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Graphical abstract 

 

 
Highlights 

 

 Low CNC contents improve the mechanical properties of Poly(ethylene 

brassylate). 

 Adding 2.5 wt% CNCs increases Young modulus by 14% and elongation at 

break by 23%. 

 SEM images reveal the formation of a percolating network for the sonicated 

CNCs. 

 High CNC contents improve the Young modulus at the expense of ductility. 

 

Abstract 

 

Poly(ethylene brassylate), a novel inexpensive biodegradable polyester, has been 

reinforced with cellulose nanocrystals (CNCs) with the aim of improving its thermal 

stability and mechanical properties. The composites have been characterized through 

calorimetry, tensile tests, thermogravimetry and electron microscopy. The addition of 

small amounts of CNCs improves both the stiffness and the ductility of the composites, 

suggesting the existence of some compatibilizing effect. Adding large CNC amounts 

increases the Young modulus (e.g., 150% for 50 wt% CNCs), but now the material 

shows brittle behavior. Degradation of the CNCs starts at lower temperature suggesting 

mutual reactivity. The SEM analysis of the composites with ductile behavior reveals the 

formation of a percolating network crossing through the interconnected domains that 

conform a PEB-rich continuous phase. Processing consisting on reinforcement 

dispersion by sonication followed by melt processing results in composites in which the 

improvement of mechanical properties does not involve any trade-off. 

 

 

Keywords: Poly(ethylene brassylate) (PEB); Cellulose   Nanocrystals (CNC); 

Nanocomposites; Mechanical Properties. 
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1. Introduction 

Conventional filled polymers, characterized by reinforcing fibers having 

diameters in the micrometer range, are currently being superseded by polymer 

nanocomposites (PNCs) containing homogeneously dispersed nanometric particles 

(Kumar, Benicewicz, Vaia, & Winey, 2017). Reducing particle size increases the 

specific surface area of the reinforcement up to the 150-170 m2/g range in case of 

nanocelluloses and to as much as 750 m2/g for nanoclays (Pranger & Tannenbaum, 

2008). In addition, evenly dispersed nanoparticles also lead to the immobilization of the 

matrix polymer at the nanoparticle surface. As a result, compared with conventional 

composites, PNCs exhibit superior thermal, mechanical and barrier properties with 

lower reinforcing loads (1-5 vol%) and superior lightness, enabling thus greater 

retention of the inherent processability and toughness of the neat resin (Vaia & Wagne, 

2004). For example, it has been shown that less than 5 vol% of exfoliated 

montmorillonite in nylon-6 increases the modulus by a factor of ∼3 and raises the heat 

deflection temperature from ∼340 to ∼420 K (Kumar, Benicewicz, Vaia, & Winey, 

2017; Ji, Jing, Jiang, & Jiang, 2002). Unfortunately, the high surface area of the 

nanoparticles also represents a significant processing challenge, because the van der 

Waals attraction between particles and the high viscosity of the matrix polymer makes it 

difficult to produce uniform dispersions of the nanoparticles throughout the matrix 

(Pranger & Tannenbaum, 2008). 

Biodegradable PNCs are an ideal choice for biomedical applications based on 

biodegradable polymer matrices requiring improved mechanical properties, such as 

implants, bone cements or drug delivery systems. Among the biodegradable polymer 

matrices, high molecular weight poly(ethylene brassylate) (PEB) has been recently 

synthesized by Mecerreyes et al. (Pascual, Sardon, Veloso, Ruipérez, & Mecerreyes, 

2014). The ethylene brassylate (EB) monomer is a 17 member ring lactone 

commercially available and cheaper than lactide, ε-caprolactone and other 

macrolactones. The EB monomer can be easily synthesized from castor oil renewable 

source (extracted from Castor plant). The methylene/ester ratio in the repeat unit of PEB 

[-O-CO-(CH2)11-CO-O-(CH2)2-] is only slightly larger than that of poly(ε-caprolactone) 

(PCL). The PEB homopolymer presents similar properties to PCL, but with slightly 

higher melting (Tm ~ 70 ºC compared to ~ 60 ºC for PCL) and glass transition 
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temperatures (Tg ~ -30 ºC compared to Tg ~ -60 ºC in PCL) and good thermal stability 

(Cama, Mogosanu, Houben, & Dubruel, 2017; Fernández, et al., 2016; Fernández, 

Montero, Etxeberria, & Sarasua, 2017; Fernández, Larrañaga, Etxeberria, & Sarasua, 

2016). 

