
Thermal Conductivity of Porous and Dense Networks of Cellulose
Nanocrystals
Mathis Antlauf and Ove Andersson*

Cite This: Macromolecules 2022, 55, 5326−5331 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Cellulose is a crystalline polymer with intriguing,
amorphous-like, temperature dependence of thermal conductivity
κ. To determine its origin, we have studied κ of cellulose
nanocrystals (CNCs) derived from cotton by sulfuric acid
hydrolysis, in both porous and nonporous states by pressure
densification; κ increases weakly with increasing temperature and
density, like in a fully amorphous material, and it is remarkably
similar to that of cellulose fibers (CFs) and cellulose nanofibers
(CNFs). For a powder derived from a natural material, like
cellulose, amorphous-like κ may originate from poor thermal contact between particles or a high amorphous content, but the latter is
not the case for CNCs. Moreover, the amorphous-like behavior is unaffected by densification and, therefore, improved thermal
contacts. Instead, we attribute the behavior to CNCs’ nanometer-sized fibrils, which limit the phonon mean free path to a few
nanometers in a network of randomly oriented CNCs. This explains why κ is essentially the same in networks of CNCs, CFs, and
CNFs, which are materials with the same structural unitelementary fibrils of 3−5 nm in diameter. We obtain κ = (0.60 ± 0.01) W
m−1 K−1 for a nonporous network of randomly oriented CNCs at 295 K and atmospheric pressure, and κ increases by only 14%
GPa−1, which is unusually weak for a polymer. By using a model for such a network, we find κ = 1.9 W m−1 K−1 along a CNC and
argue that this is a good estimate also along a CNF and a CF at room temperature.

■ INTRODUCTION

The thermal conductivity κ behavior of cellulose is both
fundamentally interesting and of practical importance because
of the potential use of cellulose in many applications.
Generally, the microstructure of materials is one of the key
properties that determines κ and its variation with important
parameters such as temperature and density; in the case of
cellulose, its κ property appears intimately linked to its
structure. Although cellulose’s basic structural units are
cellulose chains, or polymers chains, its microstructure is
distinguished from most synthetic polymers due to their
natural assembly into a nanofibrous structure. Cellulose fibers
(CFs) are composed of several microfibrils with a diameter in
the approximate range 5−50 nm. In turn, microfibrils consist
of elementary fibrils of 3−5 nm in diameter, which are made
up of bundles of up to about 40 individual cellulose chains.1,2 A
common structural model of dry cellulose3 is that cellulose
chains form a repeated pattern of crystalline and amorphous
sections along the fibril. Each crystalline section is of the order
of 100 nm in length, and it is referred to as a cellulose
nanocrystals (CNCs). CNCs can be extracted from CFs
through strong acid hydrolysis, whereas mechanical disintegra-
tion of fibers produces cellulose nanofibers (CNFs), or
microfibrillated cellulose. CNFs contain both amorphous and
crystalline regions and can be up to several micrometers long
and 10−100 nm in diameter.

Studies of heat conduction in cellulose samples show that
cellulose conducts heat well along fibers but less well in other
directions. Therefore, it can serve as both a good heat
conductor and a thermal insulator dependent on the structural
arrangement and porosity of cellulose samples. The anisotropy
in κ is reflected in the studies of cellulose sheets/papers/films,
where fibers can be preferably oriented in the plane of the
sheets.4−7 In particular, Uetani and co-workers4,5 reviewed
results of nanocellulose produced from tunicate, bacterial
cellulose, cotton, and wood pulp and reported through-plane
values of κ in the range 0.3−0.5 W m−1 K−1, independent of
the source material, and source-dependent in-plane values in
the range 0.6−2.5 W m−1 K−1. Moreover, Antlauf et al.7

recently studied the effect of densification on samples of
randomly oriented CFs and CNFs derived from a commercial
birch kraft pulp. They reported κ of 0.57 and 0.54 W m−1 K−1

for nonporous CF and CNF, respectively. Combined with a
model for a dense random network of fibers,8 it suggest κ = 1.7
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W m−1 K−1 along individual CNFs. Direct measurements of κ
of individual CNFs are difficult and subject to significant
uncertainty, but Adachi et al.9 succeeded with measurements of
κ along individual CNFs and reported κ = (2.2 ± 1.2) W m−1

