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Abstract
This research used an oven and sprays drying method to dry nanofibrillated cellulose (NFC) and evaluates 
its effect on polylactic acid (PLA) nanocomposite properties. As shown by atomic force microscopy (AFM), 
the average size of nanocellulose in the spray-dried sample (NCSD) was 84-96 nm. However, the average 
size of nanocellulose obtained from oven drying was 647-697 µm. The average size of the NCSD sample 
indicates that spray drying kept nanocellulose in the nano-scale range after drying. A melting process was 
then used to reinforce the polylactic acid matrix with the spray and oven-dried nanocellulose. Compared 
to neat PLA and PLA-containing oven-dried forms of nanocellulose (PLA-NCOD), our results showed a 
significant improvement in the mechanical strength of nanocomposites containing PLA-NCSD. PLA-NCSD 
nanocomposite demonstrated greater thermal stability than neat PLA and PLA-NCOD when subjected 
to thermal analysis. This study clearly illustrates the comparative effect of spray-dried nanocellulose on 
reinforced nanocellulose/PLA composites.

Keywords: Mechanical Properties; Nanocellulose Drying; Nanofibrillated Cellulose (NFC); Polylactic Acid; 
Thermal Properties.

INTRODUCTION
There has been much interest in cellulose, 

which is an abundant polymer in nature, as an 
alternative source of nanosized reinforcement for 
many applications, including papermaking, high-
quality nanocomposites, and medical products 
[1, 2] . Thus, it has the potential to be the most 
abundant and renewable natural resource in the 
world [3-5]. 

Even though polylactic acid (PLA) is a 
biodegradable biomass material, its brittleness, 
low flexibility, and other mechanical properties 
result in its limited use in engineering applications 
[6-8]. Nanocellulose has been shown to enhance 
the mechanical properties of biomass materials 

[2, 9, 10]. Nanocellulose consists of groups of 
cellulose chains that are bonded together by 
hydrogen bonds [1, 10]. It is important to note 
that they have different extraction procedures 
and morphologies [2, 3, 11]. Woody/non-woody, 
tunicates, algae, and bacteria can produce 
cellulose nanomaterials (CNMs) [12, 13]. Because 
the synthesis of these sources differs, subsequent 
CNMs have a variety of crystallinity, aspect ratios, 
and morphologies [12, 14].

As a result of the extraction process, CNMs 
may have different morphologies and surface 
chemistry depending on whether they are 
extracted mechanically, by acidic hydrolysis, or 
by a combination of these methods [15]. It has 
been determined that the cellulose nanofibers 
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(CNFs) and the cellulose nanocrystals (CNCs) are 
the two primary structures of CNMs derived from 
these treatments. Acidic hydrolysis extraction 
produces large amount of waste acidic liquid after 
the extraction process, presenting environmental 
hazards and requiring repeated centrifuge and 
dialysis procedures. This method is also time-
consuming [16-18]. Refining and homogenizing 
[19-21], microfluidization [22-24], grinding 
[25-27], cryocrushing [26], and high-intensity 
ultrasonication [28-30] are several mechanical 
methods for reducing cellulosic fibers to nanofibers. 
It is noteworthy that CNMs possess a high aspect 
ratio, Young’s modulus of 114 GPa, and tensile 
strength of 6000 MPa, all of which are remarkably 
similar to those of the conventional inorganic 
fillers, which, however, are not biodegradable 
[2, 14]. Nanocellulose is typically produced in 
aqueous suspension due to its polar state [31, 32]. 
Since the majority of polymers are hydrophobic, 
in order to produce composite materials, water 
must be removed before mixing nanocellulose 
and polymers [32, 33]. It is highly desirable to 
apply dried nanocellulose into composites; hence, 
numerous research and development efforts have 
been conducted to develop methods of delivering 
dried nanocellulose for this purpose [33-36]. 

It has been found that water limits the efficacy 
of thermal compounding processes when using 
non-polar thermoplastics [37]. Consequently, in 
order to develop industrially relevant polymer 
nanocomposites, it is necessary to dry and 
understand the drying process for aqueous 
suspensions of nanocellulose. Furthermore, drying 
decreases the cost of transporting nanocellulose 
suspensions containing a high water content [32, 
35]. With the advent of producing nanocellulose in 
large scale, new applications in the plastics industry 
are possible, such as the use of nanocellulose for 
reinforcing polymers [32]. It is, therefore, essential 
to dry nanocellulose suspensions. Different 
kinds of drying processes have been developed 
for CNMs, including solvent evaporation [35], 
Lyophilization [38, 39], supercritical fluids [40], 
and spray drying  [41, 42].

