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Abstract: All-cellulose nanocomposites have been produced from cellulose nanofiber (CNF) suspen-
sions and molecular coil solutions. Morphology and small-angle neutron scattering studies show the
exfoliation and dispersion of CNFs in aqueous suspensions. Cellulose solutions in mixtures of ionic
liquid and organic solvents were homogeneously mixed with CNF suspensions and subsequently
dried to yield cellulose composites comprising CNF and amorphous cellulose over the entire compo-
sition range. Tensile tests show that stiffness and strength quantities of cellulose nanocomposites are
the highest value at ca. 20% amorphous cellulose, while their fracture strain and toughness are the
lowest. The inclusion of amorphous cellulose in cellulose nanocomposites alters their water uptake
capacity, as measured in the ratio of the absorbed water to the cellulose mass, reducing from 37 for
the neat CNF to less than 1 for a composite containing 35% or more amorphous cellulose. This study
offers new insights into the design and production of all-cellulose nanocomposites.

Keywords: cellulose nanocomposite; all-cellulose composite; cellulose nanofiber; cellulose molecular
coil; water resistance; mechanical properties; neutron scattering

1. Introduction

Cellulose is the most abundant renewable organic material, and cellulose fibers show
promise in reinforcing polymer composites to develop intermediate technologies toward
a balanced target of the performance in mechanical and chemical properties, and the
sustainability in renewability and carbon footprints [1–5]. The challenges of interfacial
compatibility between natural and synthetic polymers have persisted, limiting the develop-
ment of hybrid materials. All-cellulose composite (ACC), composed only of different forms
of neat cellulose, is an interesting subject of research as it provides better understanding of
the limitations and opportunities of biomass technologies for a sustainable future, as well
as potential solutions for hybrid composite technologies as an intermediate step [6–10].

Two common methods of producing ACCs are infiltrating a cellulose solution in
pre-aligned cellulose fibers [9–11], and in situ dissolution of cellulose fibrils to partially
amorphized cellulose for binding remainder fibers [12–14]. Other routes for production
of cellulose composites have been experimented through either incorporating fibers to
cellulose solutions or partially dissolving fibers using solvents including N-methyl mor-
pholine N-oxide (NMMO) [15], ionic liquids [16–18], N,N-dimethyl acetamide (DMAc)
and LiCl [13,19–21], or others [22,23], followed by coagulation to regenerate cellulose II,
resulting in cellulose composites containing a myriad of structures resulting in interlinked
bulk and interfacial properties [12,23–26].

Evaluation of the composition dependence of the process–structure–property relation-
ship is a common practice in materials research. However, typical processes for producing
cellulose composites are often transient and kinetically controlled, therefore exact quantities
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of each component are not easily accounted for, causing difficulties in studying cellulose
composites. Furthermore, investigating a wide range of compositions, ideally covering the
entire range from 0 to 100% of key components, is an even bigger challenge and is often
limited by the method of preparation. This study presents the production and characteriza-
tion of nanocomposites composed of two model cellulose components, cellulose nanofibers
(CNFs) and amorphous cellulose (AC), over the entire composition range.

Aqueous suspensions of CNFs have been prepared using the (2,2,6,6-Tetramethylpipe-
ridin-1-yl)oxyl (TEMPO) mediated oxidation process, initially developed by Isogai and
coworkers [27,28]. Understanding of the TEMPO-oxidation process is extended in this
study through measuring the morphological evolution of large-scale cellulose fibers, or
macrofibers, using a combination of microscopy and scattering techniques. Solutions
of cellulose have been prepared by dissolving microcrystalline cellulose in mixtures of
ionic liquids (IL) and organic solvents [29–31]. Our previous studies have revealed the
structure and dynamics in cellulose solution using neutron scattering methods [30], and
demonstrated the direct use of cellulose molecules for producing amorphous cellulose
films with unique structures and properties [31]. Using compatible suspensions of CNFs
and cellulose coils, arbitrary compositional ratios of the two components are easily realized
in solution, resulting in cellulose composites covering the entire composition range upon
the removal of solvent molecules. Morphology, mechanical properties, and water uptake
behaviors of the cellulose composites have been systematically assessed.

