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Abstract 

  

Biodegradable nanocomposites were prepared using 
nanofibrillated cellulose (NFC) as the reinforcement and 
poly (3-hydroxybutyrate-co-3-hydroxyvalerate, PHBV) as 
the polymer matrix. PHBV powder was dispersed in 
water, mixed with an aqueous suspension of NFC fiber, 
and freeze dried. The resulting PHBV/15 wt% NFC was 
then used as a masterbatch in a subsequent melt 
compounding process to produce nanocomposites of 
various formulations. Its properties, such as mechanical 
properties, crystallization behavior and solubility of 
carbon dioxide (CO2), were evaluated. Scanning electron 
microscopy (SEM) images revealed that individual fibers 
with diameters less than 1 µm were still clearly 
distinguishable even though some of the NFC 
agglomerated. Adding NFC increased the tensile modulus 
of the PHBV/NFC nanocomposites nearly twofold. 
Differential scanning calorimetry (DSC) analysis showed 
that the NFC served as a nucleating agent, promoting the 
early onset of crystallization. However, high NFC content 
also led to greater thermal degradation of the PHBV 
matrix. The solubility of CO2 in the PHBV/NFC 
nanocomposites decreased and the desorption diffusivity 
increased as more NFC was added.    
  

Introduction 
  

The development of commercially viable 
biodegradable plastics is an important effort in preserving 
and revitalizing our global environment and economy. 
Bio-based polyhydroxyalkanoates (PHAs) have attracted 
much attention over the last two decades mainly due to 
increasing environmental concerns and the realization that 
our petroleum resources are finite [1, 2]. PHAs, which 
also include poly(3-hydroxybutyrate) (PHB) and 
copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
(PHB/HV), are a family of polyesters that are synthesized 
and intracellularly accumulated as a carbon and energy 
storage material in various microorganisms [3]. Generally, 
PHB/HV (or PHBV) is less crystalline and more flexible 
than the highly crystalline and relatively brittle and 
hydrophobic PHB [4].  

Reinforcing fibers of various sizes and forms—e.g., 
natural plant fibers (cellulose fibers), glass fibers, carbon 
fibers, carbon nanotubes, etc.—have been effectively used 
in polymer composites as reinforcing agents [5]. 
Nanofibrillated cellulose (NFC), a biologically derived 

nanofiber reinforcement suitable for polymeric materials, 
is an interconnected web with fibrils having a diameter in 
the range of 10 to 50 nm [6]. However, the drawback of 
using NFC is the difficulty in dispersing them uniformly 
in a non-polar medium because of their polar surface [7]. 
Therefore, the use of NFC in nanocomposites has mainly 
been limited to aqueous or polar environments and the 
processing techniques have been limited to the laboratory 
scale. Thus, it will be important to develop new 
processing techniques which can be scaled up and used 
industrially.  

It is well known that when a low molecular weight 
compound, such as carbon dioxide, comes into contact 
with the polymer, sorption of the low molecular weight 
species by the polymer occurs. Carbon dioxide at high 
pressure can be dissolved in a polymeric matrix [8]. The 
use of CO

2 
as a solvent or physical blowing agent offers the 

possibility to develop new “clean and environmental 
friendly” techniques for polymer processing. It is 
therefore of interest in this study to measure the solubility 
of CO2 in PHBV and PHBV/NFC nanocomposites. 
  

Experiments 
  

Materials 
NFC was prepared at Forest Products Laboratory, 

Madison, WI. It was prepared according to a procedure 
described by Saito and Isogai [9]. Fully bleached Kraft 
eucalyptus fibers were oxidized with sodium hypochlorite 
using tetramethylpiperidine-1-oxy radical (TEMPO) 
sodium bromide as a catalyst. The TEMPO-mediated 
oxidation was carried out at a pH of 10 at 25°C for 3 
hours. The fibers were then thoroughly washed and 
refined in a disk refiner with a gap of approximately 200 
µm. The coarse fibers were separated by centrifuging at 
12,000 G force, and the nanofiber dispersion was 
concentrated to 0.4% using ultrafiltration. A final 
clarification step was performed in which the nanofiber 
dispersion was passed once through an M-110EH-30 
microfluidizer (Microfluidics, Newton, MA) with 200 µm 
and 87 µm chambers in series. 

