 °C at first and then annealed at 110 °C for
10 min. The images were captured under crossed polarized
light at 0, 3, 5, 7 and 10 min after the annealing started.

X-ray diffraction (XRD) measurements were performed on
an Empyrean X-ray diffractometer (PANalytical, UK). The
samples were scanned using CuKα radiation (λ = 1.5418 Å) at
room temperature in a 2θ angular range from 5 to 40° with a
scan speed of 0.01° s−1. The obtained XRD scattering curves
were then analysed by using the software PANalytical X’Pert
HighScore Plus. The Xc of the samples was calculated using
the XRD scattering curves (see Fig. S8–S10†) from the ratio of
the integrals of the crystalline peaks to the total integral under
the scattering curve.78
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a b s t r a c t

Aligned nanocomposite tapes based on plasticized polylactic acid (PLA) and 1 wt% cellulose nanofibers
(CNF) were prepared using uniaxial solid-state drawing, and the effects of drawing conditions including
temperature, speed and draw ratio on the material were studied. Microscopy studies confirmed align-
ment and the formation of ‘shish-kebab’ morphology in the drawn tape. Mechanical properties demon-
strate that the solid-state drawing is a very effective way to produce stronger and tougher PLA
nanocomposites, and the toughness can be improved 60 times compared to the undrawn tape.
Additionally, the thermal properties, i.e. storage modulus, glass transition temperature and degree of
crystallinity were improved. These improvements are expected due to the synergistic effect of CNF in
the nanocomposite and orientations induced by the solid-state drawing.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Research on the use of polylactic acid (PLA) has attracted great
attention among scientists in the last decade. PLA is produced from
the renewable resources, for example – corn and sugar beet, and
possesses the required mechanical properties for several applica-
tions to compete with the conventional petroleum based polymers
[1,2]. PLA can be processed using conventional plastic processing
techniques such as injection molding and thermoforming but blow
molding and film extrusion are generally difficult because of its
low melt strength, low elongation and high dead-fold property
[1,3]. Further, the inherent brittle behavior, poor thermal resis-
tance and low crystallization rate, limits its use in many applica-
tions and several efforts have been adopted to overcome these
drawbacks [1,2].

The addition of reinforcements, coupling agents, plasticizers
etc., have been used to improve the properties of this biopolymer
[1–5]. In order to keep the PLA based products as green as possible
it is important to use additives which are also natural and bio-
based. Natual fibers and more recently nanocellulose (NC) has
received significant interest among the researchers as a way to
improve the mechanical and thermal properties of PLA [6–11].
Jonoobi et al. [8] reported that the tensile modulus, tensile strength

and storage modulus of the nanocomposites increased with
increasing cellulose nanofiber (CNF) content. Pei et al. [9] reported
that the use of unmodified and modified cellulose nanocrystals
(CNC) significantly effects on the morphology, mechanical and
crystallization behavior of the nanocomposites. Microfibrillated
cellulose has also shown to improve the properties but does not
improve the flexibility and toughness [10,11].

Plasticizers can be used to enhance the flexibility and degree of
crystallinity but these also decrease the glass transition tempera-
ture of the polymers. However, these properties can be controlled
by varying the amount of plasticizer and their molecular weight
[4,5]. Labrecque et al. studied the effect of different citrate esters
on thermal and mechanical properties of the PLA and found that
all the citrate esters are effective in improving the elongation at
break at higher concentration yet does not show any significant
change at lower concentration [12]. Ljungberg et al. [13] and Maiza
et al. [14] studied the use of different types of plasticizers for PLA
to improve its ductility. However, the major drawback of this addi-
tive is the considerable decrease in the tensile strength and tensile
modulus.

