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Abstract: The hydrophilicity of cellulose nanocrystals (CNCs) is a major challenge for their processing
with hydrophobic polymers and matrices. As a result, many surface modifications have been proposed
to hydrophobize CNCs. The authors showed in an earlier study that grafting alcohols of different
chain lengths onto the surface of CNCs using toluene diisocyanate (TDI) as a linker can systematically
hydrophobize CNCs to a water contact angle of up to 120◦ depending on the alcohol chain length.
Then, the hydrophobized CNCs were used to mechanically reinforce poly(butylene succinate) (PBS),
which is a hydrophobic polymer. As a result of hydrophobization, PBS/CNCs interfacial adhesion
and the composite mechanical properties significantly improved with the increasing CNC contact
angle. Continuing on these results, this paper investigates the impact of CNC surface properties on
the crystallization behavior of PBS using differential scanning calorimetry (DSC). The results showed
that the crystallization temperature of PBS increased from 74.7 ◦C to up to 86.6 ◦C as a result of CNC
nucleation activity, and its value was proportionally dependent on the contact angle of the CNCs.
In agreement, the nucleation activity factor (φ) estimated using Dobreva and Gutzow’s method
decreased with the increasing CNC contact angle. Despite the nucleation action of CNCs, the rate
constant of PBS crystallization as estimated using the Avrami model decreased in general as a result
of a prevailing impeding effect. This decrease was minimized with increasing the contact angle of the
CNCs. The impeding effect also increased the average activation energy of crystallization, which was
estimated using the Kissinger method. Moreover, the Avrami exponent (n) decreased because of CNC
addition, implying a heterogeneous crystallization, which was also apparent in the crystallization
thermograms. Overall, the CNC addition facilitated PBS nucleation but retarded its crystallization,
and both processes were significantly affected by the surface properties of the CNCs.

Keywords: cellulose; nanocrystals; modification; poly(butylene succinate); crystallization; kinetics

1. Introduction

Cellulose nanocrystals (CNCs) are rod-shaped nanoparticles with a thickness of 3–10 nm and a
length of few hundreds of nanometers [1]. They can be extracted from pulp fibers, microcrystalline
cellulose, and wood using a variety of reagents including strong acids, bases, oxidizing agents,
and ionic liquids [2–4]. CNCs have shown great potential in a wide range of applications due to their
advantageous mechanical properties, high surface area, biocompatibility, and biodegradability [5,6].
Furthermore, the possibility to modify their surfaces has led to CNCs with a wide range of surface
properties and functionalities [7,8]. Due to their mechanical strength, CNCs have often been used
to reinforce synthetic and bio-based polymers [9–11]. One main obstacle is the poor interfacial

Crystals 2020, 10, 196; doi:10.3390/cryst10030196 www.mdpi.com/journal/crystals

http://www.mdpi.com/journal/crystals
http://www.mdpi.com
https://orcid.org/0000-0001-9347-4261
http://www.mdpi.com/2073-4352/10/3/196?type=check_update&version=1
http://dx.doi.org/10.3390/cryst10030196
http://www.mdpi.com/journal/crystals


Crystals 2020, 10, 196 2 of 13

adhesion between CNCs and their matrices, which results in weak interfaces and reduced mechanical
reinforcement [12,13].

Most of the commonly used polymers such as polyolefins are hydrophobic, while CNCs are
hydrophilic. Two main approaches have been used to overcome this issue. One approach relies on
the use of compatibilizers or coupling agents such as maleic anhydride-grafted-polyethylene (MAPE)
for nanocellulose/polyethylene composites [14,15]. The other approach reduces the hydrophilicity of
CNCs by reacting the surface hydroxyls with a variety of hydrophobic chemicals through relatively
simple reactions such as acetylation and carbanilation or through grafting bulkier chemicals and
polymers [16–18]. In a previous report by the authors, the surface properties of CNCs were tailored
by grafting alcohols of different chain lengths onto their whole surface (almost all available surface
hydroxyls, i.e., a degree of surface modification of ca. 100%) using 2,4-toluene diisocyanate (TDI) as
a linker (Figure 1) [19]. Four alcohols were explored: ethanol, 1-butanol, 1-hexanol, and 1-octanol.
As a result of this surface modification, CNCs with a tailored water contact angle of up to 120◦ were
prepared, which was a result of growing a hydrophobic shell around the CNCs. These modified CNCs
were used to reinforce poly(butylene succinate) (PBS), a hydrophobic polymer. The resultant composite
showed improved interfacial adhesion, which was dependent on the alcohol chain length as confirmed
by microscopic and thermomechanical investigations. This approach was proved to be simple for
tailoring the surface properties of CNCs by only varying the alcohol chain length. It is also expected to
improve the interfacial adhesion between CNCs and other hydrophobic matrices.
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Figure 1. Tailoring the hydrophilicity of cellulose nanocrystals (CNCs) by grafting alcohols of different
chain lengths on the CNC surface using toluene diisocyanate (TDI) as a linker.

