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ABSTRACT: The key challenge in the development of cellulose bio-nanocomposites lies in the spatial distribution of the cellulose fibre,
as the presence of surface hydroxyl groups initiates self-agglomeration, thereby resulting in crack or failure of the composites. In this
study, nanocrystalline cellulose (NCC) is here effectively surface acetylated to reduce agglomeration. Poly(lactic acid) PLA based cellu-
lose bio- nanocomposites were then prepared by solvent casting technique. A rheological percolation threshold is calculated to quan-
tify the level of dispersion and the optimal loading. Moreover, high frequency linear viscoelastic behavior is analyzed and the data is
fitted to the Krieger-Dougherty equation to determine the maximum packing fraction. Maximum packing fraction value is then used
as a mean to rank the quality of dispersion. The value for maximum packing fraction is compared with microcrystalline cellulose
(MCC) and nanofibrillated cellulose (NFC), to show how shape and structure affects the quality of dispersion. © 2015 Wiley Periodicals,
Inc. J. Appl. Polym. Sci. 2016, 133, 43200.
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INTRODUCTION

Development of cellulosic biopolymer is an active area of
research over the last decade.'” Some of the attractive features
that explain its meaningful improvement as a reinforcing filler
include its high aspect ratio,® their high crystallinity degree,’
and high Young’s modulus.'®'" Cellulose as a filler is well
known to set up an entangled network held through strong
hydrogen bonding.'* The key challenge in the development of
such biocomposites lies in the control of the particulate struc-
ture, i.e., the spatial distribution of the cellulose fibre in a com-
pletely  dispersed stable Similar  to
nanocomposite research, filler size, loading, and distribution
dictate the amount of affected polymer, while the surface struc-
ture and chemistry of the particles dictate the intensity of inter-
action of the particle/polymer interphase. Literature review in
this area clearly demonstrates that optimum performance
requires an effective distribution of the nanoparticles within the
matrix. However, dispersion of the nanofiller restricts the for-
mation of interface, which makes the nanoparticle as an attrac-
tive choice for reinforcement. These particles have natural
tendency to “stick” together and are difficult to separate or dis-
perse due to high specific surface area and energy."” There is a
constant citation by the review articles, referring to the chal-
lenges involved in nanoparticle distribution for the advance-
ment of polymer nanocomposite technology.'®'®> Despite the
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broadly recognized importance of nanoparticle dispersion, the
characterization of dispersion remains largely qualitative and
mostly based on subjective interpretations of standard optical
and electron microscopy images.

Rheology potentially offers a mean to assess the state of disper-
sion of nanocomposites directly in the melt state. The rheologi-
cal properties, both linear and nonlinear ones, are sensitive to
changes in the particulate microstructure, particle size, shape
and surface characteristics of the dispersed phase, integrated
over length scales.’® The level of linear properties such as the
storage and loss moduli, Gand G’, are always raised with filler
addition. G and G” curves can be used diagnostically to assess
the state of dispersion, since a flocculated system will show up
as an extra low G plateau. This usually takes the form of a pro-
gressive increase in the level of properties as more filler is
added. However, sometimes, a secondary mechanism can be
seen such as the development of a plateau usually from a
pseudo network set up between flocs or chains of particles.'®

Different approaches have been proposed to describe the disper-
sion quality of the polymer nanocomposites by linear visco-
elastic behavior. Establishment of the power law relationship
between elastic property and volume fraction assuming filler as
the fractal aggregate is very popular.'”™® The basic concept of
the scaling theory for polymer gels is to relate the elastic
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properties of a gel to its network structure. Near the gel point, the
shear modulus of a gel behaves like G~ (- g)t which is char-
acteristic of a percolation transition. The theory also enables one
to extract from the rheological measurements the structural infor-
mation such as the fractal dimension of the individual flocs and
the fractal dimension of the elastic backbones of the flocs.