K−1 at 300 K.
Previous studies also show that κ of CF and CNF increases

with increasing temperature.7,9 This behavior is normally
associated with amorphous polymers, whereas κ of crystalline
and semicrystalline polymers commonly decreases with
temperature at room temperatures.10 More specifically, at
temperatures above the low-temperature range where crystal
sizes limit phonon (heat quanta) propagation (above ∼100 K).
The decrease in κ with temperature is due to the increasing
number of phonons and thus increasing phonon−phonon
scattering with increasing temperature. If temperature
independent sources, such as structural disorder, are the origin
of the dominant phonon scattering mechanism, then κ
increases with temperature (amorphous-like κ) because of
increasing heat capacity.11 The deviant behavior of cellulose
may therefore be due to its inherent nanofibrous structure, but
the amorphous fractions of CNFs and CFs and amorphous
fractions in commercial pulp (e.g., that associated with
hemicellulose) may contribute to the amorphous-like κ
behavior of cellulose samples. Here, we have therefore studied
κ of CNCs produced from cotton, which is essentially devoid
of amorphous hemicellulose and lignin and shows higher
degree of crystallinity, to determine the origin of the
amorphous-like behavior of κ for cellulose and also to obtain
a better estimate of κ along a CF. We have applied high
pressure to study the effect of porosity on κ and to ensure good
thermal contact between individual CNCs.

■ EXPERIMENTAL SECTION
Materials. CNCs, 10−20 nm in diameter and 300−900 nm in

length, were purchased from Nanografi in the form of dry powder (1−
50 μm particle size, ∼4 wt % moisture) produced from cotton by
sulfuric acid hydrolysis. The degree of crystallinity is estimated by the
supplier to be 92% from X-ray diffraction results, and the density ρ is
1.49 g cm−3. The sample was dried for 12 h under dynamic vacuum at
room temperature until the weight remains constant (1.2 wt % loss).
Subsequently, the CNC powder was inserted in a press and subjected
to ca. 0.1 GPa in a piston-cylinder-type die. This produced plates of
39 mm in diameter and ca. 4.5 mm thickness with a density of 1.20 ±
0.02 g cm−3. This gives an initial sample porosity ε, ε = 1 − ρsample/
ρnonporous, of 20% (ρnonporous = 1.49 g cm−3). The sample plates were
thereafter stored in a desiccator until measurements of κ. As an
estimate of the in situ density during the measurements,7 we have
used our results for CF in the porous state and literature results for
cellulose derived from cotton in the nonporous state.12 We compare
the results for CNCs with previously reported results for CNFs and
CFs derived from a commercial birch pulp with chemical composition
70 wt % cellulose, 21 wt % hemicellulose, and 5 wt % lignin (see ref 7
for details).
Measurement of Crystallinity by X-ray Diffraction. X-ray

powder diffraction (XRD) was used to estimate the degree of
crystallinity of the sample before and after the study of κ under high
pressure. To calculate the crystallinity Xc, we followed the
methodology described by Foster et al.13

=
+

X
A

A Ac
cryst

cryst amorph (1)

where Acryst and Aamorph are the crystalline and amorphous areas of the
XRD pattern, respectively. XRD data for the sample before and after
the experiment were collected using Cu-Kα radiation (X′ Pert3
Powder, PANalytical, Netherlands) in the 2θ range of 5−60°, using a

1/4° fixed diffraction slit and a 2° fixed anti-scattering slit. The sample
was either prepared on a zero-background silicon sample holder
(powdered samples) or else inserted directly in the form of plates
recovered after the high-pressure study of κ or after compression in a
piston-cylinder device up to 0.1 GPa. Instrumental background was
measured with identical settings and acquisition time with an empty
sample holder as a reference. Full pattern fitting of the instrumental
background corrected XRD data was performed with WinPLOTR
program (Sept-2018, Centre de Diffractometrie X & Institut Laue
Langevin, France) of Fullprof Suite (version July-2017).

In the analysis of the XRD patterns, we have initially derived a
“mathematical background,” by fitting of a 4th order Chebychev
polynomial function. The first approximation of the coefficients was
obtained from a fit of the XRD patterns with exclusion of the main
Bragg peak areas. Subsequently, we used profile fitting (Thomson-
Cox-Hastings profile function), assuming a mixture of cellulose Iα (a
= 6.72 Å, b = 5.96 Å, c = 10.40 Å, α = 118.08°, β = 114.80°, and γ =
80.37°) and cellulose Iβ (a = 7.78 Å, b = 8.20 Å, c = 10.38 Å, α =
90.00°, β = 90.00°, and γ = 96.55°)14 with zero shift (sample
displacement) and particle size peak broadening as the only
additionally refined parameters. In the last step, background
coefficients were refined as well.