Melt and solid-state drawing is an interesting and promising
approach for improving the strength as well as toughness of the
polymer and polymer composites and it is used to create highly
oriented fibers, films and tapes [15–20]. Orientation resulting from
drawing of the PLA under appropriate conditions may have a pro-
found effect on various properties. For example Mai et al. reported
that the mechanical properties of the drawn PLA tapes are strongly

https://doi.org/10.1016/j.compositesa.2017.10.019
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dependent on the draw ratio and draw temperature [15]. The
improved modulus, strength and toughness of the drawn tapes
are due to the strain-induced crystallization as well as the orienta-
tion obtained after drawing. Grijpma et al. reported that the tensile
modulus, tensile strength, elongation at break and impact strength
of injection-molded PLA drawn at low temperature were improved
compared with the undrawn PLA and this is due to the orientation
[16]. Delpouve et al. reported that the macromolecular chain orien-
tation is the main reason for the improvement of water barrier
property in drawn PLA and not the degree of crystallinity [17]. Sev-
eral studies have been reported on the orientation of PLA by draw-
ing [15–19] while a very limited number of studies have reported
on the orientation of PLA based composites. For example, Mujica-
Garcia et al. [19] showed that melt drawing (draw ratio 2) of
nanocomposite of PLA and 1 wt% cellulose nanocrystals resulted
in greatly enhanced mechanical properties including modulus,
strength and elongation at break compared to PLA. Mai et al.
reported significant changes in the morphology, mechanical and
electrical properties of nanocomposite based on poly(lactic acid)
and carbon nanotubes after the drawing [20]. To the best of our
knowledge no work has been reported till today on the solid-
state drawing for orientation of polylactic acid/cellulose
nanocomposite.

In this study, PLA/CNF nanocomposite with 10 wt% GTA was
used for solid-state drawing. The effect of the drawing conditions;
draw speed, draw temperature and draw ratio on the nanocompos-
ites microstructure, mechanical and thermal properties were
investigated.

2. Experimental

2.1. Materials

The used high molecular weight PLA was kindly obtained by
FUTERRO (Escanaffles, Belgium), with a melt flow index (MFI) of
8 g/10 min (measured at 190 �C/2.16 kg). Cellulose nanofibers
(CNF) were mechanically isolated using Masuko ultrafine grinding
process from bleached banana rachis pulp, the process is
described in an earlier publication [21]. The plasticizer, glycerol
triacetate (GTA) �99% and Mw 218 g/mol was purchased from
Sigma-Aldrich (Stockholm, Sweden) and the acetone used in the
feeding suspension was purchased from VWR (Stockholm,
Sweden).

The PLA/CNF nanocomposite was prepared by liquid-assisted
extrusion using similar strategy as described in our previous stud-
ies with slight modification [21,22]. Briefly, the nanocomposite
was prepared using a co-rotating twin-screw extruder (ZSK-18
MEGALab, Coperion W&P, Stuttgart, Germany), a peristaltic pump
(PD 5001 Heidolph, Schwabach, Germany) was used to feed the
CNF-suspension including 14.2 wt% water, 70.8 wt% acetone,
13.7 wt% GTA and 1.3 wt% CNF into the extruder. The solvents,
water and acetone, were removed during the extrusion by atmo-
spheric and vacuum ventings. The obtained nanocomposite com-
position was 89 wt% PLA, 10 wt% GTA and 1 wt% CNF. The
cellulose nanofiber content was limited by the composition
(amount of solvents) and viscosity of the feeding suspension. The
extruded nanocomposite pellets were compression molded to
films using an LPC-300 Fontijne Grotnes press (Vlaardingen,
Netherlands). Approximately 6 g of the pellets were placed
between steel plates covered with Mylar sheet (PET) and compres-
sion molded at 190 �C initially for 120 s using a contact pressure
and then with 10 MPa for another 60 s. The nanocomposite films
of approximately 0.3 mm in thickness were obtained after com-
pression molding. The films were then cooled immediately to room
temperature from 190 �C in the air (in approximately 2–3 min).

