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ABSTRACT

The aim of this work was to use cellulose nanocrystals that were obtained by hydrolysis in phosphoric acid solu-
tion and further modified with succinic anhydride in the microwave field for PLA reinforcement. A series of all-
bionanocomposites containing unmodified and surface modified cellulose nanocrystals with CNC content in the
range of 1–3 %w.t. were obtained by melt blending and tested by XRD, SEM, DSC and DMA to investigate the
effect of surface esterification of CNCs on the structure, morphology, dynamic mechanical properties of biona-
nocomposites, as well as phase transitions of PLA in the presence of cellulosic nanofiller. DMA investigations
showed the highest increase of storage modulus by ca. 7% (335 MPa at 25°C) in the glassy state of PLA for
2 %w.t. of unmodified CNC. Though, addition of 2 %w.t. of succinylated CNCs caused the highest increase of the onset
of glass transition temperature (by 6.2°C) thus widening the temperature range of biocomposite application. The
increase of glass transition temperature indicates the strongest interfacial interactions due to improved miscibility
of surface modified nanocrystals and thus good dispersion of additive in PLA matrix providing high interface.
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1 Introduction

Nowadays, due to the growing concerns about the environment, there are extensive efforts dedicated to
the use and development of ‘green’, eco-friendly additives such as cellulose nanomaterials (CNMs). CNMs
are treated as a useful renewable and biodegradable replacement for usually used inorganic nanofillers such
as clays or carbon nanotubes. Furthermore, they possess relevant advantages such as great specific strength
and storage modulus in the range of 100–200 GPa [1]. Cellulose nanomaterials can be divided into two main
groups, namely cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs) [2].

CNFs are nanosized in diameter and microsized in length flexible fibers. The ultimate characteristics and
properties of the CNMs from different cellulose sources may differ; besides, synthesis conditions play an
important role [2]. CNFs consist of 36 cellulose chains fibrils stacked in Iβ crystal structure, show a high
aspect ratio as they have around 4–20 nm in width and around 500–2000 nm in length, and consist of
both amorphous and crystalline phases [3]. The distinction between CNFs and microfibrillated cellulose
depends on the fibrillation mechanism that leads to smaller diameters.
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Cellulose nanocrystals have whisker shape and are usually isolated from native cellulose by precise
hydrolysis process with mineral or organic acids. Hydrolysis of cellulose amorphous regions yields rod-
like crystals with source-dependent diameters in the range of 5−50 nm, lengths around 100−3000 nm,
and remarkably elastic modulus (∼105−168 GPa) [4−7]. The most common acid used for hydrolysis is
sulphuric acid [8−12]. Since CNCs obtained by using sulphuric acid show moderate thermal stability,
other acids have been applied. Product of cellulose hydrolysis with HCl display strong whisker-whisker
interactions. For this reason, they quickly aggregate and it is are usually not easy to redisperse them in
solvents or polymer matrices [13]. Amongst hydrolysing agents, phosphoric acid enables preparation of
CNCs with improved thermal stability in comparison to sulphuric acid hydrolysis, and these CNCs show
less aggregation tendency than CNCs obtained by hydrochloric acid hydrolysis [14−16].

The large interest in the nanocellulose as a reinforcing filler for composite materials originates from
outstanding mechanical properties it demonstrates. Enhanced properties can often be reached for low filler
volume fraction, without a detrimental effect on other properties such as impact resistance or plastic
deformation capability [17]. Nevertheless, the main obstacle to the use of CNMs in polymer composite
technology arises from the limited dispersibility of the polar filler in the hydrophobic composite matrix.
In order to enhance the compatibility of a cellulose nanofiller, chemical modification is often needed [18].
Unmodified CNMs have a strong tendency to form larger structures via aggregation and agglomeration
[19]. This is because nano scale particles with highly developed specific surface (S) have an increased
thermodynamic potential (G), which is the cause of instability of nano objects.

Poor dispersion of the filler in the composite matrix deeply affects its mechanical properties. CNMs tends
to form hydrogen bonds, which is why their dispersion is so difficult and challenging for composite
applications. The redispersion of nanomaterials after drying is difficult, as irreversible aggregation of the
nanoparticles occurs in a process known as “hornification,” which results in a material that cannot be used
as a reinforcing nanofiller [20]. The main method for preventing hornification was the introduction of a
steric barrier or electrostatic groups to block cooperative hydrogen bonding of the cellulose chains [21].
Versatility of hydroxyl groups at the surface of CNMs makes it simple to experiment with different
chemical surface modifications using various techniques including esterification, etherification, oxidation,
silylation and polymer grafting [22]. Such modifications show high efficiency in improving dispersibility of
CNMs in polymer matrix and strengthening interfacial adhesion leading to better functional properties [23].