2. Materials and Methods
2.1. Materials

For TEMPO-mediated oxidation, TEMPO, NaBr, NaClO, and NaOH were purchased
from Sigma Aldrich. Durapore PVDF membrane filters with a pore size of ca. 0.65 µm
from EMD Millipore were used in Buchner filtration. For cellulose solutions, Avicel
microcrystalline cellulose (MCC), a purified cellulose powder with an average of ca. 250 an-
hydroglucose units per cellulose chain, and 1-ethyl-3-methylamidazolium acetate at 95%
purity (EMIMAc) were also purchased from Sigma Aldrich. Deuterated water (D2O) and
dimethylsulfoxide-d6 (dDMSO) were purchased from Cambridge Isotopes. All other sol-
vents used, namely DMSO (hydrogenated), ethanol, and acetone, were reagent grade.
MCC and EMIMAc were stored in a dry glove box, and DMSO was stored using molecular
sieves to prevent water absorption.

2.2. TEMPO-Mediated Oxidation

Wood pulps of southern yellow pines with a moisture content of 85.5%, as measured
by oven drying, went through TEMPO/NaBr/NaClO-mediated oxidation to produce
CNF, based on previously reported protocols [32–35]. Initially, 35 g moist cellulose pulp
(~5 g dry) was mixed into DI water at 1% cellulose by mass, then TEMPO and NaBr were
added and dissolved at concentrations of 0.1 and 1 mM per gram of cellulose, respectively.
The reaction started upon the addition of 35 mL of NaClO solution (at 10–15% available
chlorine), dropwise, into the solution. The pH of the solution was monitored with a pH
meter and was initially raised to 10.5 with a 3 M solution of NaOH, then maintained at 10.5
through the remainder of the reaction. The reaction lasted for 120 min, and the products
were collected for preparing CNFs.

Cellulose macrofibers in the oxidation process were sampled by taking aliquots of
10 mL reaction solution 5, 15, 30, 60 and 120 min after the onset of the reaction, respectively,
and immediately mixing with 100 mL DI water to quench the reaction. Solid precipitates
were collected using a Buchner funnel and washed with DI water three times to remove
residual reactants. The collected cellulose was weighed to estimate remaining water
content, then diluted to 1% mass of cellulose and stirred until fully redispersed. Cellulose
concentration was verified through oven drying.
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2.3. Optical Microscopy (OM) of Oxidized Macrofibers

Optical micrographs of cellulose macrofiber suspensions in water confined between a
glass slide and cover slip were obtained using an Olympus Accura Zoom XB70 microscope
with both bright and cross-polarized light illuminations. Macrofiber widths were measured
from micrographs and the histograms were fit to a log-normal distribution function to
yield the average and dispersity of the transverse dimension of cellulose macrofibers.

2.4. Small-Angle Neutron Scattering (SANS) on Pulp Suspensions

For the SANS study, macrofibers were redispersed at 1% by mass in D2O. SANS
measurements were conducted on the NGB 30 m SANS instrument at the NIST Center for
Neutron Research (NCNR) [36]. SANS spectra were collected at three sample-to-detector
distances (SDDs), namely, 1 m, 4 m, and 13 m, respectively, with a neutron wavelength of
6 Å, to cover a Q-range from 0.003 Å−1 to 0.5 Å−1, where the amplitude of the momentum
transfer vector is defined as Q = 4πsinθ/λ, with θ being half of the scattering angle. The
wavelength spread was ∆λ/λ = 0.148. A focusing lens was added at SDD = 13 m and the
wavelength was set at 8.4 Å to extend the low-Q limit to 0.001 Å−1. Data were reduced
using NCNR Igor Macros for SANS measurements [37] and evaluated through fitting with
an empirical model.

2.5. Production and Characterization of Cellulose Nanofibers

CNFs were produced from the 120 min TEMPO-oxidized macrofiber suspension using
a NanoDeBEE microfluidizer from BEE International. TEMPO-oxidized cellulose pulps in
1 wt% aqueous suspension were loaded to the microfluidizer and passed through the high
shear zone 1 to 4 times at a pressure of 30 kpsi. Suspensions of four CNF samples were
diluted with water by ten thousand times, and a drop of the suspension fluid was placed
on a freshly cleaved mica substrate and allowed to dry at ambient conditions. Atomic
force microscopy (AFM) micrographs were obtained using a VEECO DI Nanoscope III
multimode microscope with tapping mode. The transverse and length dimensions of
CNF were obtained from AFM micrographs and organized into histograms, which were
analyzed using log-normal distribution functions.