2.2. Solid-state drawing of PLA/CNF nanocomposite

The uniaxial solid-state drawing of the compression molded
nanocomposite tapes was performed using a Shimadzu Autograph
AG-X (Kyoto, Japan) universal tensile testing machine equipped
with a temperature chamber and a load cell of 1 kN. For drawing,
rectangular tapes with a gauge length of 30 mm and a width of
20 mm were used. Parallel ink marks with a distance of 20 mm
were printed on each specimen to calculate the draw ratio. The
drawing was carried out with two draw ratios (DR) 2.0 and 2.5,
four draw temperatures (DT) 35, 40, 45 and 50 �C and three differ-
ent draw speeds (DS) 10, 50 and 100 mm/min. The draw ratio (DR)
for the drawn tapes was calculated using Eq. (1) [20]:

Linear draw ratioðDRÞ ¼ Final length of the ink markðlÞ
Original length of the ink markðloÞ ð1Þ

The maximum DR was measured to 2.5 and is limited by the
size of temperature chamber. After drawing, the tape was removed
from the chamber and cooled to room temperature (for approxi-
mately 60 s). The sample coding is shown in Table 1, the code used
for undrawn samples is US and for all the drawn samples the code
starts with D followed by the DR in subscript, the DT and the DS.

2.2.1. Deformation behavior of nanocomposite tapes during drawing
Four different draw temperatures were chosen based on the

glass transition temperature (Tg) of the nanocomposite, which
was 37 �C measured using DSC. The drawing was performed
slightly below the Tg at 35 �C, and three other temperatures above
the Tg at 40, 45 and 50 �C. The stress-strain behavior of the tapes
drawn slightly below the Tg showed typical deformation behavior
with an elastic region, followed by the yield and subsequent drop
of the strength with strain softening (Fig. S1 in supplementary
information). The tapes drawn slightly above the Tg (40 �C)
showed decreased strength and a weaker strain softening and
the tapes drawn at higher temperature (45 and 50 �C) showed
rubber-like behavior with much lower strength, less prominent
yield, and strain softening. Similar behavior have been reported
for PLA drawn below the glass transition temperature and the dif-
ference in the strain softening during drawing was explained with
formation and growth of cavities at different draw temperatures
[23]. Fig. S2 in the supplementary information shows the stress�
strain behavior obtained during the uniaxial drawing of the tapes
at 40 �C with different draw speeds (10, 50, and 100 mm/min). It
is seen that the highest DS (100 mm/min) led to significantly
increased yield stress with pronounced strain softening and uni-
form drawing, whereas the lowest draw speed (10 mm/min)
resulted in rubber � like behavior and non-uniform tape, and the

Table 1
Material coding for the plasticized PLA/CNF nanocomposite. US is the code for sample
before drawing and the code starts with D followed by a draw ratio in subscript and
then the draw temperature and draw speed for drawn samples.

Sample
coding

Draw
ratio

Draw temperature
(�C)

Draw speed (mm/
min)

US Undrawn – –
D2.0/35/50 2.0 35 50
D2.5/35/50 2.5 35 50
D2.0/40/10 2.0 40 10
D2.5/40/10 2.5 40 10
D2.0/40/50 2.0 40 50
D2.5/40/50 2.5 40 50
D2.0/40/100 2.0 40 100
D2.5/40/100 2.5 40 100
D2.0/45/50 2.0 45 50
D2.5/45/50 2.5 45 50
D2.0/50/50 2.0 50 50
D2.5/50/50 2.5 50 50
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yield and strain softening region were less prominent. Chen et al.
[24] and Takahashi et al. [25] also reported that the drawing per-
formed with lower draw speed produced non-uniform drawn
products compared to those drawn at higher draw speed. The
deformation curve obtained during the drawing shows that the
behavior of the nanocomposite tapes was strongly influenced by
the DT and DS. Irrespective of the draw temperature or speed,
the thickness of the nanocomposite tapes decreases after drawing.
The change in the thickness of the sample before and after drawing
is shown in the Fig. S3 in supplementary information and the val-
ues are reported in Table S1.

3. Characterization

3.1. Differential scanning calorimetry

The thermal characterization of the nanocomposite tapes was
performed using Mettler Toledo DSC821e (Schwerzenbach,
Switzerland) differential scanning calorimeter (DSC). Approxi-
mately 5 mg of the nanocomposite materials was placed in a her-
metic Al pan, and the test was performed under N2 atmosphere
from 0 to 200 C at a heating rate of 10 C/min. The degree of crys-
tallinity (Xc) of the samples was calculated using the Eq. (2):

Xc ¼ DHm� DHcc
DH�m

� 100
w

ð2Þ

where, DHm is the melting enthalpy, DHcc is the cold crystalliza-
tion enthalpy, DH�m is the enthalpy of melting for 100% crystalline
PLA (93 J/g) [21], and w is the weight fraction of PLA in the sample.
The Tg was determined by the onset of the thermograms, and Tcc,
DHcc and DHm were also obtained from the thermograms.