On the other hand, though celluloses have been used for nearly 150 years, over 

these last decades interest in this material has been reawakened because of its 

abundance, low cost, renewable nature and exceptional mechanical properties 

(Lizundia, Meaurio, & Vilas, 2016). Nanocelluloses are currently classified into five 

broad categories: cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs), tunicate 

CNCs (t-CNCs), algal cellulose (AC), and bacterial cellulose (BC) (Foster, et al., 2018). 

The first nanocelluloses were actually obtained from wood or plants (such as cotton), 

and were refined using two major procedures: acid hydrolysis and mechanical shear, 

leading respectively to CNCs and CNFs. Cellulose nanocrystals (CNCs) are often 

referred to as whiskers, nanowhiskers, needles, nanocrystals and nanoparticles (Habibi, 

Lucia, & Rojas, Cellulose Nanocrystals: Chemistry, Self-Assembly, and Applications, 

2010,). The main process used to prepare CNCs is acid hydrolysis, which hydrolyzes 

the cellulose (removing the amorphous parts and releasing the microfibrils at the 

defects) to produce rod-like cellulose nanocrystals (Foster, et al., 2018; Lin & Dufresne, 

2014). This process also introduces sulfate half ester groups in the CNC surfaces that 

stabilize the colloidal suspensions in water environment (Foster, et al., 2018). When the 

cellulose source is trees/plants (e.g., wood or cotton), the released nanoparticles (CNCs) 

present a diameter of 5–20 nm, and typical lengths in the 50–350 nm range (Foster, et 

al., 2018). Regardless of the source, CNCs are elongated needle-like nanoparticles, and 

each rod can be considered a rigid cellulosic crystal with no apparent defect (Lin & 

Dufresne, 2014). On the other hand, Cellulose Nanofibrils (CNFs), also termed 

nanofibrilar celluloses, cellulose nanofibers, cellulose microfibrils and microfibrillar 

celluloses are typically refined using mechanical shear, aided with other treatments such 

as oxidation reactions or enzymatic processes (Xu, et al., 2013). Contrarily to CNCs, 

CNFs contain amorphous cellulose regions linking the cellulose crystals to form long, 

flexible, fiber networks with a fibril diameter similar to or larger than CNCs (Lin & 

Dufresne, 2014; Xu, et al., 2013). The length of the CNFs is hard to define due to the 

network structure and is seldom reported (Lin & Dufresne, 2014). Recently, tunicates, 

algae and bacteria have been explored as nanocellulose sources, and have been 
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classified in separate groups due to the unique characteristics of the nanocelluloses 

obtained. However, these new sources are processed using the same essential 

refinement procedures as above, resulting in CNC-like or CNF-like materials. For 

example, Bacterial Celluloses (BCs) are synthesized by bacteria in a pure form, and are 

hence a convenient source to obtain CNFs because intensive processing to remove 

unwanted impurities such as lignin, pectin and hemicellulose is unnecessary (Lin & 

Dufresne, 2014; Lee, et al., 2012). They are usually classified as a separate 

nanocellulose class because of its differential characteristics, such as a ultra-fine 

network of cellulose nanofibers, higher polymerization degrees of the cellulose chains 

and higher crystallinity (60-90%) (Lin & Dufresne, 2014; Chen, Cho, & Jin, 2010). 

Regardless of the source, CNFs are usually processed in water suspension (or in the 

desired solvent suspension after stepwise transferal) without drying the nanocellulose 

fibers (Peng, Gardner, & Han, 2012; Clasen, Sultanova, Wilhelms, Heisig, & Kulicke, 

2006; Beaumont, König, Opietnik, Potthast, & Rosenau, 2017). Drying CNFs usually 

results in an irreversible aggregation of fibers termed hornification, where large 

numbers of hydrogen bonds are formed between the hydroxyl groups on adjacent fibrils 

(Clasen, Sultanova, Wilhelms, Heisig, & Kulicke, 2006). As a consequence, the 

nanocellulose loses porosity and reinforcing ability. In contrast, the extent of 

hornification of CNCs is limited compared to CNFs (Mihranyan, 2011), hence, CNCs 

are commercially available as redispersible freeze/spray dried powders (Foster, et al., 

2018; Khoshkava & Kamal, 2014).  Regarding the reinforcing ability, never dried CNFs 

are superior to CNCs due to their network structure and larger aspect ratios (Xu, et al., 

2013; Lee, et al., 2012). 