Among diverse chemical modifications, surface esterification represents one of the most promising
technique. During the surface esterification, the reaction occurs at the outer side of CNMs leaving the
cellulose crystalline structure in the interior intact. The surface modification reactions can be carried out
exclusively under heterogeneous conditions [22]. The hydroxyl groups of cellulose can be esterified by
reaction with acids or anhydrides, including succinic anhydride [14,15,18,24]. The reaction of cellulose
with a cyclic anhydride, such as succinic anhydride, does not yield a by-product, leaving the modified
polymer with covalently bonded carboxylic groups [14]. In the case of a reaction at temperatures above
100°C, the formation of diesters was observed, which resulted in cross-linking within the cellulose chains
[25]. An interesting study of succinic anhydride surface modification was presented by Emam et al.
where due to the esterification, the sorption was increased and the rate constant was raised from 10.82 ×
10-3 min-1 to 20.27 × 10−3 min−1 for CNC and CNC-SA, respectively [24]. Succinylated cellulose
nanocrystals, due to their excellent sorption capabilities, can be applied for removal of organic
contaminations, e.g., methylene blue dye from water [26].

In general, microwave radiation is often used as an alternative input energy source, owing to its ability to
rapidly generate heat. The esterification reaction of cellulose which receives energy by the conventional
heating method takes longer periods of time for the reaction to be completed than microwave radiation
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[18]. The effectiveness of microwaves as a heating source and its promoting effect on the esterification of
cellulose has been widely examined [27−29].

The properties of poly(lactic acid) (PLA) depend on various factors, such as the origin, the production
routes, and molar mass [1]. Moreover, thermal history influences on PLA crystalline degree and final
properties. The PLA has some drawbacks such as relatively low thermal resistance, low glass transition,
small crystallization rate and brittleness [30,31]. For this reason, adding nanofillers presents an appealing
way to enhance the PLA properties. PLA reinforced with CNMs has received increased attention since
both components are characterized by natural biodegradability and availability from renewable resources
[32,33]. Among CNMs, cellulose nanocrystals are often used as a reinforcing additive thanks to its many
assets described above. For example, Lee et al. obtained PLA/CNCs composites by functionalizing the
bacterial cellulose (BC) to improve their homogenization [34]. Composite microspheres with 2 %w.t. and
5 %w.t. BC loading were fabricated, and the inclusion of organic acid functionalised BC into PLA
induced an enhancement in tensile strength and modulus of the reinforced nanocomposites (by as much
as 50% and 15% for 2 %w.t. and 5 %w.t. cellulose loading, respectively). Raquez et al. examined the
consequences of cellulose surface modification by different chemical modifications, based on
trialkoxysilanes to decorate CNCs with alkyl, amino and (meth)acryloxy moieties. Surface modified
cellulose (3 %w.t.) was incorporated in the PLA matrix by direct melt-blending [35]. This research has
shown that silane treatment manage to protect the CNCs additive structure intact by improving its
thermo-stability and allows its extrusion. Among other substances used as compatibilizers, also
anhydrides had been used before. For example, in the research conducted by Hong et al. maleic
anhydride-grafted PLA was applied as compatibilizing factor to enhance the interfacial adhesion between
polymer matrix and CNCs [36]. Preparation of PLA/CNC composites by melt-mixing were pursued by
compression moulding process. The optimal processing settings were: 5 + 10 min, at 190° in order to
prevent the PLA and CNCs degradation and also insufficient homogenization of the additive, which was
checked by tensile experiments. The loading of cellulose additives (microcrystalline cellulose [MCC] and
cellulose nanowhiskers [CNCs]) in PLA composites was 10 phr. Results showed that the tensile strength
of the PLA/CNCs composite with 100 phr content of CNCs was 56.4% greater than the PLA/MCC
composite also with 10 phr of MCC. Enhanced properties of CNCs/poly(butylene succinate) (PBS)
composites were reported by Wu et al. [37]. In this study CNCs were obtained through sulfuric acid
hydrolysis of MCC and then surface succinylation was performed in order to reduce nanomaterial’s
polarity. The results showed that better mechanical and thermal properties were found for composites
with lower filler volume fractions. When modified CNCs were introduced at a loading lower than 3 %w.t.,
the nanofiller was dispersed homogeneously in PBS matrix. Thereafter, when the filler content exceeded
3 %w.t., both CNCs and succinylated CNCs showed more heavier self-aggregation and even phase separation.