2.6. Preparation of Cellulose Solutions and Composites

Cellulose solutions are prepared by dissolving MCC powder in a mixed solvent of
EMIMAc and DMSO. First, 4.80 g of MCC powder was suspended in 66.0 g DMSO with
vigorous agitation using a Vortex stirrer, EMIMAc was then gradually added, followed
by repeated vigorous stirring and heating in an oven at 90 ◦C for 5–10 min. The EMIMAc
addition, heating and stirring process was repeated until the solution became transparent.
The resulting compositions of cellulose, IL, and DMSO were 6.1, 10.6, and 83.3% by weight,
respectively.

Aqueous suspensions of CNF underwent solvent exchange to replace water in the
suspension with DMSO following the process previously reported [38]. An equal mass
of DMSO was added to 800 g of 0.6 wt% CNF suspension. The mixture was rigorously
stirred until homogeneous. Water was preferentially removed using a rotary evaporator
operating at 60 ◦C. The exchange process was repeated 3 times to ensure water removal.
A sample of the resulting CNF suspension in DMSO was oven-dried to confirm the final
concentration of 0.6 wt% CNF. The suspension was stored in a desiccator before use to
minimize the moisture uptake.

Cellulose composites were prepared by mixing molecular solutions and CNF suspen-
sions in DMSO at various ratios to yield target compositions. Mixture suspensions were
homogenized by ultra-sonication and mechanical stirring, and stored in a dish with Teflon
walls and a flat glass base. DMSO in mixtures was mostly removed in a vacuum oven
at 60 ◦C at a low vacuum of 2/3 bar, and removed more thoroughly at the full vacuum
overnight, resulting in transparent gel films containing uniformly dispersed cellulose coils,
CNFs and IL. IL in nanocomposite films was removed through acetone and ethanol soaking.
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Films were twice soaked in acetone for 1 day followed by vacuum drying for 2 h. Because
of the small solubility of IL in acetone, the IL removal process was slow, ensuring gradual
condensation of solutes to remain in an amorphous state before kinetic trapping kicks
in. The process was repeated using ethanol and continued until IL in the specimen was
reduced below the sensitivity limit by weighing. Films were carefully weighed after each
soak/dry cycle; the process was terminated when the mass loss was not detectable.

2.7. Tensile Test

Tensile tests were conducted using a dynamic mechanical analyzer (DMA) Q800 from
TA Instruments at room temperature. Nanocomposite films with thicknesses ca. 30 µm
were cut into roughly 2–3 mm wide by 20 mm long strips using a razor blade. To prevent
failure at the clamped section of the sample, the edge of a freshly sharpened hole punch
was used to cut the sample into an “I” shape, so that the width in the middle was 1.5–2 mm.
Film width was measured using calipers and film thickness using a micrometer. Before use,
calibration for clamp mass, length, and compliance was run on the DMA, and a preload
force of 0.1 N was applied at the start of each test to account for bending in the specimen.
All measurements were carried out in the conventional tensile test mode, although a DMA
was used here. Force-ramp tests were run at a rate of 1 N/min, with at least 3 independent
measurements acquired for specimens at each composition. Mechanical properties were
determined as the mean value, with the error being the standard deviation.

2.8. Scanning Electron Microscopy (SEM) on Fracture Surface Morphology

The fracture surface of selected specimens from the tensile test was examined using a
Hitachi SU-70 FEG SEM. Specimens were coated with a thin carbon layer and measured at
an acceleration voltage of 0.7 kV and a working distance of ca. 15 mm.

2.9. Water Uptake Test

Specimens prepared in disks of 1 cm diameter and ca. 30 µm thickness were immersed
in water for various times and their weight was subsequently measured using a microbal-
ance. Measurements continued until specimens disintegrated or stopped taking up water.
It was found that composite containing <12% cellulose coils disintegrated, while those with
higher amorphous content kept their integrity.

3. Results
3.1. Morphology of Oxidized Wood Pulp

Figure 1 shows the bright field (Figure 1a,b) and cross-polarized (Figure 1c,d) optical
micrographs of cellulose fibers after 5 min (Figure 1a,c) and 120 min (Figure 1b,d) of
TEMPO-assisted oxidation reaction, respectively. The width of fibers is relatively uniform
for each fiber, while varying among different ones over a wide range from less than 10 µm
to larger than 100 µm. These are called macrofibers in this article. Figure 1a,c shows the
macrofibers after 5 min oxidation mostly with sharp outlines, whereas some apparently
lose integrity. Figure 1b,d shows the macrofibers after 120 min having apparently thicker
widths with blurred outlines. The cross-polarized micrographs show both straight and
twisted fibril features, with structural features appearing smeared more in the images with
longer oxidation times.