Further to the study, changes to the high frequency moduli can
also be considered as a mean to assess the dispersion quality, as
they enable one to determine the effective hydrodynamic vol-
ume of the particles and aggregate over the entire range of vol-
ume fractions. At the highest frequencies probed, the polymer
matrix contribution dominates over the aggregate contribution.
At these frequencies, with increasing volume fraction, the mod-
uli are observed to increase, which can be attributed to an
increased effective deformation rate in the matrix. The higher
moduli stem from an increase of the matrix contribution due to
the hydrodynamic contribution. This can also be used to obtain
information about the dispersion quality. In fact, from a meth-
odological point of view, an interesting point is that high fre-
quency data are easier to obtain and might provide a fast route
to characterize dispersion. Here the volume occupied by aggre-
gates is probed, even when they are part of a network. The rela-
tive high frequency moduli can be obtained by dividing the
moduli by the values for the matrix. Further to the analysis, the
evolution of the high relative frequency moduli can be
described by the Krieger-Dougherty equation®:
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The primary motivation behind this study is to evaluate the state of
dispersion of acetylated nanocrystalline cellulose (NCC) in Polylac-
tic Acid (PLA) based biopolymer using rheology. In earlier study, it
has already been shown that surface acetylation of microcrystalline
cellulose improves the degree of dispersion of the filler by arresting
agglomeration.”! In the previous study it was also observed that
MCQC acts more like a nanofiller, rather than a microfiller (the per-
colation reached at 2.5 wt %). Keeping the previous results in
mind, MCC is acid hydrolyzed to produce NCC for effective nano-
reinforcement. Similar surface acetylation on another variety of
nanocellulose as regenerated from wood fiber, referred to as nanofi-
brillated cellulose (NFC), will be performed and the composites
made from this filler will be compared to that of AC-NCC and AC-
MCC (from previous study). A comparative analysis will be per-
formed to rank the quality of dispersion from different varieties of
nanocellulose, to show the correlation with native shape size and
crystalline forms of nanocellulose to their dispersion quality.

EXPERIMENTAL

Nanocellulose was prepared by acid hydrolysis. Surface acetyla-
tion of nanocellulose has been carried out to prepare acetylated
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nanocellulose-based PLA composites. The composites were then
characterized to confirm surface acetylation. Morphological
characterization, to observe nanofibrill distribution in the PLA
matrix, and measurement of the rheological properties of the
composites has also been carried out. More specific details of
the materials, methods, and characterization are present below.

Material

A polylactic acid biopolymer (Nature Work PLA Polymer
4032D) with a density of 1.24 g cm > and a melting point of
170°C was chosen as matrix. A microcrystalline cellulose
(MCC) with a mean particle size of 20 um, supplied in powder
form by Sigma Aldrich was used as a raw material. Nanocellu-
lose suspension was procured from Faculty of Forestry, Univer-
sity of Toronto. Acetic anhydride, sodium hydride, and dimethyl
formamide were purchased from Sigma Aldrich.

Method

Preparation of Nanocellulose by Acid Hydrolysis. Acid hydro-
lysis of MCC was performed by standard procedure as men-
tioned elsewhere (Cranston and Gray, 2006).*> Hydrolysis was
carried out with 64% (w/w) sulphuric acid at 45°C for 45 min
with constant stirring. Typically, 40 g of filter aid (dried at
105°C for 30 min) was treated with 700 mL of acid. Immedi-
ately following the acid hydrolysis, the suspension was diluted
10-fold with deionized water to quench the reaction. The sus-
pension was centrifuged at 6000 rpm for 10 min to concentrate
the cellulose and to remove excess aqueous acid. The resultant
precipitate was rinsed, recentrifuged, and dialyzed against water
for 5 days until constant neutral pH was achieved. Acid hydro-
lyzed nanocrystalline cellulose (NCC) was eventually freeze
dried to produce a powdered form of the crystals, which was
later surface acetylated.