CNMs tend to agglomerate in dry form, as 
outlined above. Therefore, drying nanocellulose in 
such a way that their size stays within nanometres 
is an important challenge for the industry. 
Incorporating spray-dried nanocellulose into 
nanocomposites has been subjected to limited 
research. In this study, we aim to use two different 

industrial and cost-effective nanocellulose drying 
methods to study the effect of these drying 
methods on the morphology, thermal properties, 
and mechanical properties of nanocomposites.

EXPERIMENTAL
Materials and the synthesis methods

A linter-dissolving pulp with cellulose content 
exceeding 95% and a polymerization degree (DP) 
of nearly 1800 was supplied by Linter Pak Co. in 
Behshahr, Iran. Due to hydrogen bonds that can be 
regenerated between CNFs upon drying[43], the 
pulp was never dried (30% consistency), facilitating 
microfibrillation and nanofibrillation. We used 
deionized water throughout the experiment, as 
well as no chemical reagents in the experiment. 

CNFs Extraction
Our first step was to cut the fibers into small 

pieces with scissors, then soak the pulp in deionized 
water for two hours before disintegrating it with a 
disintegrator. We refined fibers using the PFI mill 
refiner as a pretreatment. Following refinement, 
the pulp consistency of the refiner was 24%, and 
the rotation speed was 10,000 rpm respectively. 
A suspension with 2 wt% concentration was 
obtained by adding deionized water to the refined 
pulp dispersion. Afterward, the mixture was 
homogenized using a high-pressure homogenizer 
(SRH-60, China) with a pressure of 400 bar for ten 
cycles.

 
CNFs Drying Methods

To achieve a final weight concentration of 1 
wt% before drying, dried cellulose nanofibrillated 
suspensions were mixed with distilled water for 
4 minutes at 2000 rpm using Speed Mixer. Two 
drying methods (oven and spray drying) were used 
for cellulose nanofibrillated suspensions of 1 wt% 
consistency.

Oven-Drying (OD)
We placed CNFs suspensions in an oven set 

to 105 °C for 24 hours. After drying, the dried 
nanocellulose was milled to obtain better fines.

Spray-Drying (SD)
A Buchi Mini Spray Dryer B-290 laboratory spray 

dryer (Swiss) was employed to dry the suspension 
of CNFs. A high-purity nitrogen gas was used as 
the injected gas to create suspension droplets. 
The samples were dried at 180 °C in an inlet 
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temperature, 540 l/h, 4.5 ml/min pump rate, 35 
m3/h drying gas flow, and 90 °C outlet temperature 
of the spray dryer measured for the CNFs. After 
drying, all the CNFs were stored in plastic bags and 
desiccators at ambient temperature for future use.

Nanocomposites Production
Coperion Brabender (TSE 20, Duisburg, 

Germany) twin screw extruders were used 
to manufacture nanocomposites. They were 
processed in two steps: the master batch and the 
final extrusion in the extruder. Initially, oven/spray-
dried CNFs and PLA were added in a dry state, 
mixed with PLA with a screw speed of 100 rpm, 
and the temperature profile varied from 160 °C in 
the feed zone to 185°C in the die. As a next step, 
the masterbatches were diluted with fresh PLA to 
reach the final composition. The formulations of 
the prepared materials are shown in Table 1. In 
accordance with ASTM D638 type 5, the extruded 
pellets were dried at 55 °C for 6 hours before 
being injected molded (Haake MiniJet II) into test 
specimens. The injection molding machine barrel 
temperature was set at 190 °C. Injection-molded 
specimens were used to evaluate mechanical 
properties and thermal properties.

 
Characterization Techniques

In order to prepare the samples, linter and 
refined pulp suspensions were diluted to 0.5 
weight percent, then placed on glass slides and 
stamped with coverslips. An optical microscope 
(Leica DMLM) was used to observe the fibers, 
while a digital imaging system measured their 
diameter. In this study, an Easyscan 2 Flex AFM 
probe microscope was used to analyze the 
morphology of suspensions and dried forms of 
CNFs. We prepared the samples by dispersing 1 
mg of nanofibers in distilled water in an ultrasonic 
bath for 30 minutes, cast them onto a microscopy 
slide, and dried them in a vacuum oven at 70 °C 
for 1 hour. 