Figure 1 shows the pattern and the deconvolution into sample
scattering and contributions from the background. It seems

reasonable to attribute to the main part of the “mathematical
background” to X-ray amorphous scattering. It follows that the ratio
of the integrated area below the respective curves, mathematical
background (Aamorph) and Bragg reflection contribution (Acryst), gives
the Xc from eq 1. Comparison of the results before and after the high-
pressure study suggests that the crystalline fraction has increased
slightly from 39 to 45%, but the Bragg peaks also appear to be
somewhat broader.

Figure 2 shows a direct comparison of the crystalline peaks of the
XRD patterns before and after pressure treatment at 0.1 and 0.7 GPa.
The sample plates used for the study of κ were made by pressurization
up to about 0.1 GPa; therefore, it is vital to know whether or not the
sample crystallinity can be affected by treatment at this relatively low
pressure. The results in Figure 2 show that this treatment did not
affect the crystallinity of the sample. We can conclude that the
treatment under pressure up to 0.7 GPa affects the XRD pattern of
CNCs, which is different from previous results for similarly treated
CNFs and CFs.7 However, the results show that κ measured at 0.1
GPa and below pertain to a sample with identical XRD pattern to the
virgin sample. Moreover, the small change in Xc for the sample

Figure 1. XRD pattern of CNCs: (a) virgin powder and (b) sample
plate recovered after the thermal conductivity study, that is, the
sample had been subjected to pressures up to 0.7 GPa and
temperatures up to 350 K. The patterns are divided into contributions
of instrumental background (white), mathematical background =
amorphous sample contribution (gray), and the cellulose Bragg
reflections (green).
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subjected to 0.7 GPa did not change the amorphous-like behavior of
κ.
Measurements of Thermal Conductivity. The transient hot-

wire method was used to measure κ with an estimated inaccuracy of
±2%.15 The hot-wire probe was a 0.1 mm in diameter Ni-wire, which
was inserted in a custom-made, ca. 13 mm deep and 39 mm internal
diameter, Teflon sample cell. The wire of ca. 40 mm length was
sandwiched between two plates of CNCs, which had been produced
by pressurization to 0.1 GPa in a piston-cylinder-type die, and sealed
with a tightly fitting, 3.5 mm thick, Teflon lid. The cell was mounted
on a bottom piston and inserted in a pressure cylinder of 45 mm
internal diameter. The whole assembly was thereafter transferred to a
fully automatic hydraulic press, which supplied the load. The sample
temperature was varied by cooling or warming the whole pressure
vessel using liquid nitrogen and an external electric heater; it was
measured using an internal Chromel versus Alumel thermocouple.
Pressure was determined from load/area with an empirical correction
for friction, which has been established using the pressure dependence
of the resistance of a manganin wire. The inaccuracies in temperature
and pressure are estimated as 0.5 K and 40 MPa (at 1 GPa),
respectively.
The Ni-wire (hot-wire) was heated by a 1.4 s duration pulse of

nominally constant power, and its electrical resistance was measured
as a function of time; the temperature rise of the wire was calculated
by using the relation between its resistance and temperature (the wire
acts as both heater and sensor for the temperature rise). The
analytical solution for the temperature rise with time was fitted to the
hot-wire temperature rise with κ and the heat capacity per unit
volume as fitting parameters. The residual of the fits (“error”)
provides information about the thermal contact between the wire
probe and the sample. Because of the improved thermal contact, it
decreases on initial pressurization of a solid sample. Typically, it
becomes constant, and the same as that for a liquid sample, at
pressures near 0.1 GPa, which is taken as a signature of perfect
thermal contact between the probe and the sample. In the case of
CNC, slightly higher pressure than 0.1 GPa was required. The reason
is likely due to the good adhesion after producing sample plates by
subjecting the CNC powder to 0.1 GPa in a piston-cylinder device. As
a consequence, higher pressure was required to completely immerse
the wire probe in the sample and obtain perfect thermal contact. The
penetration depth of the heat wave is 1−2 mm in the radial direction
of the 40 mm long hot-wire probe. It follows that we here provide κ of
a sample with randomly oriented CNCs (since the heat pulse travels
in the radial direction of the hot wire, it travels both along and

perpendicular to the direction of the applied pressure; therefore,
compression-induced orientation ordering of CNCs, if any, will not
significantly affect the results).