PBS, which is produced by the polycondensation of succinic acid and butanediol, has shown
great potential in many applications including automotive and packaging industries due to its similar
properties to polyolefins and its advantageous biodegradability [20–23]. It still suffered some drawbacks
in terms of its mechanical and gas barrier properties and its slow crystallization [24]. In order to
modulate its properties, PBS has been processed with a variety of polymers, fibers, microparticles,
and nanoparticles including CNCs, starch nanocrystals, silicon nitride, carbon nanotubes, calcium
carbonate, etc. [25–27]. This resulted in significant changes in its mechanical, morphological, optical,
and thermal properties [28–32], which were strongly influenced by the size and distribution of the
generated spherulites upon PBS crystallization [33]. Therefore, the impact of many of these “modifiers”
on the crystallization kinetics of PBS has been isothermally and non-isothermally investigated using
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Avrami and Ozawa models and their combination [34,35]. In general, the modifiers or nanofillers
acted as nucleating agents, and their nucleation activity was dependent on their amount, size, and
morphology [36–38]. For instance, Filizgok et al. studied the influence of the shape of different
carbon-based nanoparticles on the crystallization kinetics of PBS and showed that carbon nanotubes
have a stronger nucleation activity than carbon black and fullerene [39].

This paper studies the crystallization kinetics of PBS upon the addition of CNCs of different
surface properties to shed more light on the impact of interfacial adhesion on the nucleation activity of
CNCs in PBS composites.

2. Materials and Methods

2.1. Materials

The CNC suspension with a solid content of 10.4% w/w was purchased from the University
of Maine, which was prepared following a sulfuric acid-mediated procedure. Ethanol, 1-butanol,
1-hexanol, 1-octanol, acetone, toluene, triethylamine (TEA), and chloroform were purchased from
VWR (Darmstadt, Germany) and stored over A3 or A4 molecular sieves, which were purchased from
Carl Roth (Karlsruhe, Germany) and regenerated before use. 2,4-toluene diisocyanate (2,4-TDI) was
purchased from TCI Chemicals (Eschborn, Germany) and bio-based poly(butylene succinate) was
purchased from PTTMCC (Bangkok, Thailand) (commercial name is BioPBSTM).

2.2. Hydrophobization of CNCs by Grafting Alcohols of Different Chain Lengths onto Their Surfaces

The CNCs were reacted with TDI following the method of Habibi and Dufresne after minor
modifications [40] and the optimum conditions suggested by Abushammala [41,42]. First, 9.6 g of 10.4%
CNC suspension (equivalent to 1.0 g of dried CNCs) was solvent-exchanged from water to anhydrous
acetone using a washing/precipitation procedure (three times) and then to anhydrous toluene using
the same procedure (twice). The precipitation was performed using a Sigma 3-16P centrifuge (5000
rpm for 30 min) (Sigma Laborzentrifugen, Osterode am Harz, Germany). After the final washing with
anhydrous toluene, the precipitated CNCs were transferred to a 100 mL round-bottom flask using
46.3 mL of anhydrous toluene. To them, 3.3 g of 2,4-TDI and 3.0 mL of triethylamine (TEA) as catalyst
were added. The reaction proceeded at 35 ◦C in a nitrogen environment. After 24 h, the reaction
mixture was centrifuged to isolate the TDI-carbamated CNCs (CNCs-TDI) from the unreacted TDI and
TEA. Then, the CNCs-TDI were washed three times with anhydrous toluene before transferred to 50
mL of anhydrous ethanol and stirred for 24 h at room temperature to allow a complete grafting of
ethanol onto the CNC surface. Then, the CNCs were collected by centrifugation and dried at 60 ◦C
under vacuum to a constant mass. The reaction was repeated to assure reproducibility. The reaction
was also performed using 1-butanol, 1-hexanol, and 1-octanol instead of ethanol to produced CNCs
with different surface properties. The produced CNCs are referred to in this paper as CNCs-TDI-Eth,
CNCs-TDI-But, CNCs-TDI-Hex, and CNCs-TDI-Oct, respectively. Following this procedure, almost
every CNC surface hydroxyl had an alcohol chain attached to it. This has been confirmed in a previous
paper by the authors [19].