Based on the literature reporting bio-nanocomposites obtained by melt mixing, an addition of 1–5 %w.t.

of nanocellulose in PLA composites results in substantial material’s properties improvements. This is the
reason why in this paper the focus is on composites with a lower filler weight content. The performance
of succinylated CNCs as a reinforcing agent for PLA will be evaluated and compared with a series of
PLA/unmodified CNCs bionanocomposites.

Summarizing, in this study CNCs were prepared through phosphoric acid hydrolysis of microcrystalline
cellulose, and then surface modified with succinic anhydride (SA) in the microwave field and applied as a
nanofiller in composites with a polylactide (PLA) matrix. A series of all-bionanocomposites containing
unmodified and surface modified cellulose nanocrystals, at content in the range of 1–3 %w.t. were
obtained by melt blending and tested by XRD, SEM, DSC and DMA to investigate the effect of surface
esterification of CNCs on the structure, morphology, dynamic mechanical properties of
bionanocomposites, as well as phase transitions of PLA in the presence of cellulosic nanofiller.
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2 Materials and Sample Preparation

2.1 Materials
Microcrystalline cellulose with a trade name Avicel PH-101 in a form of a white powder was acquired

from Sigma Aldrich company (Darmstadt, Germany). This kind of cellulose has an average particle size
50 μm. Reagent grades of other chemicals such as phosphoric acid solution (85 %w.t.), pyridine,
dimethylformamide, and succinic anhydride, were also produced by Sigma Aldrich company and used as
received. For pre-reaction alkali treatment, analytical grade sodium hydroxide was used, purchased from
Chempur, Poland.

Polylactic acid (PLA) granules in the form of pellets were provided by Nature Plast (PLI 003).
According to the Material Safety Data Sheet, raw polymer has a melt flow index of value 12–20 g/10 min.

2.2 Preparation of Cellulose Materials
The preparation of nanocrystals was described in detail in our previous article [14]. Generally,

microcrystalline cellulose was first purified twice by alkali treatment (2 h at 80°C with 5 %w.t. sodium
hydroxide solution). Afterwards, the residue was washed with distilled water to neutral pH. After
purification step, 1 g of dried cellulose was mixed with distilled water. The mixture was cooled in an ice
bath and phosphoric acid with a concentration of 76 %w.t. was added via a dropping funnel. The
hydrolysis reaction was carried out at temperature of 100°C for 90 min. The acid solution was removed
from the cellulose nanocrystals (CNC_P series) by repeated centrifugation and then undergoing ultrasonic
homogenisation with distilled water. Subsequently, the suspension was dialysed against distilled water for
five days. Finally, the suspension was sonicated for 15 min and five drops of ethanol were added to
reduce the crystallisation of water and agglomeration of CNCs during drying. Lastly, the dispersion was
frozen using liquid nitrogen and freeze-dried in a FreeZone Plus 2.5 Labconoco freeze-dryer (Labconoco,
Kansas City, MO, USA).

The cellulose nanocrystals obtained as described above were then modified with succinic anhydride (SA)
under microwave irradiation condition at molar ratio of anhydride to hydroxyl groups of cellulose (SA:OH) of
5:1 and at temperature of 110°C. The succinylated CNCs were depicted as CNC_SA. Reaction was carried out
in the Milestone RHS-2 multimodal microwave reactor. The 2 %w.t. nanocellulose suspension was used for
surface modification and prepared as follows: 0.5 g of dry CNCs and 16 ml of DMF were placed in a
100 ml three-necked flask with the stirrer in place. The flask was placed in a heating bowl with an
integrated thermocouple and inert gas was connected. Initially, the mixture was preheated to 70°C. 10 ml of
DMF was placed in a separate beaker and 7.42 g of succinic anhydride was dissolved therein. When the
heated mixture reached the set temperature, the contents of the beaker were added to it, and then 0.026 ml
of the pyridine as a catalyser was quickly added. Then the flask was immediately placed in a microwave
reactor under nitrogen flow and magnetic mixing. Control temperature program consisted of two segments:
0.5 min dynamic segment with power 350 W and then 30 min isothermal segment with power 200 W at
temperature of 110°C. The pyridine as a catalyst was added according to the study carried out by Sehaqui
et al. [38]. After the modification, the reaction mixture was cooled down in an ice bath, residue was
separated by centrifugation and then sonicated with distilled water. In order to purify the nanocellulose
dispersion from the remaining reagents, it was again placed in a dialysis membrane for four days. In order
to limit water crystallisation and aggregation of CNCs during freeze-drying process, tert-butanol was added
to the water dispersion of nanocrystals to reach t-but:H2O 1:5 (v/v) concentration [39]. Lastly, to obtain dry
modified CNCs, the dispersion was also freeze-dried.

