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ABSTRACT

Cellulose nanocrystal (CNC) incorporation in polymeric matrices is an envi-

ronmentally friendly approach to mechanical reinforcement. In general, signif-

icant mechanical reinforcement can only be achieved by means of good CNC

dispersion at random orientation. These primary characteristics are even more

relevant for the preparation of nanocomposites based on hydrophobic matrices,

such as poly(e-caprolactone) (PCL). A straightforward approach to improve

CNC dispersion in hydrophobic matrices is their surface modification. How-

ever, this extra step is usually complex and often impairs particle–particle

interactions, which are also key to mechanical reinforcement. In this work,

poly(e-caprolactone)/neat cellulose nanocrystal nanocomposites were prepared

by a specific procedure that combined solvent exchange and solvent casting

methodologies, avoiding the use of any additives or chemical modification.

These nanocomposites were investigated in terms of the CNC percolation net-

work formation and its effect on the overall mechanical properties. The results

showed that significant mechanical reinforcement was obtained, reaching a

155% Young’s modulus increase at 25 wt% CNC content. TEM showed a per-

colated network in the PCL/CNC25 nanocomposite. In terms of morphology

and nanostructure, increasing CNC concentration also promoted a reduction in

PCL spherulite size and lamellar thickness. These results pointed out to CNC

preferential localization in the interfibrillar region. In conclusion, the solvent

exchange methodology presented herein led to mechanically reinforced PCL/

CNC nanocomposites with small crystalline domains intertwined with a per-

colated CNC network.
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Introduction

Cellulosicnanoparticles, suchas thecellulosenanocrystals

(CNCs), have well-known potential as an alternative

reinforcementagent forpolymers,due to theirabundance,

low density, biodegradability and excellent mechanical

properties [1, 2]. Similar to other nanoparticles, the main

drawback for CNC nanocomposite preparation is to

optimize dispersion, in order to reach an appropriate

balance between particle–matrix and particle–particle

interactions [1]. To address this challenge, in the past

manystrategieshavebeenproposed in the literature, such

as surface chemical modification [3–9], surfactant assis-

tance [10, 11] and other additives incorporation [12, 13].

In terms of preparation techniques, both solvent

casting and thermomechanical processing have been

extensively used [1, 14, 15]. For solvent-based

nanocomposite preparation, the main difficulty is to

find a viable solvent to combine CNC, which is

hydrophilic, with hydrophobic polymeric matrices.

On the other hand, for thermomechanical processing,

even in the case where good dispersion is obtained,

poor mechanical reinforcement is frequently repor-

ted. According to literature [14, 15], this might be a

result of CNC shear alignment, which is a conse-

quence of the most common thermomechanical pro-

cessing techniques. Alignment is an obstacle for CNC

percolation phenomena, which has been pointed out

as the main mechanism in the CNC reinforcement

effect, since the pioneer studies of Favier et al.

[14, 16, 17].

In the percolation phenomena, randomly dis-

tributed fillers form an interconnected network,

which is responsible for the increase in nanocom-

posite mechanical stiffness [18, 19]. The percolation

network is held together by interactions between the

dispersed particles (i.e., fillers) [1, 19]. In the CNC

case, these interactions are due to hydrogen bonding

[17]. To allow the percolation network formation, a

minimum CNC content is required as well as random

CNC distribution and orientation [1, 17–19]. This

minimum content is denominated the percolation

threshold (/c), which is expressed in volume fraction

and is usually estimated by the equation proposed by

Favier et al. [20]:

/c ¼
0:7
L=d

ð1Þ

where L/d is the nanoparticle aspect ratio.

Poly(e-caprolactone) (PCL) is a synthetic biopoly-

mer whose flexibility and biodegradability make it a

promising candidate for forming nanocomposites

with CNC [3, 5]. Aiming to achieve improvement in

the polymer properties, PCL/CNC nanocomposites

have already been prepared by using various differ-

ent methods [3, 5, 21–24]. In terms of mechanical

properties, nearly all the studies explored the solvent

casting methodology, due to the fact that this method

exhibits higher reinforcement effect than the ther-

momechanical processing [14].