2.3. Water Contact Angle Measurements

Powdered samples of the neat and modified CNCs were pressed in an FT-IR mold to obtain discs
(diameter: 1 cm) of smooth surfaces. The water contact angle was determined by placing a water
droplet (volume of 15 µL) on each disc surface using OCA20 equipment (DataPhysics Instruments
GmbH, Filderstadt, Germany). The standard tangent procedure was used to determine the contact
angle. To assure reproducibility, the measurements were performed in triplicate.
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2.4. Processing of the Modified CNCs with PBS

First, 0.25 g of the modified CNCs was dispersed in 20 mL of chloroform using the ultrasonicator
UW2200 (power of 10% of 2200 W for 20 s) (Bandelin Electronic, Berlin, Germany). Then, 4.75 g of PBS
was added and stirred to a complete dissolution. The homogeneous mixture was transferred to an
aluminum dish and heated gradually to 135 ◦C for 24 h to evaporate the chloroform and melt the PBS.
Then, the samples were cooled down to room temperature to obtain films containing 5% (w/w) of CNCs.
They are referred to in the paper as PBS+CNCs-TDI-Eth, PBS+CNCs-TDI-But, PBS+CNCs-TDI-Hex,
and PBS+CNCs-TDI-Oct. The dispersibility of the CNCs was confirmed using scanning electron
microscopy and published somewhere else [19]. It is important to mention that it was not possible to
prepare films using the unmodified CNCs because of their high hydrophilicity.

2.5. Crystallization and Melting Behavior of Neat and CNC-Reinforced PBS Using Differential Scanning
Calorimetry (DSC)

The crystallization and melting behavior of the neat and CNC-reinforced PBS was investigated
using the differential scanning calorimeter DSC 3+ (Mettler Toledo, Giessen, Germany). Around 10
mg of each sample was heated from −60 to 135 ◦C in a nitrogen environment to destroy the thermal
history of the sample. Afterwards, it was cooled down to −60 ◦C then heated again to 135 ◦C using a
heating/cooling rate of 10 ◦C/min. This procedure was repeated using different heating/cooling rates
of 8, 6, and 4 ◦C/min, and the measurements were performed in duplicate to assure reproducibility.
The crystallization temperature (Tc) and melting temperature (Tm) were determined as the peak of the
crystallization and melting curves, respectively. The degree of crystallinity of PBS (X) was calculated
from the enthalpy of melting (∆Hm) of the sample in comparison to the enthalpy of melting of 100%
crystalline PBS (110.3 J/g) [43]. For the CNC-reinforced PBS samples, the ∆Hm values were adjusted to
account for CNC mass.

3. Results and Discussion

A previous work by the authors has shown that grafting alcohols of different chain lengths onto
the surface of CNCs using TDI as a linker is a relatively simple process for tailoring CNC surface
properties [19]. As a result of this grafting, the water contact angle of the modified CNCs increased to
34◦ ± 4, 52◦ ± 3, 104◦ ± 1, or 120◦ ± 5 using ethanol, 1-butanol, 1-hexanol, or 1-octanol, respectively.
In comparison, the water contact angle of PBS is 77◦ ± 3. This systematic reduction in hydrophilicity
allowed the dispersion of CNCs in hydrophobic matrices such as PBS, which is in general not possible
for unmodified CNCs. Moreover, thermomechanical studies showed that the surface modification had
a direct positive impact on the reinforcement capabilities of the CNCs, as it improved their interfacial
adhesion with PBS. The improvement increased with increasing the chain length of the grafted alcohol.
In this paper, we performed further studies to investigate the impact of interfacial adhesion on the
crystallization kinetics of PBS using the modified CNCs as filler.