3.2. X-ray diffraction analysis

The X-ray diffraction analysis of undrawn and drawn tapes was
performed using a PANalytical Empyrean diffractometer (Almelo,
The Netherlands) with CuKa radiation (wavelength of 1.5405 Å),
generated at an acceleration voltage of 45 kV and a current of 40
mA. The range for 2h scan angles was from 5 to 40�.

3.3. Microscopy

Polarized optical microscopy (POM), scanning electron micro-
scopy (SEM) and atomic force microscopy (AFM) were used to
investigate the effects of drawing on the microstructure of the
nanocomposite tape. To observe the differences in the surface
topography of undrawn and drawn tapes, etching was performed
using sodium hydroxide (NaOH) solution, as the NaOH solution
have been reported to etch the amorphous part of PLA resulting
from the hydrolysis of ester linkage [26,27]. For etching, tapes were
immersed in a solution of 70:30 water�methanol with 0.04 M
NaOH for 6 h followed by washing with distilled water and then
kept at 35 �C for at least 12 h prior to the microscopic observations.
The unetched and etched tape surfaces were examined using Nikon
Eclipse LV100NPOL polarizing optical microscope (Kanagawa,
Japan). The unetched and etched sample surface, cryo-fractured
longitudinal surface and tensile fractured surfaces were also exam-
ined using a FEI Magellan 400 XHR-SEM (Hillsboro, USA). The sur-
faces were sputter coated with a thin layer of gold to avoid
charging. Atomic force microscopy with a multi-mode scanning
probe (Veeco, Santa Barbara, USA) and with TESPA tips (Bruker,
Camarillo, USA) was used for the tapes after the etching. Prior to
the observation, the samples were adhered to an AFM sample
holder and kept at room temperature overnight. Tapping mode in
air was used for analysis, which generated 3-D AFM images. The

images were collected at a fixed scan rate of 1 Hz and the sampling
rate was 1024 samples/line.

3.4. Mechanical testing

The tensile properties of the nanocomposite tapes were charac-
terized at room temperature (21 �C and 24% RH), using a Shimadzu
Autograph AG-X universal tensile testing machine (Kyoto, Japan)
with 1 kN load cell. Five rectangular specimens (5 mm � 80 mm)
of undrawn and drawn tapes were cut using a rectangular press
mold and conditioned for at least 40 h at 20 ± 2 �C and 50 ± 2% of
relative humidity prior to testing. The tests were performed with
a gauge length of 20 mm and crosshead speed of 5 mm/min; the
thickness of the undrawn and drawn tapes is shown in the
Table S1. The E-modulus was calculated according to the slope of
the initially linear part of the stress�strain curve and the work of
fracture was determined from the area of the stress�strain curve.
The tensile strength and the elongation at break were obtained
directly from the testing. Moreover, statistical analysis at 5% signif-
icance level based on the ANNOVA and Tukey-HSD multiple com-
parison tests was used to analyze the results from tensile testing.

3.5. Dynamic mechanical analysis

The thermo-mechanical properties of the tapes were deter-
mined using a TA Instruments Q800 analyzer (New Jersey, USA)
under tensile mode. Three rectangular specimens (5 mm � 30
mm) of the tapes were cut using a rectangular press mold. The
thickness of the undrawn and drawn tapes was recorded in the
Table S1. The test was performed from room temperature to 90
�C with a heating rate of 3 �C/min at a constant frequency of 3 Hz,