This paper investigates novel PNCs based on renewable biobased materials, 

namely Poly(ethylene brassilate) (PEB) and Cellulose Nanocrystals (CNCs). The 

reinforcing CNC particles have been dispersed by sonication, followed by solvent 

casting. The final PNC slabs have been obtained by melt pressing of the solvent-cast 

PNC films. The thermal and mechanical properties have been then investigated through 

DSC and tensile tests, and the results have been discussed considering the images 

obtained by electron microscopy. Finally, the degradation behavior of the samples has 

been analyzed by TGA. 

 

ACCEPTED M
ANUSCRIP

T



6 

 

2. Experimental Section 

2.1 Materials 

Ethylene Brassylate monomer (purity> 95%) was supplied by Sigma Aldrich, and was 

polymerized using bismuth triphenyl (Ph3B) obtained from Gelest as catalyst and 1-

Hexanol as initiator. The resulting polymer was purified by solution/precipitation in the 

chloroform/methanol system. Its molecular weight (Mw = 230 kg/mol) and dispersity 

(D = 2.3) were determined by GPC using a Waters 1515 GPC device equipped with two 

Styragel columns (102 - 104 Å) using Chloroform as eluent (Fernández, et al., 2016; 

Fernández, Montero, Etxeberria, & Sarasua, 2017). 

 

Wood-based CNCs were purchased from Alberta Innovates - Technology Futures 

(AITF). The CNCs were produced on the pilot scale plant (production capacity up to 

100 kg of CNC per week) located in Edmonton, Canada (Ngo, Danumah, & Ahvazi, 

2018; George, Shen, Sharma, & Montemagno, 2017). Softwood pulp was used as 

cellulose source, and typical hydrolysis conditions were 63.5 wt% sulfuric acid at 45 °C 

for 2 h. Water reverse osmosis was used to quench the hydrolysis, and then CNCs were 

neutralized to sodium form using NaOH. The size of the rod-like CNC particles is about 

100-200 nm in length and 5-10 nm in diameter (Reid, Villalobos, & Cranston, 2017; 

Bayati, Boluk, & Choi, 2014), and were received in spray-dried form. 

 

2.2 Composite Preparation 

Films of the PEB/CNC composites were prepared with CNC compositions ranging from 

2.5 to 50 wt%. At least 4 films were obtained for each composition. A constant volume 

of chloroform (20 ml) was used to disperse the appropriate amount of CNCs without 

exceeding the saturation limit (0.25 g. CNC/20 ml CHCl3). Sonication was carried out 

for 15 min. in a Vibra Cell 75115 sonicator equipped with a CY33 probe operating at 40 

kHz. The appropriate amount of PEB was then added to the sonicated solutions and 

allowed to dissolve with the aid of a vortex mixer. Since the solution polymer 

concentration was limited in all cases to 5 wt%, solutions with CNC contents below the 

saturation limit were required to prepare the PEB-rich composites. As illustrative 

examples, the composite containing 50 wt% CNCs was prepared mixing 0.25 g CNCs 

with 0.25 g PEB, while the one containing 2.5 wt% CNCs was prepared from 0.0256 g 

CNCs and 1 g. PEB. To obtain films of uniform thickness, the cast film composites 
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were processed by melt compression at 175 °C and 250 bar for 15 seconds in a Collin P 

200 hydraulic press. Then, the molds were slowly cooled to 35 °C to ensure correct 

crystallization. 

 

2.3 DSC 

Melt pressed films were analyzed by Differential Scanning Calorimetry (DSC) in a 

Q2000 model from TA Instruments. Two different samples for each composition 

weighing between 6 and 9 mg were cut from the films, encapsulated in aluminum pans, 

and scanned from room temperature to 130 °C at 20 °C/min. They were then cooled to -

80 ºC to perform a second heating scan from -80 ºC to 130 ºC at 20 °C/min. Glass 

transition temperatures (Tg) were determined as the midpoint temperature of the 

specific-heat jump from the glassy to the liquid state. 