The non-isothermal crystallization and melting behaviors of the neat and CNC-reinforced PBS
were studied using DSC at four cooling/heating rates (4, 6, 8, and 10 ◦C/min) (Figure 2 and Table 1). The
results showed that crystallization took place at higher temperatures for the reinforced PBS compared
to the neat one due to the nucleation activity of the modified CNCs. A similar behavior has been
observed for PBS composites using other nanofillers such as carbon nanotubes [39]. It is interesting that
the nucleation activity of the modified CNCs was dependent on the chain length of the grafted alcohol.
Using a cooling rate of 10 ◦C/min, the crystallization temperature (Tc) of the reinforced PBS was 82.2,
83.4, 84.5, and 86.6 ◦C using CNCs-TDI-Eth, CNCs-TDI-But, CNCs-TDI-Hex, and CNCs-TDI-Oct
compared to 74.7 ◦C for neat PBS. This means a stronger interaction between PBS molecular chains and
the modified CNCs with higher degrees of hydrophobization. The homogeneity of the crystallization
process was also affected by the addition of the CNCs. Compared to the typical single crystallization
peak of the neat PBS, the crystallization peak of the reinforced PBS had shoulders on its both sides.
These shoulders indicate a special interaction between the CNCs and PBS during nucleation (first
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shoulder) and secondary crystallization (second shoulder), which resulted in accelerating both of them.
However, the shape of the primary crystallization peak does not look significantly different for the
neat and reinforced PBS despite taking place at significantly higher temperatures. This implies that the
interaction of the CNCs with PBS changes as crystallization progresses.
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Table 1. The crystallization and melting parameters of neat and reinforced PBS at different cooling rates.

Sample B (◦C/min) Tc (◦C) Tm (◦C) ∆Hm (J/g PBS) X (%)

PBS

4 80.2 ± 0.1 115.7 ± 0.0 55.1 ± 0.4 49.9 ± 0.4
6 78.0 ± 0.3 115.6 ± 0.0 56.2 ± 0.1 51.0 ± 0.1
8 76.2 ± 0.1 115.5 ± 0.0 59.6 ± 0.2 54.0 ± 0.2

10 74.7 ± 0.1 115.7 ± 0.1 62.3 ± 0.5 56.5 ± 0.5

PBS+CNCs-TDI-Eth

4 85.8 ± 0.1 115.6 ± 0.1 53.8 ± 0.6 48.8 ± 0.5
6 84.6 ± 0.1 115.6 ± 0.0 55.6 ± 0.1 50.4 ± 0.1
8 83.4 ± 0.2 115.7 ± 0.1 56.6 ± 0.7 51.3 ± 0.6

10 82.2 ± 0.1 115.8 ± 0.0 58.9 ± 0.4 53.4 ± 0.3

PBS+CNCs-TDI-But

4 87.6 ± 0.0 115.7 ± 0.1 55.6 ± 0.9 50.4 ± 0.8
6 85.8 ± 0.0 115.5 ± 0.0 57.0 ± 0.4 51.7 ± 0.3
8 84.6 ± 0.3 115.6 ± 0.0 58.1 ± 0.5 52.6 ± 0.4

10 83.4 ± 0.1 115.9 ± 0.1 58.8 ± 1.1 53.3 ± 1.0

PBS+CNCs-TDI-Hex

4 88.6 ± 0.1 115.5 ± 0.3 56.2 ± 0.5 50.9 ± 0.4
6 87.1 ± 0.1 115.6 ± 0.3 59.3 ± 0.4 53.8 ± 0.3
8 85.1 ± 0.2 115.7 ± 0.4 63.3 ± 0.9 57.4 ± 0.9