4. Results and discussions

4.1. Effect of drawing on thermal properties

Fig. 1 shows the DSC thermograms of the undrawn and drawn
nanocomposite tapes, confirming in each case the presence of a
glass transition (Tg) endotherm, followed by a cold crystallization
(Tcc) exotherm and a melting (Tm) endotherm. The undrawn tape
exhibits Tg, Tcc and Tm around 37 �C, 82 �C and 169 �C respec-
tively, and the degree of crystallinity (Xc) around 17%. The Tg
endotherm of drawn tapes appears at higher temperature while
the Tcc shifts to lower temperature compared to the undrawn tape
(Fig. 1a), that is attributed to the presence of CNF, molecular order-
ing in the drawn tapes and increase of crystallinity (Xc). The effect
of the DT on tapes with DR 2 in the Fig. 1a, shows that the Tg keeps
constant around 46 �C, with increased DT, the Tcc is increased from
64 �C to 83 �C, and the Xc is decreased. The Fig. 1b exhibits similar
tendency for the samples with DR 2.5. The effect of DR can be seen
in Fig. 1a and b, the Tcc of the material is decreased while the Xc is
increased with increasing DR from 2 to 2.5, attributed to the more
aligned nanocomposite structure. Fig. 1c shows the effects of DS on
the thermal properties of the drawn nanocomposite tape. The Tcc
is decreased whereas the Xc is increased with increasing DS while
the Tg is not influenced.

Overall, the solid-state drawing conditions including DT, DR and
DS affect the thermal properties of the PLA/CNF nanocomposite.
The Tcc tend to increase with increasing DT while decreased with
increasing DR and DS. The Xc follows an opposite tendency and the
Tg is not influenced by different draw conditions. The results indi-
cate that the optimal drawing condition for the crystallization of
the nanocomposite in this study is drawn at 40 �C using a DS of
50 mm/min and DR 2.5 (D2.5/40/50).
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Further, the X-ray diffraction of undrawn and drawn D2.5/40/50
tapes was performed to investigate the relationship between the
crystal forms and solid-state drawing. The curves obtained are
shown in the Fig. S4 in the supplementary information. It can be
seen from the Fig. S4 that only the reflection from the (110/200)
plane characteristics of the a phase, corresponding to 2h angles
of 16.4� was observed clearly in the tape D2.5/40/50. For the drawn
tape D2.5/40/50, the diffraction of (200/110) becomes sharper and
more intense than the undrawn tape indicating that the crys-
tallinity of the drawn material D2.5/40/50 was higher than the
undrawn tape. Wang et al. [28] and Chen et al. [29] also reported
the similar findings for X-ray diffraction of PLA after drawing. Shen
et al. [30] reported that the significant enhancement in the growth
of 200/110 planes in the a-form of PLA crystals, is due to the com-
bination of uniaxial solid-state drawing and the presence of nucle-
ating agent in the PLA composite.

4.2. Effect of drawing on microstructure

Fig. 2 represents the cross-polarized optical microscopy (POM)
images of undrawn and drawn tapes, respectively, before and after
etching. As seen in Fig. 2b and d the POM images of tapes show a
rough and uneven surface with more pits than unetched tapes
(Fig. 2a and c) after etching. It was reported that the presence of

pits in the etched samples is due to the removal of the amorphous
part after etching, which is considered to result from hydrolysis of
ester linkage due to NaOH solution along the PLA chains [26,27].
This removal was random and in an irregular manner for undrawn
tape (Fig. 2b), whereas for drawn tape, it was unidirectional and in
the preferred orientation (Fig. 2d). This is attributed to the aligning
of macromolecular chains in the amorphous part together with the
CNF along the drawing direction.

The microstructure after etching was further investigated at
higher resolution using SEM and AFM. Fig. 3 represents the scan-
ning electron microscopy (SEM) and atomic force microscopy
(AFM) images of the undrawn and drawn D2.5/40/50 nanocompos-
ite tapes after the etching. Similar with the POM result (Fig. 2), the
microstructure of the drawn tape as shown in the Fig. 3e shows the
aligned PLA macromolecular chains while this kind of alignment
was not visible in undrawn nanocomposite (Fig. 3b). However, in
the inset of Fig. 3e, the annular features are aligned perpendicular
to the draw direction. AFM topographical image in Fig. 3f indicates
this structure more clearly. This shows the formation of a ‘shish�
kebab’ type of morphology in the tape after drawing. It was
reported that this is due to the crystallization induced after orien-
tation or deformation [31–33]. Fig. 3 g shows the Penning’s model
representing the ‘shish�kebab’ type of morphology in polymer,
where an extended chain crystal is called ‘‘shish” and folded chain
crystal is called ‘‘kebabs” [31–34]. In this type of morphology, the
‘shish’ forms first during a crystallization process under stress in
extended stretched molecular chains, and then the folded ‘kebabs’
overgrow this ‘shish’ structure epitaxial and they are produced by
deformation or orientation after crystallization of polymer. It was
also reported that the shear stress played an important role to form
shish�kebab structures [31,32].