Neat CNC nanocomposites, in general, have lower

mechanical reinforcement than surface-modified

CNC nanocomposites obtained by analogous prepa-

ration methods, due to improved particle–matrix

adhesion [3, 5, 21]. Consequently, literature reports

that Young’s modulus improvements greater than

50% were only achieved by using surface-modified

CNC [3–5, 21]. As an example, the works of Habibi

et al. [5], Hassan et al. [4] and Siqueira et al. [3, 21]

showed large PCL reinforcement values, which were

around 150%. According to the authors, this behavior

is related to the good dispersion of the modified CNC

in the PCL matrix [3, 4, 21], as well as to the better

particle–matrix interactions [4, 5, 21].

Nevertheless, the CNC surface chemical modifica-

tion may impair particle–particle interaction, hin-

dering the percolation network formation. Therefore,

if percolation is in fact the main mechanism for CNC

mechanical reinforcement, as proposed by Favier

et al. [17], and it relies on the strong interaction in

between adjacent CNC particles, other strategies that

favor CNC dispersion, especially in hydrophobic

matrices, have to be investigated. One approach,

reported by Siqueira et al. [25], is to prepare a phys-

ical CNC organogel and then mix it with a polymer

solution. Other authors reported the use of water-

organic solvent exchange to improve dispersion prior

to CNC chemical modification [3, 5, 26]. It is impor-

tant to point out that, in these works, the solvent

exchange methodology is used as a means to improve

CNC chemical modification efficiency, while herein

this methodology was used as a straightforward

approach to improve neat CNC dispersion in the

polymer solution.

Therefore, in the present study an alternative

methodology to achieve CNC percolation in PCL

matrix, avoiding the use of any additives or chemical

modification, was investigated. PCL/CNC

nanocomposites were prepared by the combination
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of solvent exchange and solvent casting methods.

Mechanical properties were investigated in order to

evaluate the potential to promote mechanical rein-

forcement. The morphology of the nanocomposites

was examined by transmission electron microscopy

(TEM) and small angle X-ray scattering (SAXS)

techniques. Finally, the correlation between mor-

phology and mechanical properties was addressed in

the context of the percolation network formation.

Experimental

Materials

PCL (100 kg mol-1) was purchased from Scientific

Polymers (Ontario, USA). A wood pulp-extracted

CNC dispersed in aqueous suspension at an 11 wt%

concentration was acquired from the University of

Maine (Orono, USA) and used without further

purification. THF (Synth, São Paulo, Brazil) was used

as received.

Solvent exchange

CNC aqueous suspension was submitted to a solvent

exchange procedure, using THF as solvent, in order

to obtain a CNC organic dispersion. Initially, the

aqueous suspension was diluted with deionized

water and subsequently with THF, in order to obtain

a 4.7 wt% CNC suspension in a solvent mixture

containing 60 wt% THF. Afterward, a fractionated

THF addition was carried out until 85 wt% THF was

achieved. After each dilution, the dispersions were

homogenized by vigorous mechanical stirring fol-

lowed by ultrasonication (81 W, 40 kHz) for 7 min.

This process was designed to promote a smooth

transition from CNC aqueous suspension to an

organic solvent dispersion (Supplementary Material

S1).

After the final dilution, the dispersion (1.7 wt%

CNC) was homogenized by ultrasonication and then

centrifuged for 10 min at 4000 rpm. The resulting

precipitate was then washed repeatedly using THF.

The supernatant was removed and substituted for

pure THF. The dispersion was homogenized and

then centrifuged. These steps were repeated three

more times to obtain the final CNC organic

dispersion.

Solvent casting

PCL was dissolved in THF at room temperature.

Afterward, the CNC organic dispersion was added to

the PCL solution and left to stir for 24 h. The final

dispersion was transferred to Petri dishes and the

solvent was removed at room temperature, under

constant nitrogen flow. Further details about the

precursor dispersion compositions are presented in

Table 1. Different PCL/THF mass ratio values were

used to prepare precursor mixtures, in order to

qualitatively preserve the dispersion viscosity.