PHBV powder under the trade name Y1000 was 
purchased from Ningbo Tianan Biologic Material Co. Ltd. 
(Tinan-ENMAT, China). The percentage of HV in the 
PHBV copolymer (Y1000) was 3%. 
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Processing 
Composites were prepared using a two-step process. 

Masterbatch preparations using a freeze drier were 
followed by melt compounding, as described below. 
 

Preparation of the Masterbatch  
PHBV powder was first dispersed in distilled water, 

stirred for 1 hour, and then mixed with an aqueous 
suspension of NFC to reach a dry weight ratio between 
PHBV and NFC of 85:15 (15% NFC). The mixture was 
then stirred overnight using a magnetic stirrer. To prepare 
the composites, the water medium had to be removed 
from the corresponding aqueous suspension of NFC while 
the NFC fibers remained fully dispersed. Hence, the 
suspension was quickly frozen by liquid nitrogen to 
prevent the PHBV powder from settling. In addition, rapid 
freezing might avoid NFC aggregation during freeze 
drying, as report by Pääkkö et al. [10]. The frozen mixture 
was then freeze dried using a 4.5 L Labconco FreeZone 
freeze drier to remove the water thoroughly. The dried 
PHBV + 15% NFC masterbatch was later diluted to 2.5, 
5, and 10 wt% NFC content by melt compounding, as 
described below. 
 

Melt Compounding and Preparation of Specimens 
PHBV composites with 0, 2.5, 5, and 10 wt% NFC 

content were prepared by melt compounding of the PHBV 
powders and the NFC masterbatch. PHBV was dried in an 
oven for 2 hours at 90 °C before processing and melt 
compounding was done using a thermokinetic mixer (K-
mixer). The nanocomposites were then compounded in 50 
g batches and discharged when the temperature reached 
180 °C. There was no external heating source in the K-
mixer besides frictional (viscous) heating and the 
compounding process was completed in less than two 
minutes. This short heating/mixing time reduced the 
potential for thermal degradation. The K-mixer’s rotor 
speed was set at 6000 rpm. After discharge, the molten 
nanocomposite was subsequently granulated. Tensile bars 
(ASTM D638 Type V, 63.5 mm by 3.2 mm by 1.6 mm), 
and rectangular specimens (nominal dimensions of 25 mm 
by 25 mm by 1.2 mm) were injection molded using a 
micro injection molding machine (DSM Xplore, Geleen, 
The Netherlands). The molding was done at 180 ºC with a 
mold temperature of 25 ºC, a cooling time of 15 seconds, 
and a holding pressure of 7 bars. 
 
Scanning Electron Microscopy (SEM) 

SEM images were examined using an SEM (JEOL 
Neoscope Benchtop) operated at 10 kV. All specimens 
were sputter-coated with a thin layer of gold (~20 nm) 
prior to examination. 
 
Tensile Testing 

Tensile tests were performed on the injection molded 
tensile specimens following the ASTM D638 standard 
[11]. The static tensile modulus, strength, and strain-at-
break were measured at room temperature (25 °C) and 

atmospheric conditions (relative humidity of 50 ± 5%) on 
an Instron 5865 mechanical testing instrument. The tensile 
tests were performed on all specimens using an initial load 
of 0.5 N and a constant crosshead speed of 1 mm/min. 
Five specimens of each sample group were tested and the 
average results were reported. 

 
Differential Scanning Calorimetry (DSC) 

A differential scanning calorimeter (Q20 TA 
Instruments) was used to study the thermal properties of 
the nanocomposites. Specimens of 5 to 10 mg were placed 
in aluminum sample pans and heated from –50 °C to 210 
°C at a 10 °C/min heating rate and held for 3 min at 210 
°C to erase any prior thermal history before cooling at a 
rate of 10 °C/min to a temperature of –50 °C. The 
specimens were then reheated to 210 °C and cooled down 
to room temperature using the same heating and cooling 
rates of 10 °C/min. The crystallization temperature (Tc) 
was determined from the DSC curves.  
 
Polarized Optical Microscope (POM) 

Crystallization behavior of the samples was studied 
by an Leitz SM-Lux POM. Microtomed PHBV/NFC 
nanocomposite specimens from the injection molded 
samples were sandwiched between two glass slides and 
heated to 230 ºC. The specimens were equilibrated for 3 
min to eliminate any residual PHBV crystallization seeds 
and then cooled down slowly to room temperature. 
Images of PHBV spherulites were taken by an attached 
digital camera.  
 