Surface Acetylation of Nanocellulose. In a 1 L round bottom
flask, 15 g of freeze dried nanocellulose and 100 mL of dimethyl
formamide were stirred at 60°C for half an hour. Sodium
Hydride (7 g, 60% dispersion in mineral oil) was added portion
wise in the reaction mixture and stirring was continued over-
night (16 h) in a nitrogen atmosphere. Next day, acetic anhy-
dride (10 mL) was added and stirred for further 3 h.

The above reaction mixture was cooled to room temperature
with continuous stirring. Finally ethanol (50 mL) was added
carefully to deactivate excess sodium hydride. The reaction mix-
ture was poured into 400 mL of water and stirred; the solid was
collected by filtration and washed with water and acetone, dried
at 80°C in a vacuum oven, to give the acetylated nanocellulose
(~15 g). Acetylated nanocrystalline cellulose was coded as AC-
NCC, while acetylated nanofibrillated cellulose were coded as
AC-NFC.

Preparation of Nanocomposites. Composites were prepared by
solvent casting technique, using dichloromethane (DCM) as the
medium. The desired amount of AC-NCC was added along
with 20.0 g of PLA into DCM to produce a mixture. The mix-
ture was then conditioned overnight to eliminate bubbles and
was then cast into a petri dish. The DCM was allowed to evapo-
rate at ambient temperature (25°C) for 24 h. Finally the solidi-
fied films, with a thickness of around 1 mm, were vacuum
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dried overnight, and then kept in a desiccator containing silica
gel. Composites with pure cellulose were coded as PLA-AC-
NCC.

Characterization

Confirmation of Acetylation by Solid State '*C-NMR. Solid
State NMR study was conducted to confirm the surface acetyla-
tion of NCC. The CP/MAS "C-NMR spectra were recorded on
a VNMRS 600 MHz NMR spectrometer equipped with 4 mm
CPMAS triple resonance probe. The "’C frequency was 150.8
MHz and the chemical shift resonances were referenced to the
adamantane chemical shifts obtained with a similar pulse
sequence. Acquisition was performed with a CP pulse sequence
using a 5.25 ms proton 7/2 excitation pulse, a spectral width of
50 kHz, an acquisition time of 25 ms using a SPINAL-64
decoupling scheme of 70 kHz strength and a 5 s delay between
transients. The Hartmann-Hann match was optimized on the 1
sideband at a MAS speed of 8 kHz with a contact time of 500
ms and a linearly ramped-CP field of 30 + 0.8 kHz. Typically,
12,000 — 16,000 transients were accumulated at 25°C. A line
broadening of 50 Hz and zero filling to 65 k points were used
to process the spectra.

Morphological Studies. The morphology of AC-NCC and AC-
NEC was investigated by atomic force micrography (AFM) tech-
nique. The images (512 X 512) were recorded using scanning
rates of 0.250 Hz. The drive frequency and amplitude was
280.02 Hz and 186.0 mV. AC-NCC and AC-NFC powder were
dispersed in distilled water. A drop of the solution was depos-
ited on a silicon wafer and allowed to dry prior to imaging.

Morphology of cryo-sectioned samples of PLA-NFC nanocom-
posites at different loading of weight percentage (1 —5 wt %)
were examined using the FEI Nova Nano SEM (2007) in
immersion mode, using the STEM detector, at an acceleration
voltage of 15— 20 kv. Samples were cryo-sectioned to produce
ultra-thin film specimen of 60 nm thick, at 120°C and then
placed in a TEM grid. They were then negatively stained by ura-
nyl acetate to produce better contrast in imaging. TEM grids
were then mounted in the STEM holder which was then
attached to the microscope for imaging. Various sample surfaces
were scanned to obtain a visual impression of fiber fracture, dis-
tribution, and the appearance of the fiber/polymer interface.