Scanning Electron Microscopy (SEM) was 
used to investigate nanocomposites. Cryofracture 
surfaces were analyzed using Hitachi S-4700 

(Schaumburg, IL, USA). To avoid charging, samples 
were coated with carbon sputtering. In order to 
determine the thermal stability of dried CNFs, a 
thermo-gravimetric analyzer (PL-TGA, Polymer 
Laboratories, England) was used to heat samples 
under a nitrogen atmosphere from 25 °C to 500 
°C at a rate of 10 °C per minute. Tests of heat 
distortion temperature were conducted according 
to ASTM standard D648 using rectangular samples 
with dimensions of 127 x 12.7 x 3 mm under a load 
of 0.455 MPa and a heating rate of 2 oC/min.

Injection-molded specimens (ASTM D638 
type 5) were used for the tensile test, and the 
gauge length was 30 mm. Tensile tests were 
performed using Hounsfield H25KS (United 
Kingdom) with a load cell of 10 kN. Each material 
was tested in five samples, and the average 
values were presented. 

Using ASTM D256, we evaluated the unnotched 
Izod impact strength of PLA/nanocellulose 
composites and neat PLA, cutting rectangular bars 
64 × 12.7 × 3 mm3 from injection-molded sheets. 
At least five samples of each material were tested.

  
RESULTS AND DISCUSSION
Optical Microscopy (OM)

With the use of the PFI mill, the fibers became 
significantly looser, with many thin fibrils forming 
on their surface as a result of the refining treatment 
[19, 44]. It is impossible to extract long and high-
purity CNFs through simple one-step chemical or 
mechanical methods, due to the strong hydrogen 
bonds between CNFs [45]. Consequently, it is 
essential that cotton fibers undergo refinement 
prior to nanofibrillation by the homogenizer (the 
second stage) [45, 46]. In the both linter dissolving 
pulp and refined pulp, cellulosic fibers were 
observed by optical microscopy (Fig. 1). According 
to Figure 1a, linter pulp had a length and width of 
1.3 mm and 13 µm, respectively. This size was large 
for use in the high-pressure homogenizer directly. 
After refining, the length and width decreased to 
between 750 µm and 8µm, respectively, which 
allows it to be used directly in the high-pressure 
homogenizer (Fig. 1b).

Table 1. Nancellulose and PLA weight ratio in producing masterbatch and nanocomposite. 
 

Sample 
Masterbatch 

Bulk PLA(g) 
CNFs (g)  PLA (g) 

PLA neat  ‐  ‐  100 
PLA/spray dried nanocellulose (PLA‐NCSD)  5  15  80 
PLA/Oven dried nanocellulose (PLA‐NCOD)  5 15 80

 
   

Table 1. Nancellulose and PLA weight ratio in producing masterbatch and nanocomposite.
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Morphology Observation by AFM
In this study, using an AFM, nanofibrillated 

cellulose (NFCs) was observed on a nanoscale. The 
AFM images of nanofibrillated cellulose (NFCs) 
prepared by a high-pressure homogenizer are 
shown in Fig. 2a, and a size distribution diagram 
is shown in Fig. 2b. According to research, 
the average size of the CNFs produced by the 
homogenizer was approximately 25-37.5 nm. 
CNFs vary in morphology and properties according 
to their source of raw material and extraction 
process [47]. In research on cotton fibers treated 
with ionic liquid and then homogenized by high 
pressure, nanocellulose particles had diameters 
ranging from 10 to 30 nanometers. According 
to Fig. 3a, 3b, 3c, and 3d, drying methods affect 

both the morphology and size distribution of dried 
CNFs measured by AFM. Spray-dried CNFs have an 
average dimension of 84-96 nm and retain their 
nano-size dimensions. As a comparison, the drying 
of CNFs suspension in the oven (Fig. 3b) results 
in agglomeration and alteration in size. Several 
researchers have shown that conventional drying 
of nanocellulose at high temperatures through the 
evaporation of water can lead to agglomerated 
fiber due to hydrogen bonding between cellulose 
fibers [34, 35]. The nanometric scale of nanofibers 
is therefore lost with oven-dried CNFs. The average 
dimensions of oven-dried CNFs ranged from 647 to 
700 nm. Powdery products containing nanoscale 
dimensions can be produced by spray drying CNF 
suspensions. As a consequence of spray drying, 

 
 
 
 
 
 
 

  
  

 
Fig. 1. Fibre morphology of linter dissolving before (a) and after refining (b). 
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Fig. 1. Fibre morphology of linter dissolving before (a) and after refining (b).