 

2.4 Tensile Tests 

The mechanical properties at room temperature (21 ± 2 °C) were determined by tensile 

tests with an Instron 5565 testing machine at a crosshead displacement rate of 10 mm 

min-1 following ISO 527-3/1995 standard. Specimens 80 mm length and 10 mm wide 

were cut from films 250–400 µm thick and tested with a distance of 50 mm between 

marks. The mechanical properties reported are the Young modulus, stress at yield, strain 

at yield, ultimate tensile stress and elongation at break) correspond to average values of 

at least 5 determinations. 

  

2.5 Thermogravimetry  

To study the thermal degradation of the composites, a Thermogravimetric Analysis 

(TGA) was made. The results are presented as mass loss curves and their derivative 

curves. The equipment used in this study is the TGA Q50-0545 from TA Instruments. 

Sample weights were in the 10 - 15 mg range in ceramic crucibles from 25 to 700 °C at 

a rate of 5 °C/min. 

 

2.6 Electron Microscopy (SEM and TEM) 

To study the morphology of the composites, Cryofractured samples have been analyzed 

in a Hitachi S-4800 cold-cathode field-emission scanning electron microscope (FE-

SEM) at an acceleration voltage of 15 kV, achieving resolutions on the order of 1 nm in 

these operating conditions. The dry samples were cryogenically frozen, cut, and gold-
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coated (15 nm thick coating) in an Emitech K550X Sputter Coater to obtain cross-

section images. 

 

CNC dispersion was evaluated using Transmission Electron Microscopy (TEM) on a 

TECNAI G2 20 TWIN operated at 120 kV and equipped with LaB6 filament. The dried 

films of about 80 nm of thickness were obtained at -70 ºC using an ultramicrotome 

device (Leica EMFC6) equipped with a diamond knife. The ultrathin sections were 

placed on 200 mesh copper grids. 

 

3. Results and Discussion 

3.1. DSC Analysis 

 Figure 1 shows the heat flow in the first DSC scans for the samples containing 0, 

2.5, 5, 10, 15, 20, 30, 40 and 50 wt% CNCs. As can be seen, all the curves show an 

endothermic peak at about 70 ºC corresponding to melting of PEB. The second scans 

(from -80 ºC to 130 ºC, not shown) also show a specific heat jump at about –30 ºC 

corresponding to the glass transition temperature of PEB. Table 1 lists the glass 

transition temperature (Tg), the heat-capacity jump at the glass transition temperature 

(Δcp), the melting temperature (Tm) and the melting enthalpy (ΔHm, normalized to the 

PEB content) of pure PEB and the PEB/CNC composites. As can be seen, the glass 

transition temperature is almost unaffected by the addition of the CNCs, in agreement 

with the behavior observed in most studies in this field (Habibi, Lucia, & Rojas, 

Cellulose Nanocrystals: Chemistry, Self-Assembly, and Applications, 2010,; Dufresne, 

2017). This result suggests the absence of nanoconfinement effects that usually increase 

the Tg of the PNCs (Qin, Xia, Sinko, & Keten, 2015; Dong, et al., 2012). Moreover, the 

melting temperature and the normalized ΔHm do not decrease with composition, 

suggesting that the dispersion of the CNCs does not decrease the size of the crystallites. 

Both results suggest a poor dispersion of the CNCs (Roohani, et al., 2008). 

  

 Regarding the melting temperature, our results indicate an increase of about 3-4 

ºC with the addition of CNCs. To explain this result, it must recalled that many 

polyesters such as PCL or poly(p-dioxanone) usually show a double melting behavior, 

attributed to melting, recrystallization and subsequent remelting during the DSC scan 

(Lezcano, Salom Coll, & Prolongo, 1996; Pezzin, Alberda van Ekenstein, & Duek, 
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2001; Sanchez-Rexach, Martínez de Arenaza, Sarasua, & Meaurio, 2016). The lower 

temperature contribution (LTm) is attributed to the initial crystals existing in the 

sample, while the higher melting point (HTm) is attributed to the crystals formed during 

the recrystallization process occurring after melting of the initial crystals. In case of 

PEB, both peaks appear highly overlapped (resembling those of PCL), and the 

nucleating effect of the CNCs should speed up the recrystallization process, increasing 

the intensity of the recrystallization peak and shifting the Tm to higher temperatures. 