To quantify the structural evolution of macrofibers during TEMPO oxidation, widths of
macrofibers were measured using ImageJ. A virtual grid was overlaid on a 1.4 mm × 1.8 mm
micrograph, and the cross-section width of fibers in each square of the grid were recorded.
To account for variations with reasonable statistics, at least 180 measurements were ob-
tained for each sample. Typical results are shown in Figure 1e as histograms of counts vs.
diameters for 5 min (red) and 120 min (blue) samples. The 5-min sample shows a narrower
distribution centered about 30 µm, while the 120 min one shows a broader distribution
centered about 80 µm.
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Figure 1. Bright field (a,b) and cross-polarized (c,d) optical micrographs of cellulose fibers after 5 min
(a,c) and 120 min (b,d) of TEMPO-assisted oxidation reaction. Micrographs show fiber swelling upon
oxidation. Cross-polarized micrographs show structural features smearing at longer times. (e) The
histogram diameter distribution of 5- and 120-min specimens, and the best fits using the log-normal
distribution function. The 5-min distribution is narrower and centered around 30 µm, while the
120 min is broader and centered around 80 µm. (f) The mean diameters of macrofibers as a function
of oxidation time.

The distributions were fit to a log-normal probability density function according to
the Equation (1) [39–42],

PDF =
1

xσ
√

2π
e−(

(ln (x)−µ)2

2σ2 ), (1)

where µ and σ are parameters relating to the position and width of the distribution func-
tion. The best fits are plotted as solid curves in Figure 1e along with the 5- and 120-min
histograms. The mean diameter of a given log-normal distribution is given by Equation (2),

µM = eµ+ 1
2 σ2

. (2)

The standard deviation used to describe how broadly the distribution deviates from
the mean is given by Equation (3) [40,41],

σSD = µM

√(
eσ2 − 1

)
. (3)
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Figure 1f shows the variation of µM as a function of the oxidation time, where the
error bars are the standard deviations σSD. It is apparent that both the mean diameter and
the width of distribution increase with the oxidation time. µM increases from 37 ± 5 µm at
5 min to 90 ± 13 µm at 120 min.

3.2. Evolution of Nanostructures in Pulp Oxidation

The SANS spectra of macrofibers after 5-, 16-, 30-, 60- and 120-min TEMPO-oxidation
are shown in Figure 2a.
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Figure 2. (a) Small-angle neutron scattering of macrofibers in aqueous suspension after various times
of TEMPO-assisted oxidation. The symbols are experimental data and solid curves through the
symbols are best-model fitting. Curves are vertically shifted for better visibility. (b) The correlation
length and the amplitude of Lorentzian function as a function of the oxidation time. Both quantities
increase with time. (c) The correlation length as a function of the mean diameter of macrofibers as in
Figure 1f. The line through the symbols illustrates the linear relationship between the two quantities.
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The SANS spectra appear to follow a power-law scaling with excess scattering at the
mid-Q range from 0.01–0.1 Å−1. The shoulder of excess scattering broadens and shifts
to the lower Q with the oxidation time. The spectra can be described using an empirical
scattering model composing of generalized Porod and Lorentzian scattering functions as
shown in Equation (4),

I(Q) =
A

Qn +
L

1 + (Q× ξ)m + B (4)

where A is the Porod scaling factor, n is the Porod exponent, L is the Lorentzian scaling
factor, m is the Lorentzian exponent, ξ is the correlation length, and B is a constant for
incoherent scattering and the background [43]. The best fits are shown as solid curves
through the symbols in Figure 2a. Figure 2b show ξ and L as a function of the oxidation
time. Both quantities increase with time. The increase in ξ from 19 Å at 5 min to 30 Å
at 120 min corresponds to the shift in the shoulder to lower Q, whereas an increase in
L implies more prominent intermediate scattering by nanostructures from the TEMPO
oxidation. Figure 2c shows the correlation length as a function of the mean diameter of
the macrofibers. The line through the symbols illustrates the apparently linear relationship
between the two quantities, which will be discussed below.

3.3. Characteristics of Isolated Nanofibers

CNFs from homogenizing aqueous suspensions of macrofibers were characterized
using AFM, and representative micrographs are shown in Figure 3a,b for those after 1
pass and 4 passes through the homogenizer, respectively. Micrographs show that both 1-
and 4-pass samples contain dominantly curvy fibrils, while the former appears to have
some longer fibers in both isolated individuals and loose aggregates, and the latter mostly
in isolated and more uniform shorter fibers. Heights of CNFs in both specimens appear
relatively constant, as evident from the line profile in Figure 3b. Variations of characteristic
features are assessed by counting multiple fibers in AFM images.