 
 

  

  

 
Fig. 2. AFM image (a) and size distribution of CNFs before drying (b). 
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Fig. 2. AFM image (a) and size distribution of CNFs before drying (b).
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particles are formed with various morphologies 
according to the source of nanocellulose [41, 42]. 
Park et al. investigated the morphology of spray-
dried NFCs from bleached kraft pulps in 2017. 
Based on their measurements by AFM, the spray-
dried CNFs showed a uniform fiber morphology 
with an average fiber size of 0.02-1000 µm [41]. 
In addition, other research has indicated that 
spray drying may be a viable method for drying 
nanoparticles that is both economical and 
desirable [32, 34, 41, 42]. 

SEM of the fracture surface of nanocomposites
The fracture cross-sectional SEM images in 

Figs. 4a, 4b, and 4c have been showed PLA, PLA-
NCSD, and PLA-NCOD nanocomposites. Pure PLA 
has smooth surfaces and is brittle (Fig. 4a). Based 
on other research work [25], the fracture surface 
becomes uneven with nanocellulose incorporated 
into the PLA matrix due to the interfacial adhesive 
force [48, 49]. It is evident from Fig. 4c that the 

fracture surface of the composite with oven-
dried nanocellulose has many holes and gaps, 
suggesting poor dispersion and weak interfacial 
bonding between the PLA matrix and the oven-
dried nanocellulose. Compared to the oven-dried 
version, spray-dried nanocellulose is dispersed 
more uniformly in the matrix of the PLA-NCSD film 
due to fewer agglomerates (Fig. 4b). Many studies 
have observed these behaviours associated 
with the self-aggregation of nanocellulose due 
to hydrogen bonds between nanoparticles and 
incompatibility between hydrophilic CNC and 
hydrophobic matrix [25, 50-53].

Among other findings, Li et al. found large 
MFC agglomerates on the fracture surfaces of 
oven-dried MFC-PLA nanocomposite films [48]. 
According to them, these agglomerates may result 
in lower dispersibility in polymeric matrixes, as 
they act as defects/stress concentration points 
resulting in deterioration of composite properties.

Additionally, a study by Wei et al. examined 

 
 

 

 

 
Fig. 3. AFM image and size distribution of spray-dried (NCSD) (a, b) and oven-dried (NCOD) (c, d) of CNFs.
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Fig. 3. AFM image and size distribution of spray-dried (NCSD) (a, b) and oven-dried (NCOD) (c, d) of CNFs.
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the fracture surfaces of freeze-dried CNCs and PLA 
by SEM [54]. The image revealed discontinuous 
zones and cavities within this nanocomposite film. 
According to them, these cavities result from large 
agglomerates/aggregates of freeze-dried CNCs as 
well as poor bonding at the interface.

TGA Analysis
As illustrated in Fig. 5, thermogravimetric 

analysis of the nanocomposites was conducted 
to examine their thermal degradation behaviors. 
Table 2 presents the thermal degradation 
data of neat PLA, PLA-NCSD, and PLA-NCOD 
nanocomposites at the temperatures at which 
5% and 50% weight loss occurred, and residual 
weight at 500 °C was used. At 236.23 °C, 277.69 
°C, and 6.94%, respectively, neat PLA shows T5, 
T50, and residual weight. With the incorporation 
of spray-dried nanocellulose, PLA thermal 
degradation temperatures increased from 23 °C 
to 30 °C, respectively. Nevertheless, the thermal 
degradation temperature was improved by 8.6 °C 
in the oven-dried form of nanocellulose compared 
to neat PLA. As a result of the incorporation of 
nanocellulose in PLA matrixes, the thermal stability 

was enhanced, and the thermal degradation was 
slowed down [55-57]. 