Rheological Measurements. Small amplitude oscillatory shear
(SAOS) and steady shear tests were performed using a strain
controlled rheometer (ARES-TA Instruments) with parallel plate
geometry (25 mm plate diameter) at 170°C under nitrogen
atmosphere. Disk-shape samples were positioned in the parallel
plate fixture and left for 10 min to minimize any residual stress
resulting from sample preparation. The gap was set at 2 mm by
gradually squeezing the sample. PLA, PLA-NCC, and PLA-AC-
NCC nanocomposites were found to be stable at 170°C for a
period of over 2 h. Hence, thermal degradation was considered
to be negligible during the rheological measurements.

In SAOS experiments, the linear viscoelastic region was first
determined using strain sweep from 0.1 to 100%, at a constant
frequency of 10 rad/s. The linear viscoelastic region was identi-
fied as the region in which the elastic modulus, G, of the sam-
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ple experienced less than 5% reduction. Then SAOS tests were
conducted in the frequency range of 0.05— 100 rad/s at 170°C.
The results provided by this test included complex viscosity
(), elastic modulus (G') and loss modulus (G”). These param-
eters provide detailed description of the viscoelastic behavior of
the samples.

RESULTS AND DISCUSSION

Acetylation of Nanocrystalline Cellulose

Acetylated NCC was characterized by solid-state cross-polariza-
tion magic angle spinning carbon-13 nuclear magnetic reso-
nance (CP/MAS 13C-NMR) spectroscopy. The reaction scheme
is shown in Figure 1(a). Figure 1(b) represents the spectral
curve by "’C solid state NMR. The two chemical shifts located
at 172 ppm and 20 ppm, as assigned to —C=0 and —CH;
stretching, clearly confirmed that successful acetylation of NFC
has been achieved. The results obtained were similar to the
observation made by Lin et al,” where acetylation was per-
formed on cellulose nanocrystals.

Morphological Study

Figure 2(a,b) show the inherent crystalline structure of acety-
lated crystalline nanocellulose morphology and formation of
nanofibril network in AFM study. It is observed in Figure 2(a),
that acid hydrolyzed NCC still retained the rod-like morphology
with an aspect ratio of 4 and equivalent volume diameter of
~12.58 nm, as calculated from the micrographs. From the
imaging on NFC as revealed in Figure 2(b), it is apparent that
the core structure was formed by the internal fibrillation of sub-
micron nanofibrils of 10 —30 nm, to several hundred nano-
meters, which probably resulted from external fibrillation.

In comparison to nonhydrolyzed microcrystalline cellulose, it is
certainly evident that there is a subtle particle reduction which
eventually leads to reduced agglomeration and improved disper-
sion of the NCC particles.”"

A comparative analysis on the state of dispersion of the differ-
ent nanocomposites at 2.5 wt % is compared, where the cell
nucleation and agglomeration starts to appear. The state of dis-
persion of AC-NCC in PLA is very similar to that of AC-MCC,
as reported elsewhere.”' This is evident from SEM micrograph
in Figure 3(a,b). Similar to the previous study, it is observed
that cell nucleation with agglomeration starts at 2.5 wt %. Fig-
ure 3(c) shows the AC-NFC morphology in the matrix (2.5 wt
%), as derived from SEM micrographs in STEM mode. The
addition of fillers did not destroy the original structure of PLA.
However, with a continuous increase in the loading level of the
fillers, as observed in Figure 3(d) (3.5 wt % AC-NCC) and Fig-
ure 3(e) (5 wt % AC-NCC), some agglomerates emerged, which
is mainly attributed to self-aggregation of the superfluous nano-
filler. This result is similar to the study by Fernandes et al**
and Zepic et al,” where the random orientation and the good
dispersion of the nanofibrillated cellulose in the chitosan matri-
ces were evident.