10 84.5 ± 0.3 115.8 ± 0.5 65.3 ± 0.3 59.2 ± 0.3

PBS+CNCs-TDI-Oct

4 91.7 ± 0.4 115.7 ± 0.1 56.8 ± 0.5 51.5 ± 0.5
6 89.5 ± 0.6 115.5 ± 0.0 59.7 ± 0.8 54.2 ± 0.7
8 87.9 ± 0.4 115.6 ± 0.0 64.9 ± 1.4 58.8 ± 1.3

10 86.6 ± 0.1 115.9 ± 0.1 67.3 ± 1.0 61.0 ± 0.9

In terms of PBS melting behavior, the melting temperature was not affected by the CNCs (around
115 ◦C for all samples). However, the crystallinity was slightly affected. The PBS samples reinforced by
CNCs-TDI-Eth and CNCs-TDI-But showed a slightly lower crystallinity than neat PBS, while those
reinforced by CNCs-TDI-Hex and CNCs-TDI-Oct showed higher crystallinity. It was dependent on the
alcohol chain length of the modified CNCs, which could be a result of the higher nucleation activity of
the modified CNCs with increasing the chain length of the grafted alcohol. Overall, the crystallinity
values are in accordance with those reported in the literature [34].
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To estimate the nucleation activity of nucleating agents, a simple method was proposed by
Dobreva and Gutzow [44]. They proposed the nucleation activity factor φ, which varies from 0 to 1
and represents the ratio between the heterogeneous and homogenous nucleation parameters, B* and B,
respectively (φ = B*/B). B* and B can be estimated by plotting lnβ versus the reciprocal of (Tm − Tc)2

according to the following equation (C is a constant):

lnβ = −
B

(Tm − Tc)
2 + C.

when applied on the crystallization of neat and CNC-reinforced PBS, straight lines were obtained
(Figure 3), and the slope was either the B value for the neat PBS or the B* value for the reinforced PBS.
Then, the nucleation activity factor was calculated (Table 2). According to the results, it is clear that PBS
nucleation was accelerated in the presence of CNCs in general, as the B* values of the reinforced PBS
were all lower than the B value of neat PBS. Moreover, the nucleation activity was dependent on the
surface properties of the CNCs as it increased with increasing the chain length of the grafted alcohol.
This implies that stronger PBS/CNCs interfacial adhesion results in stronger nucleation activity, as
suggested earlier in Table 1.
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Table 2. The estimated nucleation activity values for neat and reinforced PBS.

Sample B or B* φ

PBS 4638 ± 112 -
PBS+CNCs-TDI-Eth 3821 ± 62 0.82
PBS+CNCs-TDI-But 2907 ± 177 0.63
PBS+CNCs-TDI-Hex 2398 ± 16 0.52
PBS+CNCs-TDI-Oct 1605 ± 63 0.35

B value for the neat PBS and B* values for the reinforced PBS.
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To shed more light on the interaction between the modified CNCs and PBS, the crystallization
kinetics of the composite samples were studied using the Avrami model [45]. It is one of the most
commonly used models to describe the crystallization process of semi-crystalline polymers. It expresses
the relative crystallinity of a polymer (X(t)) as a function of time (t) according to the following equation
(where Z is the crystallization rate constant and n is the Avrami exponent) [46]:

X(t) = 1− exp(−Ztn).

The Avrami exponent describes the mechanism of the crystallization process, and it is a term of
two components: the dimensionality of crystal growth (nd) and the time dependence of nucleation
(nn). The value of nd can be 1, 2, or 3 depending on if the crystal growth takes place in 1D, 2D, or
3D, respectively. The value of nn is close to 1 when nucleation is homogenous and close to 0 when
nucleation is heterogeneous. As a result, the value of n is in the range from 1 to 4 (nd + nn) [47].
The crystallization rate constant and Avrami exponent can be estimated from the slope and intercept of
the logarithmic version of Avrami equation [48]:

ln[− ln(1−X(t))] = n ln t + lnZ.