Transmission electron microscopy (TEM)

CNC samples were prepared by drying a 5 lL dro-

plet of a 0.01 mg mL-1 aqueous suspension over a

copper grid coated with ultrathin carbon film.

Nanocomposite samples of approximately 50 nm

thick were obtained in a cryoultramicrotome Ultracut

FC6 (Leica Reichert) using a diamond knife at a

- 120 �C temperature. Sample staining with 2 wt%

uranyl acetate was used to enhance image contrast.

Micrographs were obtained in a JEM 1400 plus

microscope (JEOL), operating at a 120-kV acceleration

voltage. The images were recorded using a One View

camera (Gatan). CNC dimensions were determined

from the TEM images (ImageJ software).

Small angle X-ray scattering (SAXS)

SAXS measurements were carried out at the D01B-

SAXS1 beamline of the Brazilian Synchrotron Light

Laboratory (LNLS-CNPEM) using a monochromatic

X-ray beam, k = 0.1544 nm, with point collimation.

The samples were measured at room temperature

Table 1 Nanocomposite compositions and PCL/THF mass ratios

Material PCL CNC PCL/THF mass ratio

wt% wt%

PCL 100 0 0.111

PCL/CNC5 95 5 0.092

PCL/CNC10 90 10 0.087

PCL/CNC15 85 15 0.082

PCL/CNC20 80 20 0.078

PCL/CNC25 75 25 0.073

PCL/CNC30 70 30 0.068

PCL/CNC40 60 40 0.049
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using 180 s exposure time. The data were recorded

using a Pilatus 300 K hybrid pixel X-ray detector

(Dectris) at a 832 mm sample-detector distance. In

this configuration, the scattering vector range (q-

range) was 0.2 to 5 nm-1, where q = (4p/k) sin(h) and
2h is the scattering angle. Silver behenate was used as

standard. In addition to room temperature measure-

ments, temperature-controlled experiments were

conducted in a THMS600 hot stage (Linkam). Sam-

ples were first kept at 25 �C for 5 min, heated at

10 �C min-1 to 90 �C and then maintained at this

temperature for 5 min. Measurements were only

taken at 25 �C and 90 �C, during the isotherms.

The two-dimensional SAXS data were corrected by

the transmitted intensity and the scattering of an

empty cell. Azimuthal average was performed with

the FIT2D software [27]. Considering that the PCL

semicrystalline morphology at the nanoscale is

mainly lamellar [28–30], one-dimensional correlation

functions were calculated, using the SAXSDAT soft-

ware [31]. CNC and amorphous PCL (molten state)

contributions to the scattering intensity were

removed (from the SAXS data) prior to using SAXS-

DAT software. At the scattering curves, no significant

particle–particle interaction was observed at higher

CNC contents. All further mathematical operations

and data fitting were carried out using

Origin(R) software.

Differential scanning calorimetry (DSC)

DSC analyses were performed in a DSC Q2000 (TA

Instruments) equipment, using approximately 5 mg

samples in flat aluminum pans. The samples were

heated from 25 to 100 �C and cooled to - 20 �C with

a 5-min isotherm in between. Analyses were carried

out under argon atmosphere using a 20 �C min-1

heat transfer rate.

To calculate the degree of crystallinity, the follow-

ing equation was used:

v ¼ DHm

DH100%
m � 1� wCNCð Þ ð2Þ

where DHm is the melting enthalpy, DHm
100% is the

enthalpy of 100% crystalline PCL (142 J g-1 [32, 33]),

and wCNC is the CNC mass fraction.

Dynamical mechanical analysis (DMA)

DMA was carried out in a DMTA V (Rheometric

Scientific) equipment in axial tension–compression

mode with a 1.0-Hz frequency and a 0.014% ampli-

tude. A - 120 to 40 �C temperature range and a

2 �C min-1 heating rate were used. Rectangular sec-

tions of 20 9 5 9 0.3 mm were analyzed.

Mechanical properties

Tensile tests were performed based on the ASTM

D882-10. At least five test specimens of each sample

were submitted to tensile tests in a EMIC 23–20

testing machine (INSTRON) equipped with a 5000 N

load cell, using a 10 N preloading and a

150 mm min-1 crosshead speed. Test specimens

were 10-mm wide and 100-mm-long strips.