2.3 Preparation of PLA/CNC Nanocomposites
The pellets of PLA and cellulose aerogels of unmodified CNCs (CNC_P) and succinylated CNCs

(CNC_SA) were dried in a laboratory vacuum drier at 60°C for 10 h. Then nanocomposites were
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prepared using twin-screw ThermoScientific HAAKEMini CTWextruder with a recycling channel allowing
to control the residence time of the melt. The mini extruder has two temperature zones, and since it operated
in the recycling mode, the temperatures in both zones were the same. Processing was carried out at melt
temperature of 185°C and screw speed of 150 rpm. The content of cellulose nanocrystals were 1, 2 and
3 %w.t.. First the appropriate portion of PLA was melted and then the whiskers were immediately added to
the polymer melt to avoid oxidative degradation of the filler. The dwell time during compounding of
composites was 6 min. Then samples were further processed on an injection moulding machine ZAMAK
WT 12 at barrel temperature of 185°C. The mould temperature was kept at 40°C. For the DSC, WAXD
and DMA studies, injection-moulded sample bars were used.

3 Methods

3.1 Scanning Electron Microscopy (SEM)
Morphology of the cryo-fractured surface of the samples was examined using a JSM-6010LA Jeol

Scanning Electron Microscope. The samples were metalized with gold-palladium using a Sputtering
System Hummer 6.2 with the thickness of the layer being approximately 3 nm.

3.2 Fourier Transform Infrared (FTIR)
Fourier transform infrared spectra (FTIR) were recorded on the freeze-dried cellulose using the Thermo

Scientific spectrophotometer model Nicolet iS5 with a C/ZnSe crystal, operating in an attenuated total
reflectance mode (ATR). The measurement range for each sample was between 4000–450 cm−1 with
scans number of 16 and resolution of 4 cm−1.

3.3 X-Ray Diffraction (XRD)
X-ray diffraction measurements were performed using the Bruker D2 Phaser diffractometer at room

temperature in the reflection mode (λ Cu Kɑ = 1.54 Å). Measurements were done in the range of 3°–40°
with an increment of 0.02°. The crystallinity degree of cellulose samples was calculated as the ratio of
the entire area of the crystalline peaks ðPAcrystalÞ to the sum of the areas of the crystalline peaks and the
amorphous profile (ðPAamorphousÞ by the mathematical deconvolution done in the MagicPlot Student
2.7.1.freeware program according to Eq. (1):

xc ¼
P

AcrystalP
Acrystal þ

P
Aamorphous

� 100 (1)

The crystallinity degree of PLA in composites was determined by Bruker DIFFRAC.EVA software. The
degree of crystallinity was calculated using the following Eqs. (2) and (3):

%Amorphous ¼ Global area� Reduced area

Global area
� 100

%Crystallinity ¼ 100�%Amorphous (3)

where %Amorphous and %Crystallinity is the percentage of the amorphous and crystalline phases in the
material, respectively; Global area is the total area under the WAXD curve and Reduced area is the area
of the peak after background subtraction.

3.4 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry measurements were carried out using the Mettler Toledo DSC

822 apparatus in the temperature range from −75 to 190°C in an argon atmosphere with heating rate of
10 K/min. The glass transition temperature was determined by a midpoint on a step in the baseline of the
measurement first and second heating curve. The degree of crystallinity (xc) is calculated as follows [40]:
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xc ¼ DHm � DHcc

DHo
m � 1� xDð Þ � 100% (4)

where ΔHm is measured change in melting enthalpy; xD is the weight fraction of CNCs in the sample that does
not undergo phase transformation in the polymer melting range; DHcc is the cold crystallization enthalpy
change and DHo

m is the melting enthalpy of 100% crystalline PLA (value used 93 J/g [41]).