 

 

Figure 1. First DSC scans. Melting enthalpies (exothermic heat flow against 

temperature) for PEB, CNC and PEB/CNC composites.  
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Table 1. Glass transition temperature, specific heat jump, melting temperature 

and melting enthalpy normalized to the weight of PEB for the different PEB/CNC 

composites obtained from the second DSC scans. 

 

CNC wt% Tg 

(°C) 

Δcp 

(J/g) 

Tm 

(°C) 

ΔHm 

(J/g) 

0 -28.9 0.313 69.7 90.7 

2.5 -27.5 0.309 69.9 94.4 

5.0 -27.1 0.296 72.9 95.0 

10 -28.7 0.259 72.5 92.5 

15 -29.1 0.250 70.3 92.9 

20 -29.0 0.243 70.9 94.8 

30 -28.4 0.160 75.7 89.0 

40 -29.5 0.158 72.1 92.0 

50 -29.9 0.120 73.8 89.3 

 

3.2. Mechanical Properties of PEB/CNC Nanocomposites. 

PEB is a flexible, ductile polymer that resembles the mechanical properties of 

PCL (Fernández, et al., 2016; Fernández, Montero, Etxeberria, & Sarasua, 2017) or 

low-density polyethylene (LDPE) (Lo Re, et al., 2018). High molecular weight PEB 

(Mw > 105 g/mol) shows deformation at break 900%, tensile strength 26 MPa and 

yield point 11 MPa (Fernández, et al., 2016; Fernández, Montero, Etxeberria, & 

Sarasua, 2017). Figure 2a shows the stress-strain curves obtained for the pure PEB and 

the PEB/CNC composites investigated in this work. As can be seen, adding small 

amounts of CNCs (up to 5 wt%) increases the ductility of pure PEB; but further addition 

of CNCs reverses this trend. Anyway, most of the ductility present in pure PEB is 

retained on composites with CNC loads up to 20 wt%, which achieve rupture 

elongations above 500%. However, composites with CNC loads over 30 wt% break 

soon after the yield point, showing fragile behavior. Fig. 2b is an expansion of the 

elastic region and the start of the plastic region. As can be seen, the addition of CNCs 

increases the slope of the elastic region, hence, the stiffness of the composites. In 

addition, plastic deformation starts at lower strains with the addition of CNCs, 

considerably reducing the area below the yield peak. The plastic region is much shorter 

in samples with CNC loads above 30 wt%. 
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Figure 2. Stress-strain curves for the PEB/CNC composites. (a) Stress-strain curves, (b) 

expanded graph showing the elastic region and beginning of yield. 
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Figure 3 shows the elastic modulus (E), the yield stress (σy), the strain at yield (y), the 

stress at break (σb) and the strain at break (b). As can be seen, the largest stiffening 

efficiency (or the largest increase in Young modulus relative to the CNC content) is 

obtained for the sample containing 2.5 wt% CNCs. In fact, the Young modulus of this 

composite is even larger than the one obtained after doubling the CNC content to reach 

5 wt%. The large reinforcing efficiency observed at low concentrations is attributable to 

the homogeneous dispersion of the reinforcement, resulting in the largest possible 

interfacial area between the reinforcement and the matrix and, hence, the best 

transmission of stresses. Larger reinforcement contents result, however, in the formation 

of a rigid percolation network arising from hydrogen bonding interactions between 

neighboring whiskers (Azzi Samir, Alloin, & Dufresne, 2005; Ten, Bahr, Li, Jiang, & 

Wolcott, 2012). The percolation threshold (νRc, critical volume fraction of Rod-like 

particles) is related to the aspect ratio of the rod-like particles (L/d) by: 

 

 

 

Considering the aspect ratio of the CNCs used in this work (L/d ~ 20, see experimental 

part), the percolation threshold is 3.5 vol%, or 4.7 wt% (taking into account the 

densities of PEB and CNCs, 1.1 and 1.5 g/cm3 respectively). Hence, the loss of stiffness 

observed on going from 2.5 wt% CNCs to 5 wt% CNCs can be attributed to the 

formation of a percolation network, that decreases the interfacial area with the matrix 