4.3. Effect of drawing on mechanical properties

The effects of drawing and the draw conditions on the mechan-
ical properties were investigated, and the results are shown in the
Fig. 4 and Table 2. It can be seen from the Fig. 4a that the undrawn
tape was brittle with the elongation at break around 6% and it
showed a distinct yield point. After drawing, all the tapes showed
strain softening and strain hardening followed with yielding,
resulting in much higher tensile modulus, strength and work of
fracture. This is because of the orientation of the PLA chains and
CNF, improved Xc of the tapes, and the crazing effect that involves
the plastic deformation.

The crazing effect of the drawn tape was confirmed by the
stress-whitening phenomenon as shown in Fig. 5b and c, while it
is not present in the US sample (Fig. 5a). SEM images of the sample
fracture surface in the Fig. 5d and e also indicate that the crazing
only appears in the drawn tape. As seen in Table 2, D2.5/40/100

Fig. 1. DSC thermograms of (a) undrawn nanocomposite tape and tapes of DR 2.0 drawn at different temperatures with constant DS of 50 mm/min (the dashed lines indicate
the Tg of the US tapes), (b) tapes of DR 2.5, drawn at different temperatures with constant DS of 50 mm/min and (c) tapes drawn at 40 �C with different DS.

Fig. 2. POM images of the undrawn tape (a) before etching, (b) after etching and
D2.5/40/50 nanocomposite tape (c) before etching and (d) after etching showing
more aligned microstructure. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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nanocomposite tape showed the maximal Young’s modulus of 2.1
GPa and ultimate strength of 102 MPa, which are 50% and 100%
higher than those of the US tape respectively. The sample
D2.0/50/50 showed the highest elongation at break and work of

fracture, which are 26 and 60 times higher compared to those of
the US tape.

Furthermore, the drawing conditions significantly influences
the mechanical properties of the nano-composite tapes. Results

Fig. 3. (a) Schematic representation of undrawn tape and (b, c) SEM and AFM images of undrawn tape respectively after etching; and (d) schematic representation of tape
indicating drawing direction and (e, f) SEM and AFM images of oriented D2.5/40/50 tape respectively after etching; and (g) Penning’s model representing ‘shish-kebab’
structure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Typical stress-strain curves of the nanocomposite tapes (a) different DR drawn at 40 �C with DS of 50 mm/min, (b) DR 2.0 drawn at different temperatures with DS of
50 mm/min and (c) DR 2.5 drawn at 40 �C with different speeds.

Table 2
Tensile properties of US and drawn tapes. The values in parentheses are standard deviations.

Sample code *Tensile modulus (GPa) *Ultimate strength (MPa) *Elongation at break (%) *Work of fracture (MJ/m3)

US 1.40a, a (±0.04) 51a, a (± 3) 6a, a (±0) 1.5a, a (±0.1)

Drawn nanocomposite tapes at different speeds
D2.5/40/10 1.90b (±0.03) 87b (±5) 95b (±10) 66b (±8)
D2.5/40/50 2.00b, c (±0.04) 94b, c (±6) 92b (±12) 70b (±11)
D2.5/40/100 2.10c (±0.03) 102c (±9) 85b (±11) 70b (±9)

Drawn nanocomposite tapes at different temperatures
D2.0/35/50 1.80b (±0.08) 70b (±6) 108b (± 20) 65b (±12)
D2.0/40/50 1.90c (±0.07) 76b (±5) 134b, c (±6) 84b, c (±6)
D2.0/45/50 1.80b (±0.03) 71b (±2) 139c (±19) 86c (±13)
D2.0/50/50 1.70d (±0.02) 71b (±4) 158c (±18) 90c (±13)