Gel Permeation Chromatography (GPC) 

The number- and weight-average molecular weights 
(Mn and Mw, respectively) and the polydispersity index 
(PDI; calculated as the ratio of Mw/Mn) for injection 
molded PHBV/NFC samples were determined by gel 
permeation chromatography (GPC). Specimens weighing 
7.5 mg were dissolved in 3 mL of HPLC-grade 
chloroform via continuous stirring in a constant 
temperature sand bath (60 ºC) for 1 hour. The specimen 
solution was filtered through a 0.2 mm PTFE membrane 
filter. With an eluent flow rate of 1.0 mL/min, 100 mL 
specimens were injected into a Viscotek model VE2001 
with Model 302-050 tetra detector array (differential 
refractive index (RI)). The system was calibrated using 
polystyrene standards. 
 
Sorption Measurement  

The main purpose of the sorption experiments was to 
establish the amount of CO2 absorbed in the PHBV and 
PHBV/NFC nanocomposites. The original weights of 
these samples were measured using a digital balance 
readable to 0.0001 g. Sorption of CO2 was facilitated by 
placing the specimens in a high pressure vessel under a 
CO2 gas pressure of 55.2 bar (800 psi) at room 
temperature for 1 day. Afterwards, the vessel was 
depressurized and the CO2-absorbed samples were 
removed from the pressure vessel and placed on the 



 

 

balance to record the CO2 sorption
chamber and its desorption over time 
pressure. The process of removing the samples 
pressure chamber weighing them took around 40s
Samples were kept in an oil bath on the scale to 
weight gain or loss in the sample due to moisture.
diffusivity of gas (D) in the sample was 
following equation [12, 13]: 
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where Mt is the amount of gas lost at time 
mass uptake at infinite time, and l is the thickness of the 
sample.  
 

Results and Discussions
 

Freeze Dried Aqueous Suspension of NFC
The SEM images of PHBV powder, freeze

NFC, and freeze-dried PHBV + 15% NFC masterbatch 
are shown in Figures 1 (a), (b), and (c), respectively. As 
shown in Figure 1 (a), the individual PHBV powder is
smaller than 1 µm. Freeze-dried NFC (Figure 1 (b)) 
an interconnected fibrillar skeleton structure with 
diameters on the order of 1 µm, although some of the 
nanofibers aggregated to form essentially 2
extended sheet-like structures. The observed fibrillar 
diameter after freeze drying was much larger than what 
was observed (e.g., 5–10 nm) in aqueous gels using 
transmission electron microscopy (TEM) in a previous 
study [6]. This indicates that some aggregation of 
nanofibers took place in the process of freeze 
Similar behavior in freeze drying results has been reported 
in another study [10]. For the freeze-dried PHBV + 15% 
NFC, Figure 1 (c) shows that some of the PHBV powder 
attached to the fibrillar NFC network, whil
aggregated. This PHBV + 15% NFC was used as the 
masterbatch in the subsequent melt compounding process. 

 

 
  

 

Figure 1: 
(a) PHBV powder, (b) 
freeze-dried NFC, and (c) 
freeze-dried PHBV + 15% 
NFC masterbatch
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over time at atmospheric 
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Discussions 
Freeze Dried Aqueous Suspension of NFC 

The SEM images of PHBV powder, freeze-dried 
PHBV + 15% NFC masterbatch 
(a), (b), and (c), respectively. As 

shown in Figure 1 (a), the individual PHBV powder is 
NFC (Figure 1 (b)) shows 

an interconnected fibrillar skeleton structure with 
although some of the 

nanofibers aggregated to form essentially 2-dimensional 
like structures. The observed fibrillar 

was much larger than what 
10 nm) in aqueous gels using 

tron microscopy (TEM) in a previous 
. This indicates that some aggregation of the 

nanofibers took place in the process of freeze drying. 
Similar behavior in freeze drying results has been reported 

dried PHBV + 15% 
NFC, Figure 1 (c) shows that some of the PHBV powder 
attached to the fibrillar NFC network, while some of it 
aggregated. This PHBV + 15% NFC was used as the 
masterbatch in the subsequent melt compounding process.  