Results and discussion

Cellulose nanocrystals

The CNC morphology was characterized by TEM. A

micrograph, showing the needle-like shape, which is

characteristic of the cellulosic nanoparticles, is pre-

sented in Fig. 1. The appearance of bright spherical

regions in the micrograph is a direct consequence of

staining. Average values for CNC length and

Figure 1 TEM micrograph of CNC.
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diameter were found to be 130 ± 50 nm and

7 ± 2 nm, respectively. These values were obtained

from 730 measurements, which also provided a

19 ± 8 average aspect ratio. Using this aspect ratio, a

0.037 percolation threshold was calculated by Eq. (1),

which corresponds to approximately 5 wt% CNC

content in the nanocomposites. The average aspect

ratio, determined from TEM images, is similar to

some values previously reported in the literature for

the nanocrystals from the same supplier [34],

although different aspect ratio and/or dimensions

values were also reported [13, 35, 36]. These differ-

ences can be due to several factors, such as sample

preparation and characterization techniques or even

to batch variations.

Based on SAXS data from the nanocomposite films

in the amorphous state, a 4.0 ± 1.2 nm CNC diame-

ter was determined by fitting a cylindrical form factor

to the scattering data (Supplementary Material S2).

This value is smaller than the one calculated from

TEM (7 ± 2 nm), which can be due to the negative

staining used on the TEM characterization. In terms

of dimension measurements, the relative error

resulting from negative staining is much higher for

the diameter than for the length. Hence, the aspect

ratio obtained from TEM analysis can be underesti-

mated, which leads to an overestimated percolation

threshold (see Eq. 1).

Additional results for the CNC characterization

can be found in the Supplementary Material S3 and

S4. FTIR analysis was used to confirm the presence of

sulfate groups [37] in the CNC surface, which is a

result of the sulfuric acid hydrolysis during CNC

production [1] (Supplementary Material S3). A 75%

crystallinity index value was calculated by the Segal

method [38], based on XRD measurements (Supple-

mentary Material S4). Two types of crystalline

structures, Cellulose I and Cellulose II, were identi-

fied [39].

Nanocomposite thermal and mechanical
properties

PCL/CNC nanocomposites, obtained by the combi-

nation of solvent exchange and solution casting, were

opaque and uniform. (Photographs of the nanocom-

posite films are shown in Supplementary Material

S5.) At the precursor dispersions, shown in Fig. 2, no

evidence of CNC sedimentation was observed. This

is an indication that the gradual solvent transition

from water to THF led to uniform CNC dispersion in

the PCL solution, in comparison with dispersions

prepared from freeze-dried CNC. It also indicated

that the solvent exchange dispersion presented

appropriate stability under the solvent casting con-

ditions. To confirm this, the precursor dispersions

were observed over time (Fig. 2). The solvent

exchange procedure resulted in a kinetically

stable dispersion and, consequently, no CNC sedi-

mentation was observed during film casting. In con-

trast, the dispersions from freeze-dried CNC showed

sedimentation after 72 h at rest.

DSC results are summarized in Table 2. (Curves

are presented in Supplementary Material S6.) The

degree of crystallinity, X, which was 65% on average,

showed no significant variations as a function of the

CNC content. Moreover, the degrees of crystallinity,

Figure 2 Precursor dispersion stability over time. Dispersions

were prepared using freeze-dried CNC (FD) and solvent exchange

procedure (SE).

Table 2 Thermal properties for neat PCL and PCL/CNC

nanocomposites obtained from DSC analysis

Material V (%) Tm Tc,onset

�C �C

PCL 65 67 34

PCL/CNC5 65 65 41

PCL/CNC10 65 65 42

PCL/CNC15 66 64 42

PCL/CNC20 62 64 41

PCL/CNC25 66 63 41

PCL/CNC30 65 62 41

X and Tm are the DSC degree of crystallinity and melting

temperature, respectively. Tc,onset is the cooling onset

crystallization temperature
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X observed herein are higher than those previously

reported in the literature for similar PCL/CNC

nanocomposites, however, with smaller PCL molec-

ular weight [3, 5]. In contrast, the PCL crystallization

temperature exhibited an increase of approximately

7 �C for the nanocomposites in relation to neat PCL,

regardless of the CNC content. This can be due to a

CNC nucleating effect on PCL crystallization [23, 24].