Rheological Measurements

The advantage of using rheology as a technique to measure dis-
persion is that using samples of macroscopic dimension offers
an integrated picture of the composite material with increased
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Figure 1. (a) Reaction scheme of acetylation of cellulose. (b) 13 C CP-MAS NMR spectra of pure NCC and acetylated NCC.

data reliability, as compared to other methods using small sam-
ples that are prone to micro-scale in homogeneities. Investigation
on dispersion, network formation and microstructural changes of
AC-NCC in the PLA matrix at melt state is performed by oscilla-
tory measurements in the linear viscoelastic region.

In this study, rheology is envisaged as a tool to assess the quality
of dispersion by applying two techniques. They include analyzing
the rheological percolation at low frequency moduli and probing
to fit the higher frequency data in the Krieger-Dougherty model.
Rheological data for different loadings of the filler, as referred
before in percentage weight, is now converted to volume fraction,
which will help in further analysis of the maximum packing frac-
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tion. Thus the new volume fraction of the earlier weight percent
(1, 1.5, 1.75, 2.5, 3.5, and 5) corresponds to (0.001, 0.013, 0.015,
0.022, 0.031, and 0.042), respectively. The volume fraction is cal-
culated by using the solid densities of NCC and PLA as 1.25
gcm ”and 1.46 g cm ™, respectively, as available from the techni-
cal data sheet and equation (ii) as described below.

Wf/ﬂf

e — (ii)
! %-F(I—Wf)/pa

Where Wy and p; correspond to the weight fraction and solid
density of nanocellulose respectively. p, represents the solid
density of neat PLA.

100.0 nm

50.0 nm

0.0 nm

Figure 2. (a) AFM image of nanocrystalline cellulose showing the rod like structure. (b) AFM Image of nanofibrillated cellulose network structure show-

ing the inherent network like structure. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. (a). Morphology of PLA-AC-MCC (2.5 wt %) showing a reasonable dispersed state in matrix (b). Morphology of PLA-AC-NCC (1.5 wt %)
showing a better homogeneous dispersion state (c). Morphology of PLA-AC-NCC (2.5 wt %) showing an agglomerated state (negatively stained) (d).
Morphology of PLA- AC-NCC (3.5 wt %) showing the tendency to agglomerated state (e). Morphology of PLA-AC-NCC (5 wt %) showing the agglom-
erated state (f) Morphology of PLA-AC-NFC (2.5 wt %) showing the network formation (negatively stained).

Small Angle Oscillation Shear (SAOS) Results. Small angle
oscillation shear (SAOS) measurements were carried out to study
the rheological behaviour of the polymer systems in light of the
microstructural characteristics of AC-NCC. Figure 4(a) shows the
results of the storage modulus versus dynamic strain sweep, of PLA-

AC-NCC composites of different loadings, used to determine the
linear viscoelastic region (LVR). A critical strain Yc was determined
at 10 rad/s. Figure 4(b,c) show the storage and loss moduli of the
nanocomposite at various loadings (0.008 — 0.04) of volume frac-
tion () at 170°C versus dynamic frequency sweep, respectively.
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Figure 4. (a) Storage modulus versus dynamic strain sweep test. (b) Storage modulus vs frequency sweep test of PLA-ACC composites (0-0.042 vol frac-
tion). (c) Loss modulus vs dynamic frequency sweep test of PLA-ACC composites (0-0.042 vol fraction). (d) Storage modulus vs dynamic frequency
sweep test of PLA-AC-NFC composites (0-0.061 vol fraction). (e) Loss modulus vs dynamic frequency sweep test of PLA-AC-NFC composites (0-0.061).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The nonlinear regions for PLA matrix were observed to com-
mence around 1.5 wt %. It was also observed that the nonlinear
region eventually became shorter with increased loading of the
filler. In all dynamic frequency sweep tests, the frequency is var-
ied from 0.05 rad/s to 100 rad/s. In general, the classical visco-
elastic behavior of a homogeneous polymer solution/melt is
distinguished by (G’ > @), where at low frequency (terminal
region) G’ > w” and G' > w.”” In general, from the experimental
study, it is observed that the PLA sample showed liquid-like
behavior at low frequency (G’/G'), where the slopes of G and
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G’ were 1.28 and 0.94, respectively. Deviation from the expo-
nent of 2 for loss and 1 for storage moduli could be attributed
to the polydispersity of the commercial PLA resin, probably due
to the presence of the two lactide forms (r-lactide and p-lac-
tide). From Figure 4(b,c), it is also evident that the enhance-
ment of loss modulus (G”) is more predominant than storage
modulus (G') of PLA-AC-NCC composite. It was also observed
that at lower frequency range, the nanocomposites behaved
more solid like, while at higher frequency range, where the
hydrodynamic force is more evident, the composites behaved
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Figure 5. Rheological percolation taking lower frequency data for PLA-
AC-MCC, PLA-AC-NCC, and PLA-AC-NEC. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