 

Figure 1: SEM images of:  
(a) PHBV powder, (b) 

dried NFC, and (c) 
dried PHBV + 15% 

masterbatch. 

Tensile Properties 
Tensile tests were performed on the injection molded 

ASTM D638 Type V specimens of the PHBV/NFC 
nanocomposites. Representative stress
featured in Figure 2. The addition of NFC increased 
composite Young’s modulus significantly. 
2.5, 5, and 10 wt% NFC increased
22%, 54%, and 90%, respectively. 

Furthermore, the tensile strength of filled composites 
was found to be slightly higher than that of
polymer. However, the ultimate strain of neat PHBV 
decreased with increased fiber loading. Maximum 
elongation decreased more than one
neat PHBV to 3.9% with the addition of 10 wt% NFC. 
The slight increase in strength and decrease
in the composites might be attributed to an embrittlement 
caused by some agglomeration of
nanocomposite degradation
be discussed later, was further confirmed by DSC and
GPC results. The SEM micrograp
surfaces of neat PHBV and PHBV/NFC nanocomposites 
in Figure 3 clearly shows th
even though individual fiber
distinguished. 

 
Figure 2. Tensile stress versus strain curve
and PHBV/NFC nanocomposites. 
 
Thermal Properties 

Thermal properties of PHBV nanocomposites, 
including crystallization were investigated using DSC. 
Because PHBV has poor thermal stability and undergoes 
thermal degradation which can lead to a reduction in 
molecular weight [14, 15],
cycles were performed so that useful comparisons could 
be made. The cooling runs
crystallization temperature (
cycle was higher with the 
addition of 2.5, 5%, and 10%
peak of PHBV was roughly 3°C, 5 °C, and 0.1 °C higher, 
respectively. With a 10% addition of NFC, however,
crystallization peak temperature did not 
5% NFC. The initial increase and then decrease of 
crystallization temperatures with increasing NFC content 
could be the result of two competing factors
enhanced nucleation for crystallization and material 

Tensile tests were performed on the injection molded 
ASTM D638 Type V specimens of the PHBV/NFC 
nanocomposites. Representative stress–strain curves are 

The addition of NFC increased the 
composite Young’s modulus significantly. The addition of 

and 10 wt% NFC increased neat PHBV stiffness by 
respectively.  

, the tensile strength of filled composites 
slightly higher than that of the virgin 
, the ultimate strain of neat PHBV 

with increased fiber loading. Maximum 
elongation decreased more than one-half, from 8.8% for 
neat PHBV to 3.9% with the addition of 10 wt% NFC. 
The slight increase in strength and decrease in elongation 
in the composites might be attributed to an embrittlement 
caused by some agglomeration of the NFC and 

degradation. This degradation, which will 
was further confirmed by DSC and 

The SEM micrograph of tensile fracture 
of neat PHBV and PHBV/NFC nanocomposites 

in Figure 3 clearly shows that some NFC agglomerated, 
even though individual fibers can still be clearly 

 
Figure 2. Tensile stress versus strain curves for the PHBV 

composites.  

Thermal properties of PHBV nanocomposites, 
including crystallization were investigated using DSC. 

poor thermal stability and undergoes 
thermal degradation which can lead to a reduction in 

, two heating and two cooling 
cycles were performed so that useful comparisons could 

s are shown in Figure 4. The 
crystallization temperature (Tc) during the first cooling 

s higher with the addition of NFC. With the 
addition of 2.5, 5%, and 10% NFC, the crystallization 

roughly 3°C, 5 °C, and 0.1 °C higher, 
10% addition of NFC, however, the 

crystallization peak temperature did not rise above that of 
The initial increase and then decrease of 

crystallization temperatures with increasing NFC content 
could be the result of two competing factors; namely, 
enhanced nucleation for crystallization and material 



 

 

degradation due to residual moisture in 
additional thermal scanning cycles (second cooling cycle)
caused a decrease in the crystallization temperatures as 
well as the heat suggesting sample degradation and t
magnitude of the shift increased with increasing NFC 
concentration, again suggesting that residual moisture in 
the NFC would cause degradation of the polymer
other hand, the POM photographs of PHBV and 
PHBV/NFC nanocomposites in Figure 
evidence that NFC also served as a nucleating agent
crystallization. For neat PHBV, the number of spherulites 
was few and their size was relatively large because there 
was ample space for them to grow before impinging
one another. For PHBV/NFC nanocomposites, 
of the spherulites was distorted. Furthermore, th
decreased and the number of PHBV spherulites increased 
significantly (Figures 6(b)-(d)). Similar results were 
reported for PHBV with cellulose nanowhiskers 
nanoclay [17]. 
 