* Average values with same superscript letter in the same column are not significantly different at 5% significance level based on ANOVA and Tukey-HSD comparison test.
(a, a: undrawn tape; b, c: tapes drawn at different speeds; b, c, d: tapes drawn at different temperatures).
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in Table 2 and Fig. 4 show that the tensile modulus and ultimate
strength increases, whereas the elongation at break and work of
fracture decreases with increasing the DR. In addition, higher DR
resulted in the increased strain hardening. These are attributed
to the more oriented macromolecules in the nanocomposite tapes
and increased degree of crystallinity, and the schematic structure
changes in the tapes with different DR are demonstrated in
Fig. 6. The stress-strain properties of the nanocomposite tapes
drawn at different DT are shown in Fig. 4b and it can be noticed
that as the DT increases from 40 �C to 50 �C, the tensile modulus
is decreased whereas the elongation at break and work of fracture

increased. Further, the results in Fig. 4c indicate that the modulus
and strength of the nanocomposite tapes increases with increasing
DS. Overall, the mechanical properties of the oriented plasticized
polylactic acid/cellulose nanocomposite tapes showed improved
stiffness, strength, elongation at break and work of fracture com-
pared with the undrawn tape. This improvement is due to the syn-
ergistic effect of CNF in the PLA nanocomposites and the solid-state
drawing, which consequently affects the crystallinity of PLA in the
drawn sample and probably the orientation of the CNF along with
the polymer chains, depending on the draw ratio, draw tempera-
ture and draw speed.

4.4. Effect of drawing on dynamic mechanical properties

The storage modulus and tan delta (d) as a function of temper-
ature for undrawn and drawn tapes are shown in Fig. 7. It is seen
that the storage modulus is higher for the drawn nanocomposite
tapes compared with the undrawn tape and that it increases with
increasing DR and DS in both glassy and rubbery states (see Fig. S5
in the supplementary information). Moreover, it can be seen that
around 70–80 �C, the moduli of the US sample and D2.0/40/50
increases again and this could be attributed to the typical effect
of cold crystallization. However, this behavior is not present in
D2.5/40/50 due to the high degree of crystallinity (50%, see
Fig. 1b). Further, Fig. 7 shows that the tan d peak of the drawn tapes
were slightly shifted to the higher temperature compared with
undrawn tape, and became broader with a less intensity. It is
known that a positive shift in tan delta usually indicates restricted
molecule movement and also attributed to the strain induced crys-
tallization [16,35]. Decreased intensity of tan d indicates that fewer
polymer chains are participating in the transition and can also due
to the crystal formation. It can also be seen that the intensity of tan
d decreases with increasing DR, which is caused by the formation
of more crystals at a higher draw ratio. In addition, the intensity
of tan d for the tape drawn at different speed (as shown in
Fig. S5 in the supplementary information) can also be correlated
with the degree of crystallinity reported for the same sample in
Table S2. Notably, all the drawn tapes showed shoulder in the
tan d curve (as shown in the Fig. 7 and S5) rather than a prominent
peak as in the case of undrawn tape. This might be due to the for-
mation of two-phase system in the tape after drawing, which could
be attributed to the orientation of polymer chains. Miranda et al.
[36] reported that the formation of a shoulder in tan d curve after
stretching might be due to the oriented phase of the polymer,

Fig. 5. Tensile fractured specimens of (a) undrawn nanocomposite tape (transpar-
ent); (b) D2.0/40/50 and (c) D2.5/40/50 nanocomposite tapes (showing strain
whitening) and SEM images of tensile fractured surface of (d) undrawn and (e)
drawn D2.5/40/50 nanocomposite tape. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Schematic representation of undrawn nanocomposite tape and the drawn
D2.0/40/50 and D2.5/40/50 tapes, indicating the structural changes after the
orientation induced by solid-state drawing. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 7. Storage modulus and tan delta as a function of temperature for undrawn
nanocomposite tape and tapes with different DR drawn at 40 �C with DS of 50 mm/
min.
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which has been established to restrict segmental motion. The ori-
entation and partial ordering of the polymer after stretching
restricts motion, so the oriented amorphous segments require
greater thermal energy to achieve segmental relaxation compared
with undrawn polymer. It was also reported that the presence of a
shoulder in the tan d curve of the drawn tape (Fig. 7) is associated
with the rigid amorphous segments formed due to increased crys-
tallinity of the samples.