However, the spray-dried form of 
nanocellulose enhanced the thermal stability of 
the nanocomposite more than the incorporated 
oven-dried nanocellulose. This improvement 
is due to the intermolecular bonding between 
nanocellulose and polymers. In the study by Gan 
et al. the dispersion level of nanocellulose and 
the final morphology of the nanocomposites 
were significant factors in the enhancement 
of the thermal stability of the nanocomposite 
[57]. Therefore, the improved thermal stability 
of PLA-NCSD nanocomposites is associated 
with well-dispersed nanocellulose and effective 
interfacial adhesion between nanocellulose 
and polymer matrix. The thermal stability of 
nanocomposites may be affected by differences in 
sources of nanocellulose, matrix types, processing 
techniques, and drying processes [57].

Heat distortion temperature
As shown in Table 3, PLA has a low heat 

distortion temperature (HDT), making it unsuitable 
for use at high temperatures. As a result of spray-

 
 

 

  

 

Fig. 4. SEM images of cryo-fractured surfaces of neat PLA (a) and PLA reinforced with 5% SD and OD CNF (b & c). 
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Fig. 4. SEM images of cryo-fractured surfaces of neat PLA (a) and PLA reinforced with 5% SD and OD CNF (b & c).
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dried nanocellulose addition to neat PLA, HDT 
increased slightly by 6.1% from 52.3 °C to 55.5 °C. 
Compared to PLA-NCOD nanocomposite, spray-
dried CNFs/PLA nanocomposite increased HDT 
by 8.5%. There is evidence in several studies that 
adding cellulosic fiber increases the heat stability 
of PLA composite [58, 59]. In their study, Spinella 
et al. reported an improved HDT of PLA/CNF 
composites as a result of the effective dispersion 
of nanocellulose in the PLA [58]. 

Furthermore, according to Ding et al. [60], HDT 
changes are related to the composite preparation 
method, which affects the quality of dispersion 
and distribution of the nanocellulose in Polymeric 
matrix.

Mechanical properties
According to Fig. 6, the prepared nanocom-

posite demonstrated significant improvements 

in strength (Figure 6a), elongation at break 
(Figure 6b), and tensile modulus (Figure 6c) when 
compared to PLA-NCOD and neat PLA. The addition 
of 5% NCSD improved the tensile strength of PLA 
samples from 22.4 to 37.4 MPa, the elongation at 
break from 2.3 to 2.6%, and the tensile modulus 
from 1.1 to 1.7 GPa. Several research studies have 
attributed these improvements in tensile strength 
and modulus to the high mechanical properties of 
nanocellulose compared to the matrix [6, 49, 60]. 

Compared to neat PLA, PLA-NCOD composites 
had higher tensile strength and modulus, while 
their elongation at break decreased from 2.3 to 
1.7%. Several factors influence the elongation at 
break, including the volume fraction of the added 
reinforcement, dispersion within the matrix, and 
interaction between reinforcement and matrix 
[61].

Li et al., also observed a decrease in 

 
 

 

 
Fig. 5. TGA curve of neat PLA, PLA-NCSD, and PLA-NCOD bionanocomposites. 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2. Thermal degradation parameters of neat PLA, PLA‐NCSD, and PLA‐NCOD 
nanocomposites. 

 
Sample  T5 (°C) T50 (°C) Residual (%) at 500° C 
Neat PLA  236.23 277.69 6.94
PLA‐NCSD  259.61  307.26  7.68 
PLA‐NCOD  246.69  286.5  6.7 

 
   

Table 3. Heat Distortion Temperature (HDT) of nanocellulose/PLA composite. 

HDT (°C) Treatment 
52.3±0.4 Neat PLA 
55.5±0.3 PLA/CNF 5(SD) 
51.1±1.2 PLA/CNF5(OD) 

 

Fig. 5. TGA curve of neat PLA, PLA-NCSD, and PLA-NCOD bionanocomposites.

Table 3. Heat Distortion Temperature (HDT) of nanocellulose/PLA composite.

Table 2. Thermal degradation parameters of neat PLA, PLA-NCSD, and PLA-NCOD nanocomposites.
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elongation at the break of PLA/oven-dried NFCs 
nanocomposite compared to neat PLA [48]. Based 
on their findings, MFC agglomeration, lower 
dispensability, and the incompatibility between 
the hydrophilic MFC and hydrophobic PLA matrix 
might be involved in this issue.