(Azzi Samir, Alloin, & Dufresne, 2005; Ten, Bahr, Li, Jiang, & Wolcott, 2012). A 

similar behavior has been reported for other PNCs (Ten, Bahr, Li, Jiang, & Wolcott, 

2012; Dhar, Tarafder, Kumar, & Katiyar, 2015). Of course, further addition of CNCs 

strengthens the percolation network and consequently the whole PNC, increasing the 

stiffness by a factor up to 2.5 for a 50 wt% CNC content. 

 

Figure 3 also shows the yield stress and the strain at yield, obtained from the maximum 

occurring at the end of the initial linear (elastic) region of the stress-strain curves. As 

can be seen, the maximum reinforcing efficiency is again achieved when the amount of 

CNCs is below the percolation threshold. In the concentration regime at which 

nanoparticle aggregation is expected, the strain at yield is observed to decrease 

continuously with the addition of CNCs, but the stress at yield is still able to retain a 
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value close to that of the pure polymer up to 30 wt% CNC contents. CNC contents 

above this value result in a considerable reduction of the yield stress, indicating a 

decrease of the resistant properties of the material. 

 

The last chart in Figure 3 shows the stress at break and the strain at break (the latter a 

good indicator of ductility) for the PEB/CNC nanocomposites. As can be seen, the 

addition of CNCs up to the percolation limit also increases the ductility of the samples. 

This result makes the PEB/CNC system particularly interesting since in most cases the 

addition of CNCs improves the resistant properties at the expense of the ductility of the 

sample (Habibi, Lucia, & Rojas, Cellulose Nanocrystals: Chemistry, Self-Assembly, 

and Applications, 2010,; Siqueira, Bras, & Dufresne, 2009). Even more, the 

nanocomposites retain high toughness with CNC contents up to 20 wt%. Above this 

value, toughness decreases drastically. 
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Figure 3. Selected mechanical properties for the PEB/CNC nanocomposites 
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In summary, the analysis of the mechanical properties shows that the largest 

reinforcing efficiency is obtained for a 2.5 wt% CNC content. In addition, it is 

particularly interesting to stress that the addition of CNCs improves all the mechanical 

properties of PEB, including ductility. For comparison, in the PCL/CNC system the 

addition of a small amount of CNCs, as low as 3 wt%, was found to cause a significant 

reduction of the strain at break (Siqueira, Bras, & Dufresne, 2009). Grafting the 

polymer onto the CNCs resulted in a better retention of ductility (Habibi, et al., 2008), 

or even in its improvement in specific cases (Yu, Qin, Yan, & Yao, 2014). In the 

PEB/CNC system investigated here, ductility is enhanced without a dedicated grafting 

stage. However, grafting reactions cannot be discarded in our system due to the 

possibility of transesterification reactions occurring during the melt processing step. In 

particular, intermolecular alcoholysis between the OH groups in cellulose and the ester 

groups in PEB might have grafted PEB chains on the surface of the CNCs (Yuan & 

Ruckenstein, 1998; Zuza, Meaurio, Etxeberria, & Sarasua, 2006), improving the 

compatibility of the system on correctly dispersed systems thanks to the previous 

sonication step (Jiang, Morelius, Zhang, Wolcott, & Holbery, 2008). In fact, the overall 

reinforcing effect is favorable even for composites with relatively large CNC contents 

of up to 20 wt%, since they show noticeably larger stiffness at the expense of a 

moderate-to-small decrease of ductility. Table 2 lists the mean values, and 

corresponding deviations, for the Young modulus (E), the stress at yield (σy), the strain 

at yield (εy) and the strain at break (εb). 