The crystallization profiles of PBS and reinforced PBS at different cooling rates were all sigmoidal
similar to the profiles of many other semi-crystalline polymers (Figure 4) [49]. The sigmoidal shape
represents the different stages of crystallization. At first, nucleation takes place (first 60 s) followed
by a rapid crystal growth (next 60–120 s) and ends by secondary crystallization (the last 30–60 s) [50].
Expectedly, crystallization took a shorter time to completion using higher cooling rates. It was also
observed that the heterogeneity of crystallization seen in Figure 2 for the reinforced PBS did not
significantly affect the smoothness of its crystallization profile because the relative crystallinity is
cumulative. During the nucleation stage (first 60 s), the reinforced PBS samples reached higher relative
crystallinity compared to neat PBS as a result of the nucleation action of the CNCs. This may explain
the right shoulder of the crystallization peak of the reinforced PBS samples (Figure 2). However,
crystallization took a longer time as a result of the hindrance imposed on the motion of the PBS chains
by the surrounding CNCs (impeding effect).
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To quantitatively assess the impact of the CNCs on PBS crystallization, the Avrami kinetic
parameters were estimated by plotting the logarithmic version of the Avrami equation (Figure 5
and Table 3). The crystallization of the reinforced PBS samples followed the Avrami model better
than neat PBS. It deviated mainly in the beginning due to the slow nucleation of neat PBS (as
also observed in Figure 2) and due to ignoring the role of secondary crystallization in the Avrami
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model [46]. In the reinforced PBS samples, the nucleation activity of the CNCs compensated for this
deviation by accelerating PBS nucleation. The Avrami exponent for the neat PBS decreased upon CNC
reinforcement, indicating increased crystallization heterogeneity. Avrami exponent values close to 4
imply a three-dimensional crystal growth and homogeneous nucleation (neat PBS), while values closer
to 3 implies also three-dimensional growth but following a heterogeneous nucleation (reinforced PBS).
This is in accordance with the crystallization curves of the neat and reinforced PBS in Figure 2. When it
comes to the crystallization rate constant (Z), it was lower for the reinforced PBS samples compared to
the neat PBS due to the hindrance imposed by the CNCs on the migration and diffusion of the PBS
chains to the growing crystals [51]. This was also evident from the higher half-time of crystallization
(t 1

2
) values. This hindrance became less significant by reducing the hydrophilicity of the CNCs. It was

the highest for the PBS sample reinforced by CNCs-TDI-Eth and diminished for the sample reinforced
by CNCs-TDI-Oct. This may imply an optimum interfacial adhesion between PBS and CNCs-TDI-Oct,
which supported a hindrance-free mobility of PBS chains during crystallization.
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at different cooling rates.

Table 3. Avrami crystallization kinetics parameters of neat and reinforced PBS at different cooling rates.

Sample B (◦C/min) n Z t 1
2

(min)

PBS

4 3.6 ± 0.1 0.05 ± 0.03 2.0 ± 0.1
6 3.7 ± 0.0 0.19 ± 0.03 1.5 ± 0.1
8 3.8 ± 0.1 0.30 ± 0.02 1.3 ± 0.1
10 3.8 ± 0.0 0.39 ± 0.02 1.1 ± 0.1

PBS+CNCs-TDI-Eth

4 3.4 ± 0.0 0.03 ± 0.00 3.0 ± 0.0
6 3.4 ± 0.0 0.11 ± 0.04 2.1 ± 0.0
8 3.4 ± 0.0 0.12 ± 0.01 1.7 ± 0.1
10 3.3 ± 0.0 0.29 ± 0.03 1.4 ± 0.0

PBS+CNCs-TDI-But

4 3.4 ± 0.1 0.03 ± 0.01 2.6 ± 0.2
6 3.2 ± 0.2 0.08 ± 0.01 1.9 ± 0.1
8 3.7 ± 0.2 0.20 ± 0.02 1.7 ± 0.0
10 3.5 ± 0.2 0.32 ± 0.03 1.3 ± 0.0

PBS+CNCs-TDI-Hex

4 3.7 ± 0.1 0.07 ± 0.01 2.6 ± 0.0
6 3.4 ± 0.1 0.10 ± 0.02 1.7 ± 0.0
8 3.1 ± 0.2 0.31 ± 0.04 1.3 ± 0.1
10 3.0 ± 0.1 0.33 ± 0.05 1.1 ± 0.0

PBS+CNCs-TDI-Oct

4 3.2 ± 0.1 0.03 ± 0.01 2.0 ± 0.2
6 3.6 ± 0.3 0.14 ± 0.01 1.7 ± 0.0
8 3.1 ± 0.0 0.30 ± 0.02 1.3 ± 0.0
10 3.4 ± 0.1 0.40 ± 0.04 1.1 ± 0.1
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It is possible to estimate the average activation energy (Ea) of crystallization for neat and reinforced
PBS following Kissinger’s method (R is the universal gas constant and βo is the exponential factor):

lnβ = −
Ea

R ∗ Tc
+ lnβo.