Also, in comparison with neat PLA and PLA-
NCOD nanocomposite, the spray-dried form of 
CNFs demonstrated greater elongation at the 
break by 13% and 53%, respectively. NFC has a 
high tensile modulus and strength because of its 
stiffness and potential adhesion between it and 

 
 
 
 
  

 

 

 
Fig. 6. Tensile strength (a), elongation at break (b) , and tensile modulus (c) for PLA, PLANFCOD-5,  

and PLANFCSD-5.
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Fig. 6. Tensile strength (a), elongation at break (b) , and tensile modulus (c) for PLA, PLANFCOD-5, and PLANFCSD-5.

 
 
 
 
 

 

 

Fig. 7. Impact strength for PLA, PLANFCOD-5, and PLANFCSD-5. 
 

Fig. 7. Impact strength for PLA, PLANFCOD-5, and PLANFCSD-5.
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the polymeric matrix [62]. 
A further explanation for the lower tensile 

parameters for PLA-NCOD nanocomposites is 
the agglomeration phenomena, which leads to 
weak fiber dispersion within the PLA matrix. In 
PLA-NCOD nanocomposite, the agglomeration 
of nanocellulose in the matrix may explain 
the reduction of elongation at break [63, 64]. 
Based on the findings of other researchers 
[6, 59, 65], nanosized cellulose may undergo 
microagglomeration. Based on Li et al., MFC oven-
dried particles act as defects/stress concentration 
points that result in poor stress transfer across the 
interphase and poor adhesion between the matrix 
and fibers, thereby causing a lack of strength 
improvement [48].

The lowest strength parameters were reported 
in a study by Peric et al. on freeze-dried NFC/PLA 
composites [38]. They concluded that the lack of 
improvement in tensile strength indicates the poor 
stress transfer across the interphase, so there is no 
interfacial bonding between the reinforcing fiber 
and the polymer matrix [38].

Impact strength
Fig. 7 illustrates the unnotch impact strength 

of PLA according to Izod. Pure PLA has impact 
strength of 5.4 J. The pure PLA had impact 
strength of 5.4 J. In the presence of oven-dried 
nanocellulose content, the impact strength of the 
nanocomposite decreased to 3.2 J. When oven-
dried CNFs are incorporated into a polymeric 
matrix, impact strength has been reduced by 53% 
compared to neat PLA. PLA-NCSD nanocomposite 
did not show any significant improvement over 
neat PLA. However, PLA-NCSD nanocomposite 
demonstrated higher impact strength than PLA-
NCOD nanocomposite. 

In a study conducted by Peric et al., which 
supports our findings, modified freeze-dried NFC 
added to PLA matrix did not improve impact 
strength. Also, unmodified MFC added to PLA 
matrix decreased the impact strength of the 
composite [38].

Figure 7 also illustrates how PLA-NCOD 
nanocomposites exhibit a higher variance in 
impact strength results due to a weak connection 
to the polymer matrix [66]. Other researchers 
have suggested that the low impact strength 
of PLA-NCOD could be attributed to the poor 
dispersion of nanocellulose in a polymeric 
matrix and the weak connection between them 

[67-69]. Other researchers also observed these 
characteristics and inferred that nanocellulose 
had poor dispersion or insufficient dispersibility, 
which inhibited the transfer of the load between 
two phases [39, 49].

CONCLUSIONS
In this study, CNFs are extracted from linter-

dissolving pulp using a high-pressure homogenizer. 
AFM analysis of dried CNFs suggests that spray 
drying preserves their nano-scale dimensions. 
When spray and oven-dried CNFs were applied to 
the PLA matrix, PLA-NCSD nanocomposites were 
found to demonstrated higher tensile modulus, 
strength, and elongation than neat PLA and PLA-
NCOD nanocomposites.

Based on SEM morphology studies of PLA and 
its nanocomposites, PLA-NCSD nanocomposite 
fracture surfaces were relatively smooth. 
Additionally, the HDT results indicated that the 
PLA-NCSD nanocomposite had a higher value 
than the PLA-NCOD nanocomposite based on 
the HDT results. Compared with oven-dried CNF/
PLA nanocomposite, neat PLA has higher impact 
strength. When compared to neat PLA, spray-dried 
CNF/PLA nanocomposites did not significantly 
improve impact strength.
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