 

 

Table 2. Mechanical properties of different concentrations of CNC copolymers 

 

CNC 

composition 

(wt%) 

E 

(Mpa) 

σy  

(MPa) 

εy 

(%) 

εb 

(%) 

PEB 410 ± 19 10.8 ± 0.3 7.0 ± 0.8 613 ± 66 

2.5 469 ± 12 11.5 ± 0.7 7.8 ± 1.7 751 ± 92 

5.0 448 ± 11 10.4 ± 0.5 6.5 ± 0.7 759 ± 50 

10 501 ± 17 10.4 ± 0.6 5.5 ± 0.8 657 ± 64 

20 599 ± 59 10.4 ± 0.8 3.7 ± 0.5 521 ± 228 

30 849 ± 55 10.4 ± 0.2 2.3 ± 0.3 178 ± 168 

40 952 ± 65 8.0 ± 0.2 1.5 ± 0.2 63 ± 61 

50 1040 ± 40 6.0 ± 0.2 1.3 ± 0.2 13 ± 6 
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3.3. Thermal Stability of the PEB/CNC Nanocomposites 

CNCs are obtained by means of a hydrolysis process (see experimental) that 

introduces sulfate groups in their surface. The presence of even a small amount of 

sulfate groups can cause a considerable decrease in the degradation temperature start, to 

as low as 150 ºC (Roman & Winter, 2004). For this reason, low acid concentrations, 

low acid-to-cellulose ratios, and short reaction times are preferred (Roman & Winter, 

2004). In addition, neutralization after the hydrolysis step is also required to improve 

the thermal stability of the CNCs (Habibi, et al., 2008). An alternative is to use 

hydrochloric acid, which does not introduce any acidic groups, but presents the 

disadvantage of the aggregation of the cellulose crystals due to the lack of surface 

charges. Figure 4 shows the thermogravimetric curves obtained for the PEB/CNC 

system investigated in this work. As can be seen, these CNCs show high thermal 

stability since their degradation does not start up to 250 ºC (the small weight loss 

observed at low temperatures is attributable to the hygroscopicity of the samples), 

suggesting the presence of only a residual amount of neutralized sulfate groups in the 

pristine CNCs. 

 

Regarding pure PEB, degradation of biodegradable polymers typically starts by 

depolymerization reactions, which are usually weight lossless. The weight loss rate 

maximum displayed by pure PEB at about 450 ºC (see Figure 4), might correspond to 

the temperature at which the depolymerization products degrade to low molecular 

weight gases or, more simply, to the boiling temperature of the monomer. In other 

words, polymer degradation through the decrease of molecular weight probably occurs 

before the temperature corresponding to the peak observed in Figure 4. In the PEB/CNC 

composites, the addition of PEB to the CNCs reduces the degradation temperature of 

the CNCs by about 30 ºC, suggesting that the transesterification reactions occurring 

between PEB and the CNCs might speed up the degradation of the CNCs. In spite of 

this small change, the thermogravimetric analysis suggests an almost additive behavior 

for the PEB/CNC nanocomposites. 
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Figure 4. Weight loss and its derivative for 0, 10, 30, 50 and 100 CNC wt%. 
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3.4. Electron Microscopy Analysis. 

 

Figure 5 shows high magnification SEM micrographs obtained for the 

composites containing 5 wt% CNC, in which the CNCs appear as “spots” (Boujemaoui, 

et al., 2017; Hoeger, 2017). The presence of these white dots can be assigned to small 

CNC aggregates interconnected by the percolating rod-like CNCs, which can be 

observable in the event the CNCs come parallel to the rupture surface (see the upper 

part of Figure 5b). As can be seen in Figures 5a and 5b, the CNCs are not evenly 

dispersed, but form a rigid percolating network, resulting from the strong interactions 

between them (Habibi & Dufresne, Highly Filled Bionanocomposites from 

Functionalized Polysaccharide Nanocrystals, 2008). In addition, the spot-like 

appearance of the CNCs indicates that the reinforcing nanofibers are exposed to the 

surface rather than being embedded in the PEB matrix. This morphology of the rupture-

surface suggests poor compatibility between the reinforcement and the polymeric matrix 

(Boujemaoui, et al., 2017). Smoother rupture surfaces without the "spots" present in 

Figure 5 can be achieved using dispersing strategies that improve the adhesion of the 

reinforcement with the polymeric matrix, such as graft polymerization, silylation of the 

-OH groups in cellulose, or the use of surfactants (Siqueira, Bras, & Dufresne, 2009; 

Habibi, et al., 2008; Boujemaoui, et al., 2017). Finally, the polymeric phase around the 

percolating network shows interconnected domains that result in a PEB-continuous 

phase. 