liquid like. This is similar to the results as reported earlier.”" It
was further observed that at lower frequency, storage modulus
was more sensitive to the presence of NCC filler. Similar trend
is also observed in case of PLA-AC-NFC composites as shown
in Figure 4(d.e).

From Figure 4(d,e), it is also evident that enhancement of stor-
age modulus (G) of PLA-AC-NCC and PLA-AC-NFC compo-
sites as compared to neat PLA is significant at all levels of
loadings, up to a loading of (J ~ 0.04(within the range of
0.008 — 0.04). Furthermore, it was also observed that the slopes
of both loss and storage moduli versus angular frequency in the
terminal region were lowered by addition of AC-NCC/AC-NFC
to PLA. This is very similar to the previous study, as reported
earlier on PLA and acetylated cellulose microcrystals.*!

Fitting Lower Frequency Data to Rheological Percolation and
Scaling Law

Rheological Percolation. Further to the analysis, the slope of G
at lower frequency, which is represented as #, is plotted against
various loadings (J =0.008 —0.04), of PLA-AC-MCC, PLA-
AC-NCC;,s and PLA-AC-NFC composites, as shown in Figure 5.
This figure evaluate the rheological percolation threshold for a
uniform dispersion. From these figures, it is observed that
around J ~ 0.02 — 0.028 for PLA-AC-MCC, J ~ 0.018 — 0.02
for PLA-AC-NCC and J ~ 0.052-0.055 for PLA-AC-NFC com-
posites, respectively, a region of minimum slope exists and indi-
cates that beyond that region, dispersion of the nanofiller is
affected by agglomeration. This empirical study is used to quan-
tify the degree of dispersion and evaluate the optimal loading
for a uniform dispersion of AC-NFC in PLA matrix.

Fitting Higher Frequency Data to the Krieger-Dougherty
Equation. In order to calculate the effective hydrodynamic aspect
ratio, Ren et al’s*® expression will be used, which is rewritten in
terms of the average aspect ratio of the tactoids (A):

_ 30k

4@ per
Using the percolation threshold volume fraction for randomly
packed overlapping spheres (F =0.30)*° and the experimen-

Af (iif)
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tally obtained percolation threshold (J,,, from Figure 5(a,b),
the value of A; ~ 11.2 for AC-NCC and Ay ~ 4.5 for AC-NFC
are obtained. The value obtained here is in line with that
obtained from SEM and AFM study in morphology as observed.
The difference in the value is indicative of the fact that rheolog-
ical methods probe an effective “hydrodynamic” aspect ratio.