The DSC results also showed a progressive reduction

of the PCL melting temperature with an increase in

the CNC content, changing from 67 �C (neat PCL) to

62 �C (PCL/CNC30 nanocomposite). This behavior

can be attributed to a reduction in the average

lamellar thickness of the PCL crystalline phase [40].

Figure 3 shows the DMA results for PCL, PCL/

CNC5 and PCL/CNC25 nanocomposite films. The

normalized loss modulus curves (Fig. 3b) show two

transitions: a secondary relaxation at around - 90 �C
and an a relaxation, close to - 50 �C, the latter cor-

responding to PCL glass transition. No variation of

the PCL glass transition temperature was observed

due to CNC presence. Nevertheless, CNC addition

produced broader glass transition peaks, as can be

seen in Fig. 3b. This behavior is attributed to mate-

rials with a wide range of relaxation times [41], which

in this case is due to the presence of CNC that

increases the nanocomposite microheterogeneity.

The CNC reinforcement effect on the PCL matrix is

visible in the DMA storage modulus results (Fig. 3a)

for PCL/CNC nanocomposites, at temperatures

above glass transition. However, more conclusive

results were extracted from the tensile tests described

below. Figure 4 shows Young’s modulus and tensile

strength as a function of the CNC weight content.

Both mechanical properties exhibited an initial

reduction with the addition of CNC, when compared

to neat PCL. The reduction in tensile strength for

PCL/CNC5 nanocomposite is expected, because of

the weak interactions between the CNC hydroxyl

groups and PCL carbonyl groups and, consequently,

to low adhesion at the particle–matrix interface

[3, 4, 21]. However, the nanocomposites regain tensile

strength with increasing CNC content. This result can

be due to the percolation network contribution to the

tensile strength, which in turn is due to the increase

in particle–particle interaction density. In terms of

Young’s modulus, the value is also lower for the

5 wt% CNC content in the nanocomposite, compared

to neat PCL. Increasing the CNC content, a continu-

ous increase in Young’s modulus is observed. The

highest mechanical reinforcement was observed for

the PCL/CNC25 nanocomposite, which represents a

155% modulus increase in relation to neat PCL.

The CNC percolation network is thought to be

formed by a random arrangement of contacting CNC.

In their mathematical modeling, Shishehbor et al. [42]

discuss the contribution of different interaction forces

for a single CNC elastic modulus and show that the

longitudinal modulus, which is usually used to rep-

resent the CNC modulus, is due to the modulus of

individual cellulose chains. Conversely, the inter-

chain hydrogen bonding within the transversal

Figure 3 Normalized storage

(a) and loss (b) moduli of neat

PCL, PCL/CNC5 and PCL/

CNC25 nanocomposites.

J Mater Sci (2019) 54:414–426 419



direction has little contribution to the CNC overall

modulus. Considering that the hydrogen bonding is

the strongest interaction responsible for the CNC

contacts [17], it is expected that the percolation net-

work modulus should be lower than the modulus of

a single CNC particle. Even though the hydrogen

bonding contribution to the overall network modulus

is small, it is key to the load transfer in between

contacting particles and, therefore, is the main reason

for the elevated nanocomposite Young’s modulus

found herein.

Considering the data reported in the literature,

comparable reinforcement was only observed by

Habibi et al. [5] and Siqueira et al. [21], however,

using surface-modified CNC. Both authors reported

reinforcements below 50% when neat CNCs were

used for comparison [5, 21]. For neat CNC

nanocomposites, the literature only shows lower

reinforcements values than the ones found herein. It

is also relevant to mention that the majority of these

studies concern CNC aspect ratio at least two times

higher than the employed in this work.