■ RESULTS AND DISCUSSION
The experimental procedure used here to determine κ of a
CNC sample followed exactly that used in a corresponding
study of CNF and CF samples.7 The purpose of the procedure
is to determine the temperature and pressure behavior of
initially porous and, thereafter, nonporous CNC (sample).
Therefore, the sample was initially pressurized up to 0.06 GPa,
which produces a well compacted but still porous sample.7

Thereafter, it was temperature cycled isobarically down to ca.
100 K to study the temperature dependence of κ of porous
CNC (the pressure of 0.06 GPa is typically the minimum
pressure required to ensure good thermal contact between a
soft solid sample and the wire probe, and it was the pressure
used in the previous study of CNF and CF samples7).
Subsequently, the sample was pressure cycled to 0.7 GPa, with
an intermediate temperature cycle at 0.5 GPa, to form and
study the κ behavior of nonporous CNC.
Figure 3 shows the results on isobaric temperature cycling at

0.06 GPa (porous sample), 0.5 GPa and, finally, 0.1 GPa after

the sample had been subjected to 0.7 GPa (nonporous
samples). The temperature behavior is strikingly similar at all
pressures independent on porosity, but the size of κ increases
with pressure, which is mainly due to the reduction of porosity
and compression of CNCs but also due to the improved
thermal contacts. The results for CNC at 0.06 GPa showed
about twice as large error in the fitting routine than normal
(see the Experimental Section), which indicates that the
pressure was insufficient to obtain ideal conditions for thermal
contact between the probe and the sample. On further

Figure 2. XRD pattern of CNCs: virgin powder (blue dash-dot line);
sample plate recovered after the thermal conductivity study (i.e., the
sample had been subjected to pressures up to 0.7 GPa and
temperatures up to 350 K) and grinded to powder before the XRD
study (red dotted line); a plate produced from the virgin powder by
pressurizing to ca 0.1 GPa (black line) (the XRD pattern was identical
after grinding).

Figure 3. Thermal conductivity plotted against temperature at the
pressures indicated. As discussed in the text, the results at 0.06 GPa
showed sign of insufficient thermal contact between the sample and
the probe, and the dashed line shows the estimated values with perfect
thermal contact.
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pressurization, the error decreased and reached the typical
normal level slightly above 0.1 GPa. As a consequence, there is
an additional thermal resistance, which affects the results for
CNC measured at lower pressures. Based on the results at high
pressure, and the comparison with CNF and CF, this probe-
sample thermal resistance reduced κ by ca. 10% at 0.06 GPa
and 295 K; the dashed line in Figure 3 shows the results
corrected for the non-perfect sample-probe contact.
However, as shown in Figure 3, the additional thermal

resistance does not affect the temperature dependence of the
thermal conductivity κ(T), which is the same independent on
pressure and porosity. Moreover, the XRD results in Figure 2
show that the crystallinity of CNC is unaffected by treatment
under pressure up to at least 0.1 GPa, but that it may change
by treatment at higher pressures. Nevertheless, despite these
pressure-induced effects (i.e., changed thermal contact,
porosity, and crystallinity), κ(T) is unaffected. Thus, the
strong phonon scattering source that causes amorphous-like
κ(T) remains unaffected by the changes. This suggests that the
main reason for thermal resistivity is unrelated to thermal
contact between CNCs, sample porosity, change in crystal-
linity, and instead due to an inherent feature of CNCs that
causes strong phonon scattering. In theory, it could be due to
the structural disorder within CNCs or due to a structure that
facilitates strong phonon−phonon scattering, which limits the
phonon mean free path to a minimum already at 100 K.
However, this is implausible because of the high crystallinity of
CNCs and the typically low phonon−phonon scattering rates
at these temperatures. Instead, the nanofibrous structure
appears as the likely source of strong phonon scattering.5,9

The previously measured results for κ(T) of CNF and CF
under high-pressure conditions led us to the same conclusion.7