Further to that study by Vermant et al,’® an attempt has been
made here to fit the higher frequency data to the Krieger-
Dougherty equation, as mentioned earlier. Three sets of data,
namely the high frequency data set of PLA-AC-NCC and PLA-
AC-NFC composites, as available from Figure 4(b,d) respectively,
and the high frequency G data set of acetylated microcrystalline
cellulose-based PLA composite (PLA-AC-MCC) from earlier
study®’ are fitted to the Krieger-Dougherty equation in Figure 6.
In earlier study, as referred to here, cellulose microcrystals were
surface acetylated and the reported percolation reached at
approximately around a volume fraction of 0.028. Applying the
Brenner equation for intrinsic viscosity for oblate spheroids
and Ay found from eq. (iii),”" values of [y] ~ 6.85, [] ~ 9.01
and [n] ~ 4.09 for AC-MCC, AC-NCC, and AC-NFC were deter-
mined, respectively. These values are only approximate. The
measured data points at the highest volume fraction deviated.
Excluding the deviated data point and fitting the Krieger-
Dougherty equation, as shown by the lines in Figure 6, yields an
effective maximum packing fraction of ... ~ 0.05, F..«
~0.035 and ., ~ 0.065 for AC-MCC, AC-NCC, and AC-
NFC, respectively. As mentioned earlier, the less value of maxi-
mum fraction leads to a better dispersion of the nanofiller,
according to the Krieger-Dougherty model. These values give a
fair indication that microcrystalline cellulose and nanocrystalline
cellulose, when surface acetylated, was better dispersed than that
of AC-NFC. It was also observed that acetylated nanocrystalline
cellulose was better dispersed than microcrystalline cellulose, as
evident from the least value of maximum packing fraction. A
comparative analysis on the value of rheological percolation and
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] ACMCC 0028
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£ = e}
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=
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o L _eg" :
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o3 R? = 0.9661
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R?=0.9769
/]
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Figure 6. Relative high frequency modulus as a function of volume frac-
tion for AC-NCC/ACMCC/AC-NFC composites. The lines represent the
Krieger-Dougherty (KD) equation with a table, where a comparative anal-
ysis on percolation value and maximum value packing fraction for differ-
ent types of cellulosic fillers. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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maximum value packing fraction is shown in the table embedded
in the figure. This result is also indicative of the fact that shape
and size of the filler is a strong determining factor on the quality
of their dispersion in the polymer matrix as reported elsewhere.*”
It can also be suggested that percolation has some phenomeno-
logical effect on maximum volume packing fraction (correlation
factor ~0.97). For acetylated MCC in earlier study, the percola-
tion reached much early around a volume fraction of ¢ ~ 0.028,
whereas in the present case with AC-NCC, the percolation
reached at a comparatively lower volume fraction J ~ 0.02,
while for AC-NFC, the percolation reached at a comparatively
higher value around & ~ 0.05.*' Similar to the shift in percola-
tion volume fraction value ¢, a shift in maximum volume pack-
ing fraction (... is also observed. Further analysis on
correlation suggests that there exists a strong positive correlation
between percolation and maximum value packing fraction.
Essentially, maximum packing fraction is the volume occupied by
the aggregate, which is dependent on the average particle size.
The rheological percolation value again is dependent on the aver-
age particle size. So as the average particle size gets reduced due
to a better dispersion, the value of percolation decreases, followed
by the reduced value of maximum packing fraction. Again from
the percolation theory on nanofiller, it is known that the lower
the value of (., the better the dispersed state of nanofiller."® It
can thus be concluded that by manipulating the value of 7, the
D max Value can be minimized, which will eventually lead to a bet-
ter dispersed state of the nanofiller in the polymer matrix.

Discussion on Dispersion and Rheology

Similar to any other nanocomposite research, filler size, loading,
and distribution of the reinforcing nanocellulose filler dictate
the amount of affected biopolymer, while the surface structure
and chemistry of the nanocellulose dictate the intensity of inter-
action of the particle/biopolymer interphase shape. Morphologi-
cal study like the conventional microscopy is an effective mean
to assess the state of dispersion of the biopolymer matrix. How-
ever, the mesoscopic structure is still not understood well with
these methods, as they only offer a mean to characterize the
local view of the morphology. Rheology plays a significant role
in quantifying the state of dispersion in nanocomposite system
in mesoscopic scale. Rheological measurements have been used
for different types of nanocomposite systems as a complemen-
tary tool to monitor the quality of dispersion, primarily in
qualitative terms.”® In this study, a rheological percolation
threshold is calculated to quantify the level of dispersion and
the optimal loading for a uniform dispersion. Scaling law is
applied beyond the percolation value, to probe into the micro-
structure of the filler that helps eventually in network forma-
tion. Moreover, high frequency linear viscoelastic behavior is
analyzed and the data is fitted to the Krieger-Dougherty equa-
tion to determine the maximum packing fraction.