The above comparison clearly shows the effec-

tiveness of the good nanoparticle dispersion,

obtained by this solvent exchange methodology, on

the improvement of the PCL/CNC nanocomposite

mechanical properties. In spite of the low adhesion

between the nanocrystal and the polymer matrix, the

use of neat CNC allowed the formation of particle–

particle interactions through hydrogen bonding and

consequently percolation network formation.

To further evaluate the percolation network for-

mation, the Ouali–Takayanagi equation [16, 43, 44]

was used estimate the Young’s modulus (E) as a

function of the CNC volume fraction (/), as follows:

E ¼ 1� 2tþ t/ð ÞEmEr þ 1� /ð ÞtE2
r

1� /ð ÞEr þ /� tð ÞEm

ð3Þ

where the t parameter represents the volume fraction

of the rigid phase that contributes to the rigidity of

the material [44], and Er and Em correspond to the

modulus of the rigid phase and the matrix, respec-

tively. On the basis of the percolation concept, the

dependence of the t parameter with CNC volume

fraction is given by:

t ¼
0 0�/�/c

/
/� /c

1� /c

� �b

/c\/\1

8<
: ð4Þ

where /c is the percolation threshold and b is the

percolation exponent. The percolation exponent

value of 0.4 is normally used [17, 19, 20, 44, 45],

considering the theoretical results derived by Stauffer

and Aharony [46] and De Gennes [47] for three-di-

mensional percolating systems. In this work, Em was

obtained from the tensile tests shown Fig. 4, while Er

and /c were used as fitting parameters.

Figure 5 shows Young’s modulus data (from

Fig. 4) as a function of CNC volumetric fraction,

plotted against a percolation model. In this work, the

Ouali–Takayanagi, Eq. (3), was used. The overall

Figure 4 Young’s modulus and tensile strength as function of the

CNC weight content for the PCL/CNC nanocomposites.

Figure 5 Young’s modulus data as a function of the CNC volume

fraction (square dots) and Ouali–Takayanagi model fitting (solid

line).
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fitting of data is good, and provided the Er and /c

values: 4020 MPa and 0.040, respectively. The Er

value, which represents the modulus of the CNC

percolation network, is much lower than the typical

values reported for either CNC [42, 48] or cellulose

[49]. As discussed above, this is expected since the

network is thought to be formed by contacting CNC.

The /c value of 0.04 is in agreement with the 0.037

value calculated from the TEM results and Eq. (1). In

addition, the smooth transition in the percolation

threshold has also been verified by others and is due

to CNC low aspect ratio [45]. Therefore, it is possible

to conclude that Eq. (1) is suitable to describe the

percolation threshold of PCL/CNC nanocomposites.

Nanocomposite morphology
and nanostructure

Figure 6a–c shows low magnification micrographs of

neat PCL, PCL/CNC5 and PCL/CNC25

nanocomposites, respectively. In these images, a

typical semicrystalline polymer morphology is

observed [28]. However, a difference in the contrast

patterns can be noticed, when comparing these

micrographs, which is related to a mean spherulite

size reduction with the CNC content increase. This

size reduction is not only due to the nucleation effect,

but also to the hindering of lamellar growth caused

by the particle barrier effect.

At higher magnification, the PCL/CNC25

nanocomposite presented a clear contrast of the

nanoparticles within the polymer matrix (Fig. 6d).

The CNC showed good dispersion and random dis-

tribution. In addition, it can be noted that the

nanoparticles exhibited a certain degree of alignment

in localized regions, which is consistent with the

CNC distribution between the PCL fibrils. This

morphological characteristic had no significant

influence on the CNC large-scale orientation, which

was random. Therefore, the overall CNC distribution

Figure 6 TEM micrographs

of neat PCL (a), PCL/CNC5

(b) and PCL/CNC25 (c,

d) nanocomposites at different

magnifications. Yellow and

white arrows point to needle-

like CNC perpendicular and

parallel to the image plane,

respectively.
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characterized a three-dimensional network within the

polymer matrix, i.e., the percolation network. Com-

plementary images at higher magnifications for PCL

and nanocomposites are presented in the Supple-

mentary Material S7. The CNC localization in the

PCL/CNC5 is not as clear as in the case of PCL/

CNC25, due to the staining hindrance caused by the

fact that CNCs are isolated within a highly

hydrophobic matrix.