5. Conclusions

Solid-state drawing is a very effective way to create alignment
and consequently improve the mechanical and thermal properties
of the nanocomposites. In this study the solid-state drawing pro-
cess was used to uniaxially align the cellulose nanocomposite
tapes based on plasticized polylactic acid (PLA) with 1 wt% cellu-
lose nanofibers (CNF). The influence of drawing conditions, i.e.,
draw ratio, draw temperature and draw speed, were in focus to
investigate the mechanical and thermal properties as well as the
internal structure and orientation of the nanocomposites.

In general, the mechanical properties increased and the tough-
ness can be improved up to 60 times compared to the undrawn
tape. This improvement of the mechanical properties is due to syn-
ergistic effect of CNF in the nanocomposite and the orientation
induced by the solid-state drawing process. The drawing also
resulted in improved thermomechanical properties, the storage
modulus increased, and the tan delta peak shifted towards higher
temperature, broadened and decreased in height with increasing
DR and DS. Similarly, the crystallinity of nanocomposites increased
with increasing DR and DS and decreased with increasing DT.
Microstructure of the drawn nanocomposite confirmed alignment.
Both SEM and AFM studies showed that the orientation of the
macromolecular chains was perpendicular to the draw direction
indicating the formation of ‘shish�kebab’ morphology induced
after orientation and deformation.

This study shows that solid-state drawing is a promising
approach to improve the properties of the plasticized PLA/CNF
nanocomposites. The next step will be to study different nanoma-
terial contents and higher draw ratios.
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Fig. S1. Deformation behavior of the tapes during drawing at different Td (35, 40, 45 

and 50 °C) with constant DS of 50 mm/min. 



 

Fig. S2. Deformation behavior of the tapes during drawing at  different DS (10, 50 and 

100 mm/min), drawn at 40 °C. 

 

 

 

Fig. S3. Thickness of cryo-fractured longitudinal surface of (a) undrawn tape, (b) tape 

with DR = 2.0 and (c) tape with DR = 2.5 drawn at 40 °C with DS = 50 mm/minute.  

 

 

 

 

 
 



Table. S1. Thickness change of the samples before and after drawing at different Td and 
constant DS of 50 mm/min 
 

Draw 
temperature 

(°C) 

Thickness 
before drawing 

(mm) 

Thickness after  
drawing (mm) 

  DR = 2.0 DR = 2.5 
35  0.285 (± 0.008) 0.215 (± 0.019) 0.183 (± 0.014) 
40  0.286 (± 0.013) 0.209 (± 0.006) 0.206 (± 0.006) 
45  0.276 (± 0.004) 0.199 (± 0.004) 0.197 (± 0.007) 
50  0.284 (± 0.009) 0.211 (± 0.005) 0.198 (± 0.011) 

*The values in parentheses are standard deviations of the sample 
 
 
 
 
 
 
 
 
Table. S2. Thermal properties and degree of crystallinity of undrawn and drawn 
PLA/cellulose nanocomposite  
 

 
Sample  
 

Tg (°C) Tcc (°C) Xc (°C) 

US 37 82 17 
D2.0/35/50 46 64 29 
D2.5/35/50 46 57 48 
D2.0/40/10 48 79 20 
D2.5/40/10 47 64 35 
D2.0/40/50 47 76 24 
D2.5/40/50 49 61 50 
D2.0/40/100 48 61 46 
D2.5/40/100 52 62 41 
D2.0/45/50 48 78 22 
D2.5/45/50 46 66 33 
D2.0/50/50 47 83 16 
D2.5/50/50 48 79 19 

 
 

 

 

 



 

Fig. S4. X-ray diffraction patterns measured for undrawn and drawn D2.5/40/50 tapes. 

 
 
 

 

 
Fig. S5. Storage modulus and tan delta as a function of temperature for US tape and tape with different 

DS drawn at 40°C with DR of 2.5. 
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