Lengths of nanofibers were measured from the planar images and diameters from
heights in line scans, with more than 300 measurements organized to each histogram
as shown in Figure 3c,d, respectively. Histograms were fit to a log-normal distribution
function, Equation (1), with the best fitting curves plotted in Figure 3c,d. The means
and standard deviations of each quantity were calculated using Equations (2) and (3),
respectively, and plotted as a function of the number of passes through the microfluidizer
in Figure 3e,f, respectively. The data show that mean length of CNFs varies insignificantly
from 430 ± 160 nm after 1 pass to 310 ± 100 nm after 4 passes. The diameters remain
relatively constant of ca. 2 nm up to 4 passes in this study.

3.4. Mechanical Properties

The stress–strain, σ-ε, curves of selected specimens from the tensile test are shown in
Figure 4a. All curves are characterized by the elastic/linear regime at small ε, measured
by the slope as the Young’s modulus, E, deviation from the linearity at strains greater
than the yield strength, σy, and the failure at the highest strain value, εmax. The 15% AC
nanocomposite shows the highest E at the low strain and the highest stress before failure,
while the neat amorphous cellulose has both the lowest E and the largest εmax. The other
compositions are in between those extremes.



J. Compos. Sci. 2021, 5, 200 8 of 15
J. Compos. Sci. 2021, 5, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 3. AFM micrographs of nanofiber after 1 pass (a) and 4 passes (b) through the microfluidizer. 
A line profile in (b) indicating relatively uniform thickness of nanofibers of a few nanometers. 
Length (c) and diameter (d) histograms for 1- and 4-pass specimens. The curves are best fits of a log-
normal distribution function. Mean length (e) and diameter (f) of nanofibers as a function of the 
number of passes through the microfluidizer. The dash lines are the linear regression as a guide to 
the eye. Both the mean length and diameter vary little. 

3.4. Mechanical Properties 
The stress–strain, σ-ε, curves of selected specimens from the tensile test are shown in 

Figure 4a. All curves are characterized by the elastic/linear regime at small ε, measured 
by the slope as the Young’s modulus, E, deviation from the linearity at strains greater than 
the yield strength, σy, and the failure at the highest strain value, εmax. The 15% AC nano-
composite shows the highest E at the low strain and the highest stress before failure, while 
the neat amorphous cellulose has both the lowest E and the largest εmax. The other compo-
sitions are in between those extremes.  

The quantities E, σy, and εmax obtained from each σ–ε curve are plotted in Figure 4b–
d as a function of the amorphous content, C, respectively. E increases with C up to 12 GPa 
at ~20% AC, then decreases roughly linearly from 45 to 100% AC. The σy was determined 
at the point of the σ–ε curve with a 0.002 strain offset from the low-ε linear fitting line, as 
shown in Figure 4c. σy shows a weak maximum of ca. 110 MPa at ~20% AC. Average εmax 
decreases with the AC content and reaches a minimum at ~20%, then increases to ca. 0.08 

Figure 3. AFM micrographs of nanofiber after 1 pass (a) and 4 passes (b) through the microfluidizer.
A line profile in (b) indicating relatively uniform thickness of nanofibers of a few nanometers. Length
(c) and diameter (d) histograms for 1- and 4-pass specimens. The curves are best fits of a log-normal
distribution function. Mean length (e) and diameter (f) of nanofibers as a function of the number of
passes through the microfluidizer. The dash lines are the linear regression as a guide to the eye. Both
the mean length and diameter vary little.

The quantities E, σy, and εmax obtained from each σ–ε curve are plotted in Figure 4b–d
as a function of the amorphous content, C, respectively. E increases with C up to 12 GPa at
~20% AC, then decreases roughly linearly from 45 to 100% AC. The σy was determined
at the point of the σ–ε curve with a 0.002 strain offset from the low-ε linear fitting line, as
shown in Figure 4c. σy shows a weak maximum of ca. 110 MPa at ~20% AC. Average εmax
decreases with the AC content and reaches a minimum at ~20%, then increases to ca. 0.08
for neat amorphous cellulose, as shown in Figure 4d. Toughness, UT, defined as the area
under the σ–ε curve, shows a minimum at ~20% AC, as shown in Figure 4e.
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Figure 4. (a) Stress–strain curves to the point of fracture for selected specimens with various amorphous cellulose contents.
The inset shows the elastic deformation at small strains, with linear fitting (thin lines through symbols) yielding the Young’s
modulus. Mechanical properties of specimens obtained from the stress–strain curves, (b) Young’s modulus, (c) yield
strength, (d) elongation at break, and (e) toughness, as a function of amorphous composition. A grey zone in (b–e) at ~20%
AC indicates the modulus and yield strength at a maximum, and the elongation at break and toughness at a minimum.