The estimated crystallization activation energy of neat PBS was 169 ± 5 kJ/mol (Figure 6). This
value is in accordance with the values reported in the literature [36]. It increased to 266 ± 16 kJ/mol
when PBS was reinforced by CNCs-TDI-Eth. This implies that crystallization was hindered, although
the addition of the modified CNCs in general facilitated PBS nucleation. However, the activation
energy was dependent on the surface properties of the CNCs. It decreased with increasing the chain
length of the grafted alcohol. The activation energy was 236 ± 8, 225 ± 5, and 196 ± 11 kJ/mol using
CNCs-TDI-But, CNCs-TDI-Hex, and CNCs-TDI-Oct, respectively. These conclusions agree with those
made based on the estimated Avrami kinetics parameters (Table 2).
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In summary, the crystallization behavior of PBS was significantly affected by the addition of CNCs,
which was dependent on their surface properties (Table 4). In general, CNC addition increased PBS
crystallization temperature as a result of the nucleation activity of CNCs. The nucleation activity of the
CNCs increased with the increase in their contact angle upon hydrophobization, which could be a
result of the improved interaction between PBS and CNCs. Despite the significant improvement in
PBS nucleation, its crystallization kinetics were slower as indicated by the drop of Z value and increase
of t 1

2
and Ea. This outcome indicates that the impeding effect of the CNCs was stronger than their

nucleation activity, which as a result hindered the molecular motion of PBS chains and decelerated
overall crystallization. However, the impeding effect of CNCs became less significant with reducing
their hydrophilicity. In terms of the PBS melting temperature and crystallinity, the CNCs did not have
a significant impact on them.
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Table 4. Summary of the impact of CNC surface properties on the crystallization of PBS (at 10 ◦C/min).

Sample Contact Angle (◦) Tc (◦C) Tm (◦C) X (%) n Z t 1
2

(min) Ea (kJ/mol) φ

PBS 77 74.7 115.7 56.5 3.8 0.39 1.1 169 -
PBS+CNCs-TDI-Eth 34 * 82.2 115.8 53.4 3.3 0.29 1.4 266 0.82
PBS+CNCs-TDI-But 52 * 83.4 115.9 53.3 3.5 0.32 1.3 236 0.63
PBS+CNCs-TDI-Hex 104 * 84.5 115.8 59.2 3.0 0.33 1.1 225 0.52
PBS+CNCs-TDI-Oct 120 * 86.6 115.9 61.0 3.4 0.40 1.1 196 0.35

* Contact angle of the CNCs not the composite.

4. Conclusions

The impact of CNC surface properties on the crystallization behavior of PBS in CNC-reinforced
PBS composites was investigated using differential scanning calorimetry. The surface properties of
the CNCs were tailored by grafting alcohols of different chain lengths on their surface using TDI as
a linker. The water contact angle of the modified CNCs increased to 34◦, 52◦, 104◦, or 120◦ using
ethanol, 1-butanol, 1-hexanol, or 1-octanol, respectively. Compared to neat PBS, the crystallization
thermograms of the PBS composites showed a heterogeneous crystallization behavior with increased
crystallization temperature as a result of CNC nucleation activity, which was proportionally dependent
on the contact angle of the CNCs. However, the estimated Avrami kinetic parameters and Kissinger
activation energy of crystallization showed that the impeding effect of CNCs is prevailing, resulting in
retarded crystallization. The impeding effect was less significant for the CNCs with higher contact
angles. Overall, the surface properties of CNCs had a crucial role in the crystallization behavior of PBS
and can be advantageous to tailor its properties.
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