3.5 Dynamic Mechanical Analysis (DMA)
Dynamic mechanical analysis was carried out using DMA 242C Netzsch apparatus on the bars obtained

by the injection moulding process (length 50 mm, width 10 mm, thickness 1 mm) in three-point bending
mode (sample holder with 20 mm spacing between supports) under maximal dynamic force of 6 N,
constant part of static force of 0.3 N, and static force 10% higher than dynamic. The maximal amplitude
was set to 50 μm. A temperature scan from −30 to 140°C was performed at heating rate of 10 °C min−1

and with perturbation frequency of 1 Hz, under nitrogen atmosphere. Liquid nitrogen was used as cooling
medium. The viscoelastic parameters of storage modulus (E′) were recorded as a function of temperature.

4 Results and Discussion

4.1 CNCs Filler Characteristics
The morphology of unmodified and surface modified CNCs was observed by SEM as shown in Figs. 1a

and 1b, respectively. SEM microphotographs showed that the cellulose material obtained by hydrolysis in
phosphoric acid solution displayed microporous aerogel morphology, while after their modification with
succinic anhydride, better individualisation of the nanoparticles was observed. The presence of succinate
groups on the surface of CNCs limited agglomeration upon drying probably by steric effects and
repulsive interactions of negatively charged dissociated carboxylic groups [14]. FTIR spectrophotometry
was used to monitor the reaction progress. The comparison of the absorbance FTIR spectra of the
reference sample (CNC_P) and the post-reaction sample (CNC_SA) evidenced the presence of new ester
groups. FTIR analysis of modified cellulose nanocrystal (Fig. 1c) confirmed partial esterification of
hydroxyl groups on their surface by a presence of a new absorption band in modified samples at
1725 cm−1. This band is related to carbonyl group stretching vibrations in esters bonds [42,43] and a
broad peak at 1643 cm−1 can be assigned to the bending vibrations of adsorbed water [44,45]. XRD
analysis of cellulose nanocrystals (Fig. 1d) showed that the reaction of CNCs with succinic anhydride
leads to further hydrolysis of amorphous regions in cellulose nanomaterials. Modified sample exhibited
higher content of crystalline fraction (79.4%) in comparison to hydrolyzed cellulose nanocrystals, for
which this value was 74.9%. The increase in crystallinity can be advantageous from the point of view of
using CNCs as reinforcement for PLA composites.

4.2 SEM Analysis of PLA/CNCs Composites
Since the mechanical properties of nanocomposites strongly depend on the interactions between the

filler and the matrix that in turn depend on the dispersion degree of the filler [46], the scanning electron
microscopy (SEM) was carried out in order to elucidate the dispersion state due to the interactions
formed between CNCs and PLA. Fig. 2. shows the SEM images of the cryogenic fractured surfaces of
neat PLA and PLA based bionanocomposites with 1 %w.t. unmodified CNCs and modified CNCs at
different loading. Neat PLA is characterized by smooth and uniform surface, similar to PLA with low
loading of modified CNCs (2c) that showed surface typical of a semi-crystalline polymer with
homogeneously dispersed filler. The good dispersion of modified nanocellulose could be due to the strong
interaction between CNCs and PLA. A similar behaviour was also previously observed by Yang et al.
[47]. Furthermore, the highest crystallinity degree of PLA_CNC_SA_1%, as reported below in discussion
of DSC results, could be the indication for a better dispersion of filler in PLA [48]. Although, at lower
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concentration (1 %w.t.) sample showed relatively small domains with a typical sea-island morphology, the
increase in the CNCs concentration (3 %w.t.) caused formation of considerable amount of aggregates (2d).
The fracture surface had more rough structure with higher number of micrometric aggregates suggesting
that the interfacial adhesion between PLA and filler was not sufficient for breaking up aggregates at
higher content of CNC_SA and the interparticulate interactions between whiskers were prevailing [49].
This could be the reason, why the mechanical properties of the sample PLA_CNC_SA_3% decreased, as
discussed later in the mechanical properties section.