The SAXS characterization of the nanocomposites

was carried out in order to investigate the CNC dis-

tribution in the polymer matrix and its impact in the

PCL lamellar parameters. Figure 7 shows the two-

dimensional SAXS images of neat PCL and PCL/

CNC5 at room temperature as well as the amorphous

state (90 �C). The amorphous state is analyzed in

order to depict only the features rising from the

contrast between crystalline CNC and the amorphous

polymeric matrix. Despite a slightly asymmetric

pattern for neat PCL (Fig. 7a), all pictures can be

considered isotropic, since the scattering intensity

showed no significant dependence on the azimuthal

angle. Therefore, it was possible to confirm that

CNCs are randomly distributed throughout the PCL

matrix, in both crystalline (Fig. 7b) and amorphous

states (Fig. 7c).

Figure 8 shows one-dimensional SAXS curves for

neat PCL and PCL/CNC nanocomposites after sub-

tracting the contribution of the CNC nanoparticles to

the scattering signal. The original SAXS curves are

reported in the Supplementary Material S8.

The PCL SAXS curve shown in Fig. 8 presents a

clear main peak at around qmax = 0.42 nm-1, which

can be attributed to the characteristic periodicity of

the lamellar stacks (long period, L) of the PCL

semicrystalline morphology. This parameter can be

estimated from SAXS curves as L = 2p/qmax and is

approximately 15 nm for the neat PCL. A second-

order bump can be noted for higher q; however, it

became less apparent at higher CNC content.

Another effect of CNC content increase is the pro-

gressive shift of the main peak to higher q values.

This is a clear indication that CNC promoted mor-

phological alterations in the polymer matrix

nanostructure.

In order to obtain further details of the CNC con-

tent effect on the PCL matrix, the one-dimensional

correlation functions were calculated as defined

below [30, 31]:

K rð Þ ¼ r
1

0

I qð Þq2 cos rqð Þdq ð5Þ

where r is the distance in Å. The one-dimensional

correlation functions are presented in Fig. 9. From

Figure 7 Two-dimensional scattering data for PCL at 25 �C (a),

PCL/CNC5 nanocomposite at 25 �C (b) and PCL/CNC5

nanocomposite at 90 �C (c).

Figure 8 SAXS intensity as a function of the scattering vector for

the neat PCL and PCL/CNC nanocomposite films.
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these correlation functions, average values for the

long period (L), the lamellar thickness (lc), the inter-

lamellar amorphous thickness (la) and the linear

degree of crystallinity within the lamellar stacks,

which is defined as Vlc = lc/L, may be obtained.

These parameters are reported in Fig. 10 as a function

of the CNC weight content. The parameter’s

estimated errors are smaller than the symbol sizes.

Further details on the calculations are provided in the

Supplementary Material S8.

The results in Fig. 10b show that the CNC addition

promoted a progressive reduction in the long period

from 13.6 to 11.3 nm. The PCL lamellar thickness

values also decreased with the CNC content, from 8.4

to 6.4 nm. This decrease is in agreement with the DSC

results, where a melting temperature reduction was

observed as a function of the CNC content. Melting

temperature reduction is related to lamellar thickness

reduction [40] and is irrespective of the CNC nucle-

ation effect reported earlier (Table 2). The former is

dependent on composition, while the latter is not.

This is an indication that these results are due to

distinct phenomena. Thinner lamellae formation may

be caused by polymer chain mobility reduction and

confinement, which in turn can be due to CNC

presence. The latter is also responsible for hindering

the lamellar growth, causing spherulite size reduc-

tion (Fig. 6).

Moreover, the interlamellar amorphous region

thickness (Fig. 10b) was roughly constant, for all

nanocomposite compositions, with a 5.2 nm average

value. Comparing the amorphous region thickness

with the CNC diameter, it can be concluded that the

nanoparticles can hardly be trapped between PCL

lamellae during the crystallization process. Therefore,

CNC can only be located outside the polymer crys-

tallites, i.e., in between the PCL fibrils and/or the

interspherulitic amorphous region.