3.5. Morphology of Fracture Surface

SEM micrographs of the fracture surfaces of the specimens after the tensile test can be
seen in Figure 5. The horizontal direction is normal to the film specimen and the vertical
direction is along the plane of the film. Figure 5 shows a neat CNF film (Figure 5a,b), a
composite film with 15% AC (Figure 5c,d), and a neat amorphous cellulose film (Figure 5e,f),
respectively. In Figure 5a, textures aligned along the plane are clearly visible. The higher-
magnification micrograph in Figure 5b shows webs of connected fibrils, both coarse and
fine, between the dominantly oriented ones. Figure 5c,d show similar features in the
composite, except that those textures appear more uniform, free of coarse features. The
fracture surface of the amorphous cellulose is noticeably different, with fibril textures
forming a random network.
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Figure 5. SEM micrographs of the neat CNF (a,b), the 15% AC composite (c,d), and the neat amorphous (e,f) films at two
magnifications, in which the horizontal is normal to the film and in a vertical direction along the film plane. Both CNF and
the 15% AC show structures aligned parallel to the film plane, and neat amorphous cellulose film appears isotropic.

3.6. Water Uptake

Water uptake of cellulose composites was assessed by the ratio of the mass of absorbed
water to that of cellulose,

R =
mw(t)−m0

m0
, (5)

where m0 is the initial mass, and mw is the mass after soaking in water for time t. Figure 6a
shows R at various compositions, denoted as Rc, as a function of time in semi-logarithm plot.
Data show that both the rate and final amount of water uptake decrease with the amorphous
composition. Films having 0–5% AC absorb water logarithmically and disintegrate after
about 1000 s in water. At ca. 8% AC, R reaches a plateau at ~1000 s before the film
disintegrates. Films containing 12% AC or greater do not disintegrate but instead stabilize
at a finite amount of absorbed water. The neat amorphous cellulose film gains about 30%
of its own weight after more than 11 h in water.
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absorption ratio, where the disintegrated films are marked as crosses and stable films as solid circles. The inset shows the
absorption ratio at specific soaking times, which is relatively insensitive to the composition at early times.
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The maximum measured absorption ratio, Rmax, as a function of amorphous cellulose
composition, is shown in Figure 6b. The cross symbol is used for low amorphous cellulose
films that disintegrate to distinguish those stable films, shown as solid circles. Rmax
decreases monotonically with the amorphous content, and films containing greater than
35% AC have an Rmax of less than 1. The inset in Figure 6b shows that R’s for specific
soaking times generally decrease with the amorphous content. Unlike Rmax, which drops
steeply at low C, for a short time R is relatively insensitive to the amorphous content,
implying initial-geometry-limited transport behavior.

4. Discussion
4.1. Multi-Scale Evolution of Cellulose

The structure evolution of cellulose during TEMPO-assisted oxidation for producing
CNFs has been illustrated by combining OM on cellulose macrofibers and SANS on
elementary cellulose nanofibers. OM shows the swelling and disintegration of macrofibers
with increasing reaction time, whereas SANS shows that the correlation length as a measure
of the average interfiber distance increases with oxidation time. As a phenomenological
model is often used to quantify characteristic length such as the average mesh size of a 3D
network [44], here the variation of the correlation length is 2D in the cross-sectional plane
of aligned fibers. As nanofibers separate and the interfiber spacing increases, so does the
scattering intensity in the mid-Q regime, as characterized by the Lorentzian scale factor
(Figure 2b), implying an increasing population of nanofibers due to oxidation.

TEMPO oxidation converts the C6 hydroxyl groups at the surface of nanofibers to
sodium carboxylate, which readily ionize in aqueous solution to become negatively charged.
Hydration of interfiber pockets separate fibers from each other, increasing the average
interfiber distance as well as the diameter of macrofibers. The density of carboxylate groups
increases with the oxidation time, resulting in a higher degree of hydration and larger
interfiber distances and macrofiber diameters, until the remaining hydrogen bonds can no
longer hold nanofibers together and the macrofibers disintegrate.