 

 
 

Figure 3. Tensile fractured surfaces of (a) PHBV, (b) 
PHBV + 2.5% NFC, (c) PHBV + 5% NFC, and (d) PHBV 
+ 10% NFC. 
 
Molecular Weight Measurement 

The Mw and PDI values of the neat PHBV and 
PHBV/NFC nanocomposites were examined using GPC. 
GPC results shown in Figure 6 and Table 
adding NFC leads to increased degradation. It is likely 
that there was a small amount of residual moisture in the 
NFC that triggered the PHBV molecular degradation 
through hydrolysis at the high processing temperature
18]. Furthermore, as can be observed, the M
PHBV powder decreased 21% from 330,000 to 260,000 
after the mixing and injection molding processes, 
indicating that the PHBV was prone to thermal 
degradation during processing [19].  
 

residual moisture in the NFC. The 
(second cooling cycle) 

caused a decrease in the crystallization temperatures as 
t suggesting sample degradation and the 

magnitude of the shift increased with increasing NFC 
residual moisture in 

cause degradation of the polymer. On the 
he POM photographs of PHBV and 
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was ample space for them to grow before impinging upon 
composites, the shape 
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PHBV with cellulose nanowhiskers [16] and 

 

 
Figure 3. Tensile fractured surfaces of (a) PHBV, (b) 
PHBV + 2.5% NFC, (c) PHBV + 5% NFC, and (d) PHBV 

and PDI values of the neat PHBV and 
PHBV/NFC nanocomposites were examined using GPC. 

and Table 1 confirm that 
adding NFC leads to increased degradation. It is likely 

a small amount of residual moisture in the 
FC that triggered the PHBV molecular degradation 

through hydrolysis at the high processing temperatures [6, 
s can be observed, the Mw of the 

21% from 330,000 to 260,000 
after the mixing and injection molding processes, 

prone to thermal 

Figure 4. Comparison of crystallization exotherms
the first (solid line) and second (dashed line) cooling 
scans of PHBV and its nanocomposites with NFC.
 

 

Figure 5. Polarized optical microscope photographs of 
PHBV/NFC nanocomposites: 
2.5% NFC, (c) PHBV + 5% NFC, and 
NFC. 
 

Figure 6. GPC chromatograms of PHBV/NFC nano
composite samples.  
 

 
. Comparison of crystallization exotherms during 

the first (solid line) and second (dashed line) cooling 
scans of PHBV and its nanocomposites with NFC. 

  

  
Figure 5. Polarized optical microscope photographs of 
PHBV/NFC nanocomposites: (a) PHBV, (b) PHBV + 
2.5% NFC, (c) PHBV + 5% NFC, and (d) PHBV + 10% 

 
GPC chromatograms of PHBV/NFC nano-



 

 

Table 1. The Mw and PDI of the PHBV powder as 
received and the four specimens subjected to the mixing 
and injection molding process.  

Samples Mw PDI 
Unprocessed PHBV 330,000 ±20,000 2.4 
PHBV 260,000 ±10,000 2.3 
PHBV + 2.5% NFC 255,000 ±10,000 3.4 
PHBV + 5% NFC 230,000 ± 9,500 3.6 
PHBV + 10% NFC 195,000 ± 8,000 4.4 

 

Sorption Behavior of CO2 in PHBV Nanocomposites 
Injection molded PHBV and PHBV/NFC 

nanocomposite specimens were originally weighed and 
then placed in a pressure vessel filled with CO2. After 
depressurization, they were again placed on the scale to 
determine the amount of CO2 absorbed. The weight gain 
was defined as the ratio between the mass of CO2 in the 
sample and the original mass of PHBV. The mass loss 
described the mass of CO2 present in the specimen as a 
function of time after the pressure release. A separate 
sorption test on NFC fibers alone revealed that the 
solubility of CO2 in NFC fibers was negligible. Hence, the 
absorption and desorption results shown below were 
adjusted by the weight fraction of PHBV in the 
nanocomposites. 