That is, the amorphous-like κ(T) of CNF and CF is due to the
nano-sized building blocks of the fibers, which limits the
phonon mean free path to a few nanometers; it can only be
significantly longer for heat flow along the fibers.
Figure 4 shows the results measured on pressure cycling,

with intermediate temperature cycling at 0.06, 0.5, and 0.1 GPa
(Figure 3). The increase in κ as a function of pressure is due to
a combination of three effects: (i) reduction of voids, (ii)
improved thermal contact (e.g., between CNCs), and at the
highest pressures, (iii) increase in intra- and inter-chain
interactions as the CNCs are subjected to high load. At the
lowest pressures, the two first effects dominate but when voids
are eliminated, the sample volume changes elastically on
pressurization and depressurization. As a consequence, κ
changes reversibly with some hysteresis, for example, due to
reversal of frictional forces and lack of perfect probe-sample
contact at low pressures. As shown in Figure 4 (blue circles), κ
measured at about 0.4 GPa on the initial pressurization is the
same as that measured at 0.4 GPa on the subsequent
depressurization from 0.7 GPa, that is, κ changes reversibly
above 0.4 GPa. It shows that a pressure of ca. 0.4 GPa is
required to obtain the nonporous, or near nonporous, state,
which is about the same as that for CNF (0.5 GPa) and CF
(0.35 GPa).
The results on subsequent pressure cycling show the

behavior of an essentially void free, that is, nonporous, sample
(red circles in Figure 4); the results vary reversibly and linearly
with pressure, which is the typical behavior in the pressure
range with about constant, or weakly decreasing, compressi-
bility.16 The increase in κ with pressure is the same for
nonporous CNC, CF, and CNF; it is unusually weak, only 14%

GPa−1, whereas that of polymers typically varies in the range
from 30% GPa−1 (fiber-reinforced bakelite17 and highly cross-
linked polybutadiene18) to 160% GPa−1 (butyl rubber).17 The
increase in κ on pressurization is related to the stiffening of the
bonds and the consequential increase in intra-chain and inter-
chain interactions and increase in phonon velocity. The effect
of pressure is similar to that caused by carbon−carbon cross-
linking (of polymer chains) of an amorphous polymer.18 For
an already highly cross-linked (stiff) polymer, the pressure
dependence is significantly weaker than that for a polymer
without cross-links (see Figure 3b in ref 18). Therefore, we
attribute the weak pressure dependence of κ of CNC, CNF,
and CF to a combination of their nano-sized elementary fibrils,
which strongly limit κ across fibers, and the high elastic
modulus (stiffness) of crystalline cellulose chains along their
long axis,19,20 which restricts the pressure-induced increase in κ
along fibers.
The slight difference between the size of κ of CNC and that

of CF and CNF derived from commercial pulp is attributable
to the higher amorphous fraction in the latter; a significant part
of the higher fraction is likely associated with hemicellulose
(21%) and lignin (5%) contents of the commercial starting
material of the CF and CNF samples. Moreover, the
disintegration of CFs into CNFs increases slightly the
structural disorder, which causes a further decrease in κ. Still
the changes in κ are relatively small, which suggests that the

Figure 4. Thermal conductivity plotted against pressure at 295 K.
Start: initial pressurization of CNCporous (blue circles) and subsequent
results for (nonporous) CNC (red circles). Dashed dark yellow and
black lines show corresponding results for CNF and CF samples,
respectively7 (the increase in κ of porous samples at 0.06 GPa is due
to a sluggish densification observed during measurements at constant
temperature and pressure). Restart: a second pressurization cycle after
removing the load and keeping the sample for 4 days at 1 atm. The
red solid line shows an extrapolation of κ of the nonporous sample
down to atmospheric pressure, which yields κ = (0.60 ± 0.01) Wm−1

K−1 (κ of nonporous samples varies typically reversibly and linearly
with pressure in the pressure range with nearly constant, or slightly
decreasing, compressibility16). Adapted with permission from ref 7.
Copyright 2021 The Authors.
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origin of major thermal resistivity in CNC, CF, and CNF is the
same and due to the inherent nano-sized diameter of the
elementary fibrils.
A model of a nonporous fiber network with negligible

thermal resistance between the fibers yields κ = κ0/π, where κ0
is the thermal conductivity along the fiber.8 Consequently, our
result of κ = (0.60 ± 0.01) W m−1 K−1 (Figure 4) combined
with the model suggest κ = 1.9 W m−1 K−1 along individual
CNCs at atmospheric pressure and 295 K. Considering that
the small differences in κ between CF, CNF, and CNC is
attributable to the amorphous content related to hemicellulose
and mechanical disintegration, κ = 1.9 W m−1 K−1 should also
provide a good estimate along CNFs and CFs for which
phonon scattering in a random fiber network is mainly due to
the small size of their structural unitselementary fibrils.
In addition to the temperature dependence of κ, the density

dependence of κ (Bridgman parameter) is normally also an
indication of the crystalline order in materials. The Bridgman
parameter g is defined by