The swollen macrofibers, consisting of loosely bound nanofibers, could be readily
disrupted by mechanical forces in high shear flow during homogenization. Apparently,
such a feat can be achieved by a single pass, as diameters of resultant CNF remain constant
with additional passes, while slightly reducing the length and narrowing the dispersity of
fibers. For producing model all-cellulose nanocomposites in this study, CNFs of narrower
distribution after 4 passes were used.

4.2. Mechanical and Fracture Surface Analysis

Neat CNF films have a modulus of 8.8 GPa, comparable to those in previous stud-
ies [27,28,45], which is mostly due to the extensive hydrogen bonding network among
entangled nanofibers of high intrinsic stiffness [46].

Table 1 shows a list of regenerated cellulose from different solvent systems. Cellulose
from an ionic liquid have high moduli and limited elongation [26], while those from al-
kali/urea dissolution show excellent elongation and high strength. [47,48], both having
higher moduli than that of neat amorphous film in this study, at ca. 2.2 GPa. As rapidly
regenerated cellulose films typically have high crystallinity (40% to 50%), composite films
intentionally prepared with cellulose from coil solutions should remain in an amorphous
state and possess properties similar to amorphous films in a previous study [31,49]. In-
deed, the ductility increases at >20% AC, as shown in Figure 4d. On the other hand,
nanocomposite with 15% AC has ~ 19% crystallinity carried from CNF, and has a higher
modulus and strength than the regenerated semicrystalline ones [26,47], yet relatively low
stretchability. Regenerated neat AC has negligibly low crystallinity, and the crystallinity of
TEMPO-oxidized fibers is ca. 39%, with significant amorphization in CNFs occurring in
the process of homogenization and composite preparation. Diffraction data show that the
15% AC composite contains comparable amounts of type I and II cellulose. It is assumed
that the converted cellulose II shall have the CNF origin and possibly remain bound to
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CNFs. Detailed characteristics will be elucidated in future reports. By studying ACCs
encompassing the entire range of the CNF/AC ratio, nanocomposites with a modulus of
2–12 GPa and strength of 55–110 MPa can be rationally designed and prepared, expanding
the engineering space spanned by cellulose-plastic composites [50] and other ACCs [9,10].

Table 1. Mechanical properties (Young’s modulus, tensile strength, and max elongation at break) and crystallinities of
cellulose regenerated from various solvent systems.

Solvent Young’s Modulus
(GPa)

Tensile Strength
(MPa)

Elongation at
Break (%)

Crystallinity
Index (%) Reference

Alkali/Urea 3.2 111 12 42 [47]
EMIMAc 6.1 35–48 0.5–2.6 48 [26]
AMIMCl 5.1–7.1 78–120 2.1–5.6 50 [26]

CO2/DBU/DMSO 1.6 55 6.5 ~0 [49]
DMSO/EMIMAc 2.2 54.4 7.5 <2 100%AC this work
DMSO/EMIMAc 12 130 1 ~19 15%AC this work

SEM micrographs in Figure 5 offer insights into the mechanical behaviors of com-
posite films. Since the bulk of composites consist of nanoscale fibrils and molecular coils,
the microscale topological features, as revealed by SEM, reflect the nature of structural
deformation at the fracture surface. Coarse features correspond to large deformations
and a ductile failure, while smooth features imply local deformations and a brittle failure.
Figure 5a,c show aligned structures from anisotropy of CNFs laying mostly parallel to
the plane of films [4,51], while the apparently isotropic features in Figure 5e are a natural
consequence of condensed random molecular coils. As individual entities in composites
have sub-micron dimensions, morphological features of the fracture surface at large scales
in Figure 5 reflect the nature of the fracture mechanics. A ductile failure involves defor-
mation over a large distance, typically generating morphological features of a wide range
of length scales and irregular features, while a brittle failure results in a relatively smooth
and featureless fracture surface. Here, the neat amorphous cellulose can be stretched as
much as 13% (Figure 4a) and has a large irregular fracture surface, while the 15% AC film
breaks at ~1% elongation (Figure 4a) and shows rather uniform features of constituent
fibers (Figure 5c). The neat CNF breaks at 3.5% and has feature dimensions of fracture
morphology in-between.