 

 

Figure 5.  SEM images of the PEB/CNC composite containing 5 wt% CNC with 

magnification 10000x (left) and 25000x (right). 
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Figure 6 shows the SEM images for PEB/CNC composites of different 

composition at a lower magnification level, which only allow the observation of the 

macroscopic phase domains. As can be seen, the morphologies shown in the images 

obtained for the composites containing up to 20 wt% CNCs (along with Figure 5), 

indicate the occurrence of a PEB-rich continuous matrix, that would explain the high 

ductility of the composites obtained within this composition range. On the other hand, 

the image obtained for the composite containing 40 wt% CNCs shows a non-continuous 

PEB rich phase constituted by separate domains dispersed within the continuous 

percolating network. This phase structure would explain the dramatic loss of ductility 

that is observed when the CNC content exceeds 20 wt%. 
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Figure 6.  SEM images of PEB/CNC composites containing 2.5, 5, 20 and 40 

wt% CNC with magnification 300x (left) and 1500x (right). 
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Finally, the dispersion of the CNCs in the PEB matrix has been evaluated by 

means of TEM (Figure 7). As can be seen, the sample containing 2.5 wt% CNCs shows 

evenly distributed fine black spots that, according to the observed sizes, can be 

attributed to both single CNCs and to small CNC aggregates. Anyway, the PEB/CNC 

composite containing 2.5 wt% CNCs shows a good overall dispersion quality. In 

addition to the finely dispersed CNCs, the systems containing 5 and 10 wt% CNCs also 

show the occurrence of large aggregates, indicating some degradation of the dispersion 

quality. This phenomenon is frequently observed above certain composition (Roy, et al., 

2018), and most probably explains the loss of Young’s modulus observed in Figure 3 

for the composite containing 5 wt% CNCs (relative to the one containing 2.5 wt% 

CNCs). The observed dispersion degradation should result in mechanical properties 

below the theoretical expectations (Germiniani, da Silva, Plivelic, & Gonçalves, 2019). 

 

 

 

 

(PEB) 
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Figure 7.  TEM images of neat PEB and PEB/CNC composites containing 2.5, 5 

and 10 wt% CNC with magnification 3500x (left, 2 μm scale bar) and 6500x (right, 1 

μm scale bar). 

(2.5 %) 

(5 %) 

(10 %) 

ACCEPTED M
ANUSCRIP

T



23 

 

4. Conclusions 

 

The addition of CNCs to PEB results in Polymer Nanocomposites (PNCs) with 

interesting mechanical properties. Addition of CNCs below the percolation threshold 

(CNC contents about 2.5 wt%) improves all the measured mechanical properties, 

including Young modulus, yield stress, stress at break and strain at break. The material 

improves both resistant and toughness properties. This combination is not easy to 

achieve, since the addition of CNCs to thermoplastic polymers usually increases the 

resistant properties at the expense of the ductility of the sample (Habibi, Lucia, & Rojas, 

Cellulose Nanocrystals: Chemistry, Self-Assembly, and Applications, 2010,). The good 

combination of overall properties is attributable to the presence of a PEB-rich 

continuous phase responsible for the excellent plastic properties of the materials. In 

addition, grafting reactions occurring during the melt processing step might also 

contribute to the good cohesion between matrix and reinforcement.  

 

At higher CNC contents, the CNCs do not achieve an even dispersion, and form a rigid 

percolating network, resulting from the strong interactions between them. Hence, the 

reinforcing efficiency decreases. In addition, the domain interconnectivity decreases 

progressively with the addition of CNCs, and the morphology of the PEB-rich matrix 

turns gradually from continuous to biphasic with unconnected domains, resulting in a 

decrease of the ductility of the samples. Nevertheless, most of the strain a break is 

retained for samples containing up to 20 wt% CNCs, resulting in PNCs containing high 

reinforcement loads with good overall properties. On the other hand, the Young 

modulus increases continuously with the addition of CNCs within the composition 

range investigated in this work (up to 50 wt% CNCs). 

 

Finally, the presence of PEB affects slightly the thermal stability of the CNCs, reducing 

their degradation temperature to about 250 °C. This result should be taken into account 

during processing operations. 
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