When the lower frequency data was analyzed by plotting the
storage modulus against volume fraction, it is observed that
around volume fraction ¢ ~ 0.018-0.02 for PLA-AC-NCC
composites and J ~ 0.052 — 0.055 for PLA-AC-NFC compo-
sites, respectively. A region of minimum slope exists and indi-
cates that beyond that region, dispersion of the nanofiller is
affected by agglomeration. These values were then used to eval-
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uate the average aspect ratio of the filler in the melt state.
Instrinsic  viscosity parameters applicable for the Krieger—
Dougherty equation were then calculated from the available
aspect ratio. When the high frequency data were fitted to the
Krieger-Dougherty equation, different values of maximum pack-
ing fractions were evaluated as J,.. ~ 0.05, J,.. ~ 0.035
and J.. ~ 0.065 for AC-MCC, AC-NCC, and AC-NFC,
respectively. It was also observed that percolation has some phe-
nomenological effect on maximum volume packing fraction as
reflected in Figure 6 (small table provided in the figure).

As observed from the morphological study, MCC and NCC has
rod like crystalline structure while NFC has an inter-fibrillated
network structure. The rod-like crystalline structure will prob-
ably have more chance of forming an organized network in the
polymer matrix than that of inherent fibrillated network struc-
ture of the NFC filler. This could be one of the reasons as to
why the percolation value of AC-MCC and AC-NCC is lower
than AC-NFC. Moreover, smaller size of the nanofiller facilitates
in better dispersion. This is proved by the lower value of perco-
lation for AC-NCC, in comparison to AC-MCC. Moreover,
when scaling law analysis is performed on AC-NCC and the
value is compared with standard clay particles, the less value of
dp ~ 1.06 suggests a more open fractal structure to form a pro-
nounced network structure, suggesting that in comparison to
clay particles, the inherent crystalline structure of AC-NCC
helps in forming a more organized network in the PLA matrix.

CONCLUSIONS

Effective surface acetylation on two types of nanocellulose
(NCC and NFC) has been achieved by using acetic anhydride
and dimethyl formamide. Different types of nanocellulose based
(NFC and NCC) PLA nanocomposites were prepared by solvent
casting technique. Both microscopy and rheological characteri-
zation suggested that acetylated NCC yielded nanocomposites
with significantly better dispersion in the PLA matrix. Linear
viscoelasticity tests are very sensitive to filler dispersion in the
polymer matrix. In general, low frequency rheological character-
istics (loss and storage moduli) increased significantly upon
adding the nanofiller. A rheological percolation around volume
fraction § ~ 0.018 —0.02 for PLA-AC-NCC composites and
& ~ 0.052 —0.055 for PLA-AC-NFC composites, respectively
indicates that AC-NCC was a better candidate for better disper-
sion, probably of their inherent crystalline rod like structure,
that helps them in forming a structured network in the polymer
matrix. Different values of maximum packing fractions were
evaluated as J..« ~ 0.05, o ~ 0.035 and, . ~ 0.065
for AC-MCC, AC-NCC, and AC-NFC, respectively. When the
high frequency data was fitted to the Krieger-Dougherty equa-
tion. The lesser value of the maximum fraction leads to a better
dispersion of the nanofiller. A direct correlation between the
rheological percolation and maximum packing fraction value
was also observed. It was thus concluded the inherent crystalline
structure of AC-NCC helps in forming a more organized net-
work in the PLA matrix.
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