4.3 XRD Analysis of PLA/CNCs Composites
It is well-known that nanoparticles can influence the crystallization behaviour of semi-crystalline

polymers. For example, dispersed nanosized montmorillonite particles act as a nucleating agent for PLA
crystallization in the nanocomposite [50]. The physical and mechanical properties of a semi-crystalline
polymer are controlled to some extent by polymer crystallinity and morphology [51]. Consequently,
nanoparticles could impact the physical and mechanical properties. Nanoparticles can serve as
heterogeneous nucleation sites for crystallization and act as effective nucleating agents [52]. The overall
crystallization is governed by the competition between the nucleation effect and polymer chain mobility
for crystalline growth [51].

The structures of pristine PLA and PLA biocomposites were characterized by X-ray diffraction (XRD)
in order to study the effect of the nanocrystals type and content on the crystallinity of the PLA matrix. In
Fig. 3a XRD patterns for PLA showed a wide band with a maximum at 2θ equal to 16.5°, giving the idea

Figure 1: Morphological and structural characterization of cellulose nanofiller: 1a) and 1b) SEM
microphotograph of aerogel of unmodified (CNC_P) and surface modified (CNC_SA) nanocrystalline
cellulose, respectively; 1c) FTIR spectra of an unmodified CNCs (CNC_P) and after surface esterification
with succinic anhydride (CNC_SA); 1d) WAXD patterns of unmodified (CNC_P) and modified
(CNC_SA) nanocellulose
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of the dominating amorphous PLA nature [53]. Two peaks at 2θ around 16.5° and 22.4° were the most
prominent in the biocomposites samples. These peaks are indicative of the PLA and cellulose
crystallinities, respectively [54]. The peak at 22.4° subsides due to the low filler loading as well as being
replaced by a broad shoulder next to it at around 16°, typical of a predominant amorphous material.

Figure 2: SEM images of the cryogenic fractured surfaces of neat PLA (2a); bionanocomposites with 1 %w.t.

of unmodified CNCs (2b); and different modified CNCs loading: PLA_CNC_SA_1% (2c); and
PLA_CNC_SA_3% (2d), respectively

Figure 3: X-ray diffraction of pristine PLA and PLA/CNCs biocomposites at different content of modified
cellulose nanocrystals (3a); and crystallinity degree from XRD measurements of PLA and PLA/CNC
bionanocomposites (3b)
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The crystallinity of PLA determined from the XRD diffraction patterns showed that CNCs could act as
nucleating agent for PLA. Fig. 3b shows crystallinity degree trends for reference PLA and PLA composites
with unmodified (PLA_CNC) and modified cellulose nanocrystals (PLA_CNC_SA).

4.4 DSC Studies of PLA/CNCs Composites
Differential scanning calorimetry was used to investigate the glass transition, crystallization and melting

phenomena of PLA and PLA bionanocomposites and study the effect of CNC addition on the final properties
of the obtained samples. DSC thermograms during first and second heating scans are shown in Fig. 4 while
the thermal properties, such as glass transition temperature and the crystallinity degree calculated from first
and second heating scans, are summarized in Tab. 1. The melting process of the PLA bionanocomposites
containing unmodified and modified CNCs did not change significantly with respect to the pristine PLA
matrix during the first heating scan. Only the sample with 2 %w.t. of unmodified CNCs (PLA_CNC_2%)
showed a slight a shift in the maximum peak of cold crystallization (Tcc) to higher temperature by about
4°C. The slight rise in Tm of composites could be caused by nucleating ability of CNCs to develop more
heterogeneous crystalline morphology in PLA matrix. Similar conclusions were made in the research by
Frone et al. [55] when cellulose nanofibers obtained by acid hydrolysis from commercially available
MCC, were used as reinforcement in PLA matrix.

Figure 4: DSC scans for: 1st heating and 2nd heating for different filler weight contents of unmodified (a)
and modified CNCs (b), respectively
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During the second heating scan, the PLA bionanocomposites showed the higher values of crystallinity
degree while the different ability to recrystallize after the cooling was highlighted by the low values of
enthalpy or the absence of the registered cold crystallization. The main reasons for differences in the first
and second heating scans can be the presence of residual moisture, as well as thermal history of the
samples [56]. While all the obtained biocomposites showed higher degree of crystallinity during the
second heating as compared to neat PLA, the sample with 1 %w.t. of modified cellulose nanocrystals
(PLA_CNC_SA_1%) had the highest degree of crystallinity for both the first and second heating. By
analysing the trends one can be see that generally the higher the weight fraction of the nanofiller, the
lower the degree of crystallinity.