In relation to the linear degree of crystallinity

(Fig. 10a), the obtained values were around 60% and

roughly constant with the CNC content. On the other

hand, the difference observed between the linear

degree of crystallinity (obtained by SAXS) and the

degree of crystallinity (obtained by DSC) is small;

however, it is expected [28, 50]. Based on this, it can

be concluded that the amorphous phase outside the

spherulites was scarce, and therefore, it can be con-

sidered that the nanocrystals were mainly distributed

in the interfibrillar regions. Finally, the variations of

PCL lamellar parameters are due to the CNC effect

on the polymer crystallization processes during film

formation. Although these changes are significant

from a morphological point of view, it is not possible

to relate them to mechanical reinforcement, which

was mainly attributed to the CNC percolation net-

work formation.

Figure 9 Normalized one-dimensional correlation functions for

neat PCL and PCL/CNC nanocomposite films.

Figure 10 PCL linear degree of crystallinity (a) and average

lamellar parameters (b) as a function of CNC weight content.
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Conclusions

The solvent exchange strategy proposed in this work

provided a suitable alternative to the CNC chemical

modification in the preparation of uniform PCL/

CNC nanocomposites and showed expressive

mechanical reinforcement. The nanocomposites pro-

duced herein exhibited up to a 155% Young’s mod-

ulus increase. The mechanical behavior of the

nanocomposites is in good agreement with the

Ouali–Takayanagi percolation model, which showed

a 4.02 GPa percolation network modulus.

The combination of TEM and SAXS provided clear

insights on the nanocomposite structure and mor-

phology. The nanocomposites presented good CNC

dispersion and distribution, allowing the percolation

network formation, which was clearly shown in the

PCL/CNC25 nanocomposite. SAXS results showed a

reduction in the size of the lamellar stack and the

lamellae thickness as a function of the CNC content,

which is in good correlation with the spherulite size

reduction and melting point depression observed in

TEM and DSC results, respectively. Based on these

findings, it is proposed that the CNCs were prefer-

entially located in the PCL interfibrillar amorphous

regions. In conclusion, the solvent exchange

methodology developed in this work has proven to

be useful for the preparation of mechanically rein-

forced PCL/neat CNC nanocomposites.

Supplementary material

CNC characterizations: CNC dispersion stability in

water-THF mixtures, SAXS characterization results

and description, FTIR spectrum and description, and

XRD results and description. PCL and nanocompos-

ite characterizations: photographs of the films, DSC

curves, SAXS curves and details on data processing,

and TEM images.
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[10] Ljungberg N, Cavaillé JY, Heux L (2006) Nanocomposites

of isotactic polypropylene reinforced with rod-like cellulose

whiskers. Polymer 47:6285–6292

[11] Mariano M, Pilate F, De Oliveira FB, Khelifa F, Dubois P,

Raquez JM, Dufresne A (2017) Preparation of cellulose

nanocrystal-reinforced poly(lactic acid) nanocomposites

through noncovalent modification with PLLA-based surfac-

tants. ACS Omega 2:2678–2688

[12] Meesorn W, Shirole A, Vanhecke D, De Espinosa LM,

Weder C (2017) A simple and versatile strategy to improve

the mechanical properties of polymer nanocomposites with

cellulose nanocrystals. Macromolecules 50:2364–2374

[13] Nagalakshmaiah M, Pignon F, El Kissi N, Dufresne A

(2016) Surface adsorption of triblock copolymer (PEO–

PPO–PEO) on cellulose nanocrystals and their melt extru-

sion with polyethylene. RSC Adv 6:66224–66232

[14] Dufresne A (2008) Polysaccharide nanocrystal reinforced

nanocomposites. Can J Chem 86:484–494

[15] Oksman K, Aitomäki Y, Mathew AP, Siqueira G, Zhou Q,

Butylina S, Tanpichai S, Zhou X, Hooshmand S (2016)

Review of the recent developments in cellulose nanocom-

posite processing. Compos Part A Appl Sci Manuf 83:2–18

[16] Favier V, Canova GR, Cavaillé JY, Chanzy H, Dufresne A,
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