Data show that, in general, high stiffness is mostly due to the presence of more rigid
CNF, while the more flexible coil molecules help mediate interactions among fibers to
afford a large deformation. The increase in stiffness and decrease in elongation in the
15% AC film compared to the neat CNF imply that the addition of small quantities of
amorphous cellulose helps enhance interfibril interactions, presumably through hydrogen
bonding, while isolated or aggregated short chains involve only in localized deformation,
resulting in brittle failure, much like typical glass. Details of CNF/coil interactions will be
the topic of future studies.

4.3. Mechanical Behavior

The method of composite preparation in this study allows for the discussion of
mechanical behavior in the entire range of the constituent compositions. In ACCs prepared
via partial dissolution of cellulose fibrils, the amount of dissolved cellulose in the composite
could hardly be quantified [6,16,52–55]. On the other hand, ACCs fabricated by solution
infiltration could have uncertainties in the uniformity of infiltrates in the composites,
particularly when the dimension for infiltration becomes larger [8]. Inclusion of amorphous
cellulose as a minority component in the CNF matrix increases modulus and strength with
compromised stretchability, similar to findings, while synthetic polymers are used to fill
in CNF mats [3,56]. However, instead of charge interactions, combinations of hydrogen-
bonding and hydrophobic interactions are dominant factors in all-cellulose composites,
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due to the method of preparation that would render regenerated cellulose mostly in the
amorphous state [31].

4.4. Water Uptake

Neat CNF films absorb water readily due to the surface charge upon ionization of
sodium carboxylate. As water accumulates amongst CNFs, films swell with the amount
of take-up water as much as ca. 37 times its starting mass, at the point that CNF network
cannot hold together. As the content of amorphous cellulose increases, water uptake
decreases drastically, implying the presence of amorphous cellulose altering interactions
between CNF and water, and among CNFs. It is conceivable that collapsed cellulose coils
fill in the voids among CNFs and occupy sites that would favor water adsorption; however,
the uptake kinetics do not change much below 15% of amorphous cellulose. As shown in
the inset in Figure 6b, low-C plateaus have persisted at the fixed time up to 240 s. Diffusion
coefficients of water in composites, estimated using the short-time absorption data based
on Fick’s first law, show relatively constant quantities at ca. 3 × 10−5 cm2/s for <15% coils,
drop to ca. 1 × 10−6 cm2/s at 45% AC, and further down to 4 × 10−7 cm2/s in the neat
amorphous cellulose. Apparently, regenerated amorphous cellulose with sufficiently high
compositions can stabilize cellulose composites in water, as would be expected based on
a previous study of amorphous cellulose films [31]. Further investigation is needed to
understand the water-resistant behavior of amorphized cellulose. A good understanding in
the behavior and control of ACCs could lead to potential applications that require stringent
properties in biocompatibility, biodegradability, and environmental stability, such as in
food supplements, drug packaging and delivery, medical implants, etc.

5. Summary

Various aspects of producing all cellulose nanocomposites of cellulose nanofibers
and molecular coils have been examined. The process of TEMPO-assisted oxidation has
been followed by morphological and small angle neutron scattering studies. Cellulose
macrofibers swell upon oxidation and lose integrity at longer times, while the average
distance between individual nanofibers increases roughly proportional to the average
diameter of macrofibers, indicating uniform oxidation of elementary fibrils. Mechanical
homogenization via high shear flow effectively tears apart macrofiber slurries to individual
nanofibers with a relatively uniform thickness of ca. 2 nm. The length of CNF slightly
becomes more uniform with the extent of flow homogenization. Cellulose solutions in
mixtures of ionic liquid EMIMAc and organic solvent DMSO were homogeneously mixed
with CNF suspensions and subsequently dried to yield all-cellulose nanocomposites. The
structure and properties of composites comprising CNF and amorphous cellulose in the
entire composition range have been measured. Tensile tests show that stiffness and strength
quantities of nanocomposites reach the highest value at ca. 20% amorphous cellulose, while
their fracture strain and toughness are the lowest. Filling CNF mats with a small amount of
amorphous cellulose helps enhance interfibril interactions, presumably through hydrogen
bonding. The inclusion of amorphous cellulose in cellulose nanocomposites also alters the
kinetics and capacity of water uptake by composites. The apparent diffusion coefficients of
water decrease by about two orders of magnitude from the neat CNF to the neat amorphous
cellulose, while the maximum water uptake also varies over two orders of magnitude, due
mostly to the presence of amorphous cellulose. Details of synergistic behaviors involving
coiled cellulose remain to be elucidated in future studies.
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