The glass transition temperature (Tg) of PLA biocomposites is slightly higher than that of the neat PLA
(Tab. 1).This indicates that the addition of CNCs leads to the reduction in PLA chain flexibility as Tg value is
mainly related to the flexibility of polymeric segments [12]. Similar results were reported in works by Bulota
et al. [57], and Baheti et al. [49], where TEMPO-oxidized cellulose and nanosized jute fiber were used as a
reinforcement in PLA, respectively. Moreover, this phenomenon can be explained by hydrogen bonding
interactions between hydroxyl groups from CNCs and carbonyl groups from PLA that cause a restricted
polymer chain mobility. Consequently, the decrease in the polymer chain mobility associated with glass
transition would increase the energy needed for this relaxation to occur [58].

The degree of crystallinity calculated from DSC and XRD showed different values. The discrepancy
may result from fundamental difference in physical quantity measured by both methods. The change of
enthalpy measured by DSC in the temperature range of PLA melting is a sum of heat effects of complex
processes related to phase transitions upon heating—the endothermic heat of fusion and simultaneously
running exothermic recrystallization of unperfect crystals and amorphous regions that may diminish the

Table 1: Thermal properties from DSC analysis of PLA and PLA bionanocomposites from the first and the
second heating scan

Sample Tg [°C] ΔHcc [J/g] Tcc [°C] ΔHm [J/g] Tm [°C] xc [%]

1st heating scan

PLA 54.2 32.1 96.6 41.0 167.5 9.5

PLA_CNC_1% 57.4 31.9 97.1 39.5 169.5 8.2

PLA_CNC_2% 57.3 31.4 100.1 36.9 168.5 6.0

PLA_CNC_3% 57.0 31.3 95.7 37.0 167.5 6.3

PLA_CNC_SA_1% 56.9 30.0 94.5 40.1 168.9 10.9

PLA_CNC_SA_2% 57.3 31.2 96.1 37.7 168.3 7.1

PLA_CNC_SA_3% 57.5 29.9 97.2 37.3 168.9 8.2

2nd heating scan

PLA 53.9 23.6 93.2 43.3 165.5 21.2

PLA_CNC_1% 53.6 14.2 91.2 42.1 165.7 30.3

PLA_CNC_2% 53.8 19.8 93.5 40.0 166.0 22.2

PLA_CNC_3% 52.0 15.8 89.3 41.5 165.3 28.5

PLA_CNC_SA_1% 53.7 – – 43.0 166.7 46.7

PLA_CNC_SA_2% 52.9 14.2 88.5 40.9 165.6 29.3

PLA_CNC_SA_3% 52.9 20.8 91.8 38.9 165.7 20.1
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total measured value of enthalpy change. XRD detects diffraction on the perfect crystal lattice but
crystallinity evaluation by this method will miss the unperfect crystals, which, on the other hand, may
produce heat effects detectable by DSC method. In our work the values of crystallinity calculated from
XRD (Fig. 3b) were always higher than those calculated from DSC (Tab. 1). Similar effect was reported
for PLA blends and it occurred due to the possible gradient in crystallinity degree in the surface and core
of the injected bars [59]. XRD diffractograms just scanned the sample surface, while the DSC evaluated
the bulk crystallinity [60]. In consequence the crystallinity degree values from XRD measurements were
strongly influenced by injection moulding. During injection moulding the polymer melt was subjected to
higher shearing and cooling rates in the skin layer of sample bars as compared to the core material [61].
Forced alignment of macromolecules in the skin layer along the direction of melt flow influence the
morphology and favours growth of crystals due to molecules orientation leading to higher crystallinity [60].

4.5 Thermo-Mechanical Properties of PLA/CNCs Composites
Dynamic mechanical analysis (DMA) can explain the reinforcing effect of the modified CNCs by

measuring the storage modulus as a function of temperature. The influence of cellulose nanomaterial
concentration in PLA matrix on the storage modulus (E′) was shown in the Fig. 5. Results obtained from
DMA analysis showed that the reference sample had lower values of storage modulus as compared to all
of the PLA composites except the sample with the highest concentration of unmodified cellulose
nanocrystals (PLA_CNC_3%). This drop in storage modulus is attributed to the aggregation and
agglomeration of CNCs in PLA. These aggregates could act as stress-centralized point and reduced the
surface area interaction between CNCs and PLA which consequently leads to decrease in the mechanical
properties of this nanocomposite [12].