δ κ
δ ρ

=g
ln
ln

T

i
k
jjjj

y
{
zzzz

(2)

where ρ is the density, which was here obtained from data for
cellulose derived from cotton.12 Disordered materials show
commonly g-values near 3, whereas crystalline materials show
higher values with a few unusual exceptions such as some ice
phases with negative g (typically, this is shown for materials
with negative thermal expansion coefficients, which is
explained by a negative Grüneisen parameter). We have
previously reported that g of CF and CNF is unusually small
with a value close to 2. Here, we have calculated the value for
CNC in the nonporous state and find g = 1.7 (Figure 5), which
is in correspondence with the values for CNF (g = 1.5) and CF
(g = 1.8).
If one neglects the weak increase in density on cooling and

assume that g is independent of pressure then, by rearrange-
ment of eq 2, it is straightforward to show that the results for
κ(T) at 0.06, 0.1, and 0.5 GPa can be scaled to constant
density ρ0 via the relation κ(T) = κ0(T) (ρ/ρ0)

g. Such scaling,
with ρ0 = 1340 kg m−3, is shown in Figure 6 together with
corresponding scaling for CF and CNF.7 The scaled results,
κ0(T), of CNC not only reveal a slight variation for the three
isobars but also that the temperature dependence is strikingly
similar to κ0(T) of CF and CNF. The results for CF and CNF
show virtually identical variation, and the data sets for κ0(T) of
CF and CNF can be described by the same third-order
polynomial with a κ0 shift of the function by about 6%.7

■ CONCLUSIONS
The temperature, pressure, and density dependencies of κ are
remarkably similar for dense (nonporous) networks of
randomly oriented CNCs, CFs, and CNFs, and the magnitude
of κ differs only by 10%; κ is the highest in a CNC sample, κ =
(0.60 ± 0.01) W m−1 K−1 at 295 K and atmospheric pressure,
5% less in a CF sample, and 10% lower in a CNF sample. The
difference in κ between CNC and CF samples is plausibly
attributed to mainly the amorphous hemicellulose content in
the latter, and the difference in κ between CF and CNF
samples is likely due to the increase in structural disorder
caused by the mechanical disintegration of CFs into CNFs.
We attribute the main cause of thermal resistivity in cellulose

to the nano-size of elementary fibrils, which limits the phonon

mean free path to a few nanometers in random networks of
CFs, CNFs, and CNCs. These are all natural assemblies of
elementary fibrils, which explains the similar size of κ and its
(almost) universal dependence on density, pressure, and
temperature. Based on the most pure sample regarding the

Figure 5. Natural logarithm of thermal conductivity plotted against
the natural logarithm of density. Results for CNC (circles) and the
previously reported results for CF (squares) and CNF (triangles)
samples.7 The dashed lines represent linear fits with the Bridgman
parameter g corresponding to the slope, which is 1.7 for CNC, 1.8 for
CF, and 1.5 for CNF. Adapted with permission from ref 7. Copyright
2021 The Authors.

Figure 6. Density scaled thermal conductivity, κ/(ρ/ρ0)
g, plotted

against temperature: CNC (circles), CF (squares), and CNF
(triangles) measured at 0.1 GPa (red symbols, ρ = 1514 kg m−3)
and 0.5 GPa (dark yellow symbols, ρ = 1566 kg m−3) were scaled to
data at 0.06 GPa (blue symbols, ρ = 1340 kg m−3)7 (the estimated
values were used for CNC at 0.06 GPa, see discussion in the text).
Adapted with permission from ref 7. Copyright 2021 The Authors.
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content of elementary fibrils, the CNC sample, and a model for
κ of a dense random network of thin fibers, we find that the
best estimate for κ along a fibril (elementary or microfibril) is κ
= 1.9 W m−1 K−1 at atmospheric pressure and room
temperature.
The pressure dependence of κ for CNC, CF, and CNF

samples is only 14% GPa−1, which is lower than that typically
observed for polymers (30−160% GPa−1). This unusual result
for a polymer seems also to be caused by the nano-sized fibrils
of cellulose in combination with a high elastic modulus (high
stiffness) in the fiber direction.
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