Figure 7 shows the absorption curves where the 
weight gain is plotted as a function of the square root of 
time. Regarding NFC content, the weight gain increased 
as the specimen thickness decreased. Equilibrium was 
reached after 50 h of exposure for 3.2 mm thick 
specimens, and only 16 h for 1.2 mm thick specimens. 
Nevertheless, the relationship between weight gain and t1/2 
was initially linear as described in Eqn. 1. The sorption 
amount increased with time of exposure until an 
equilibrium was reached. 

  

 
 

Figure 7. Solubility of CO2 in PHBV and their 
nanocomposites with 2.5, 5, and 10 wt% NFC. 

 

The effect of NFC on absorption was studied. At the 
same sample thickness, the absorption rate and maximum 
absorption degree was slightly lower as NFC was added. 
The maximum sorption degree was plotted as a function 
of NFC content (cf. Figure 8). The measured solubility of 
gas decreased with the addition of NFC in the polymer 
matrix, perhaps because of the high crystallinity of the 
fiber as well as a higher degree of crystallinity of PHBV, 
as suggested by Matuana and Park et al. [20-22]. The 
results obtained are presented in Table 2 and summarize 
the maximum absorption degree and absorption 
coefficients for the different experiments performed. 

Similar to absorption behavior, the weight loss 
increased as sample thickness decreased. However, to 
compare the influence of NFC on the desorption behavior, 
1.2 mm thick injection molded specimens were used. The 
desorption curves for CO2 in neat PHBV and PHBV/NFC 
nanocomposite specimens around one to two hours are 
illustrated in Figure 9. The fractional mass loss of CO2 
exhibited a linear relationship with t1/2 and the slope 
became steeper as the NFC content increased. Hence, the 
desorption diffusivity also increased as the amount of 
NFC increased. The increase in desorption diffusivity 
with an increasing fiber content might be due to the lower 
molecular weight (as a result of degradation) in the NFC 
nanocomposite as well as the interface between fibers and 
matrix that provide a channel through which gas can 
quickly escape from the composites as reported in [20, 
23].  

Figure 8. Maximum solubility of CO2 in PHBV and their 
nanocomposites with 2.5, 5, and 10 wt% NFC. 

 

Moreover, as shown in Table 2, the experiments led 
to higher values for the desorption diffusion coefficient 
than for the sorption diffusion coefficient. It was 
suggested that the plasticizing effect of CO2 was 
responsible for this tendency. Even though sorption took 
place under higher pressure conditions and desorption 
proceeded at ambient temperature and pressure, the 
release of CO2 from the polymer matrix during desorption 
was faster due to the higher chain mobility of the polymer 
substrate, which had been exposed to high pressure [8]. 
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Figure 9. Desorption curves for CO2 in PHBV and 
PHBV/NFC nanocomposites.  

 

Table 2. Comparison of maximum sorption degree and 
desorption and sorption coefficients for the different NFC 
contents.  

Wt (%) 
NFC 

PHBV 
Maximum 
Sorption 
Degree 
(%) 

PHBV 
Desorption 
Diffusion 
Coefficient 
(cm2/s) 

PHBV 
Sorption 
Diffusion 
Coefficient 
(cm2/s) 

0 6.66 1.15 × 10-7 6.44 × 10-8 
2.5 6.26 1.26 × 10-7 6.06 × 10-8 
5 5.70 1.54 × 10-7 5.12 × 10-8 

10 5.33 2.72 × 10-7 4.88 × 10-8 
 

Conclusions 
 

Cellulose nanocomposite processing via a 
masterbatch with a high content of NFC in PHBV—a 
process which is scalable from the laboratory to an 
industrial setting—was attempted. The NFC and the 
PHBV powders were pre-mixed, freeze dried, and melt 
compounded to obtain nanocomposites with different 
fiber compositions. NFC had a reinforcing effect on 
PHBV, as observed via tensile tests. However, toughness 
decreased as the amount of NFC increased. The addition 
of NFC to PHBV was shown to increase the 
crystallization temperatures, but it also caused thermal 
degradation of PHBV, likely due to residual moisture in 
the NFC. The absorption degree of CO2 in the 
nanocomposites decreased and the desorption diffusivity 
increased as more NFC was added. 
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