Tab. 2 shows the detailed values of storage modulus at approximately room temperature (25°C) and
glass transition temperature (Tg) determined from storage modulus onset of PLA and PLA
bionanocomposites. The glass transition temperature determined by the DSC method is slightly lower
than that of the DMA method, which may be influenced by the different measuring mechanisms [62].
DSC registers the change in thermal enthalpy, while DMA method measures the shift of mechanical
modulus. Although it is generally agreed that both methods could be used to characterize the glass
transition temperature of polymeric materials, the Tg data collected from the DSC and DMA could not be

Figure 5: Storage modulus vs temperature for PLA and its composites with unmodified (a); and modified (b)
CNCs at 1 Hz frequency in the temperature region of glass transition
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compared directly [62]. The onset of PLA glass transition is indicative of the temperature range of practical
material use in structural applications within which the material demonstrates relatively constant mechanical
performance. The glass transition relaxation is associated with a drastic drop in PLA stiffness occurring in
narrow temperature range of ca. 5°C. According to DMA analysis, all the nanocomposite samples displayed
a significant increase in the glass transition temperature when compared to the neat PLA, which was assigned
to a reduction in polymer chain mobility. It is believed that CNCs act as physical interlocking points in the
matrix that limit chain mobility [63]. For instance, the highest glass transition temperature was determined
for sample with 2%w.t. loading of modified CNCs (PLA_CNC_SA_2%), while the best mechanical properties
were found for sample with the same filler loading, but with unmodified nanocrystals (PLA_CNC_2%). For
this sample, an improvement in the storage modulus at room temperature was noted of about 350 MPa. This
enhancement has been attributed to the good dispersion, stiffness of the filler, and developed interface.
Consequently, filler-matrix interactions became more pronounced and better interfacial adhesion was
formed between the filler and the matrix. For this reason, the stress transfers to the nanofiller, which is
the load bearing matter, becomes efficient and then improve the mechanical strength [49].

5 Conclusions

PLA nano-biocomposites reinforced with unmodified and modified cellulose nanocrystals were
successfully prepared by extrusion method and the effect of the CNCs amount in the composite and
surface functionalization by esterification with succinic anhydride on the structural and thermal properties
of nanocomposites was investigated.

SEM analysis showed the good dispersion of modified CNCs at low concentrations indicating that the
surface esterification allowed the better dispersion of the CNC in the PLA matrix.

The crystallinity of PLA determined from the XRD diffraction patterns showed that CNCs could act as
nucleating agent for PLA.

The melting process of the PLA bionanocomposites containing unmodified and modified CNCs did not
change significantly with respect to the pristine PLA matrix during the DSC first heating scan. While all the
obtained biocomposites showed higher degree of crystallinity during the second heating as compared to neat
PLA, the sample with 1 %w.t. of modified cellulose nanocrystals (PLA_CNC_SA_1%) had the highest degree
of crystallinity for both the first and second heating. By analysing the trends one can be see that generally the
higher the weight fraction of the nanofiller, the lower the degree of crystallinity. The glass transition
temperature (Tg) of PLA biocomposites is slightly higher than that of the neat PLA. This indicates that

Table 2: Storage modulus at 25°C and glass transition temperature (Tg) determined from storage modulus
onset of PLA and PLA bionanocomposites

Sample Tg [°C] E′ [MPa] at 25°C

PLA 58.4 4788

PLA_CNC_1% 63.0 4714

PLA_CNC_2% 62.7 5123

PLA_CNC_3% 63.8 4066

PLA_CNC_SA_1% 62.6 4864

PLA_CNC_SA_2% 64.6 5026

PLA_CNC_SA_3% 62.9 4748
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the addition of CNCs leads to the reduction in PLA chain flexibility as Tg value is mainly related to the
flexibility of polymeric segments.

DMA investigations performed on PLA/modified CNCs samples showed that adding 2 %w.t. of modified
cellulose nanocrystals into PLA causes an increase of storage modulus values. Moreover, all of the
nanocomposite samples displayed a significant increase in the glass transition temperature when
compared to the neat PLA sample. The highest increase of glass transition temperature was observed for
sample containing 2 %w.t. of succinylated CNC. This indicates the strongest interfacial interactions due to
improved miscibility of surface modified nanocrystals and thus obtained good dispersion of additive in
PLA matrix providing high interface.
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