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The influence of drying routes on the properties
of anisotropic all-cellulose composite foams from
post-consumer cotton clothing†

Carina Schiele, a Maria-Ximena Ruiz-Caldas, a Tingting Wu,b,c

Elisabetta Nocerino,a,d Agnes Åhl, a Aji P. Mathew, a Gustav Nyström, *b

Lennart Bergström *a,e and Varvara Apostolopoulou-Kalkavoura *a,b

Biopolymer-based functional materials are essential for reducing the carbon footprint and providing

high-quality lightweight materials suitable for packaging and thermal insulation. Here, cellulose nanocrys-

tals (CNCs) were efficiently upcycled from post-consumer cotton clothing by TEMPO-mediated oxidation

and HCl hydrolysis with a yield of 62% and combined with wood cellulose nanofibrils (CNFs) to produce

anisotropic foams by unidirectional freeze-casting followed by freeze drying (FD) or supercritical-drying

(SCD). Unidirectional freeze-casting resulted in foams with aligned macropores irrespective of the drying

method, but the particle packing in the foam wall was significantly affected by how the ice was removed.

The FD foams showed tightly packed and aligned CNC and CNF particles while the SCD foams displayed

a more network-like structure in the foam walls. The SCD compared to FD foams had more pores smaller

than 300 nm and higher specific surface area but they were more susceptible to moisture-induced

shrinkage, especially at relative humidities (RH) > 50%. The FD and SCD foams displayed low radial

thermal conductivity, and the FD foams displayed a higher mechanical strength and stiffness in com-

pression in the direction of the aligned particles. Better understanding how drying influences the struc-

tural, thermal, mechanical and moisture-related properties of foams based on repurposed cotton is

important for the development of sustainable nanostructured materials for various applications.

Introduction

The design of safe and functional materials from renewable
feedstocks for high-performance is a key challenge. As a non-
toxic, biodegradable and highly abundant material, cellulose
is a strong candidate for such endeavors. Cellulose nano-
materials (CNMs) extracted from wood have been assembled
into functional and bio-based materials such as films, coat-
ings, beads, capsules, continuous fibers, hydrogels, cushion-

ing materials, foams and aerogels.1,2 There is a growing inter-
est to replace or reduce the use of virgin resources (i.e. wood)
and instead extract CNMs from post-consumer clothing, e.g. in
the form of cellulose nanocrystals (CNCs).3 Using post-consu-
mer clothing as a CNM source can increase the sustainability
of CNM extraction,4 and also partly mitigate the growing
problem of textile waste.5

Assembling upcycled textile fibers into functional and light-
weight materials such as packaging and insulation materials
that can replace fossil-based materials can also reduce the
carbon footprint. However, it is essential that the biobased
and upcycled foams display mechanical robustness, high
moisture resilience and a low thermal conductivity. In porous
materials like foams and aerogels, the thermal conductivity is
mostly determined by the heat transfer via gas and solid con-
duction.6 Both modes can be influenced by the composition,
density and structure of the material with the pore size playing
a major role on the gas conduction and the type of bonds
and interfaces in the solid part determining the solid
conduction.7–10

The ability to attract and hold water plays an important part
in the moisture resilience of a material and is especially impor-
tant for materials based on cellulose which is a well-known
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hygroscopic material. The composition and functional groups
of a material as well as its particular structure have a big influ-
ence on its interaction with moisture.11,12

The mechanical robustness and load-bearing ability of a
material is determined by the strength of the chemical bonds
present in it as well as the occurrence of defects and dis-
locations in the alignment of the material.13

Foams prepared by unidirectional freeze-casting, under a
temperature gradient result in highly anisotropic structures,
typically featuring aligned columnar macropores.14,15 Ambient
drying is the most sustainable drying technique16 but suscep-
tible to drying-induced shrinkage and deformations. Freeze
drying (FD) and supercritical drying (SCD) are known to avoid
capillary forces and therefore prevent shrinkage and keep
structural integrity.17,18 While studies on isotropic polysacchar-
ide-based porous materials prepared via supercritical drying
revealed smaller pore sizes and a larger surface area than
porous materials with the same composition prepared via
freeze drying,19–21 studies on anisotropic materials are
sparse.15 Previous studies confirmed that anisotropic CNF-
based foams can be prepared following both drying strategies
by applying unidirectional ice-templating prior to drying
which result in foams with aligned macropores due to the
large ice-crystals.15,22,23 Anisotropic cotton CNC-based foams
have also been prepared by freeze-casting and freeze drying.18

In this study, we prepared anisotropic composite foams
from upcycled post-consumer cotton CNCs and wood-derived
CNFs with different densities by unidirectional freeze-casting
and subsequent drying. The effect of freeze drying and super-
critical drying on the structural features such as pore size,
alignment and surface area of the foams were connected to
the thermal conductivity, mechanical properties and moisture
resilience.

The FD foams displayed higher macropore alignment,
bigger pore sizes, lower surface area and a higher moisture
resilience than the SCD foams. The nanoparticles inside the
foam wall were aligned for the FD foams but not for the SCD
foams that correlated well with the higher Young’s Modulus
and toughness, and lower radial thermal conductivity of the
FD foams.

Experimental section
Materials

Sorted and clean post-consumer cotton clothing was provided
by Wargön Innovation, primarily consisting of dyed T-shirts
and other tops based on visual assessment. Never-dried sulfite
softwood cellulose pulp (Domsjö dissolving Plus) was provided
by Domsjö Fabriker AB (Aditya Birla Domsjö, Sweden). Sodium
hypochlorite (NaClO, 6–14% Fisher Scientific), 2,2,6,6-tetra-
methyl-1-piperidinyloxy free radical (TEMPO, ≥98%, Alfa
Aesar), standardized sodium hydroxide (NaOH, 0.1 M Fisher
Chemical™), sodium hydroxide pellets (NaOH, >98%
Honeywell Fluka™), sodium bromide (NaBr, BioUltra, P99.5%,
Sigma Aldrich), hydrochloric acid (HCl, 37 wt% AnalaR®

Normapur®) were used as received. Deionized (DI) water was
used for all solutions and dispersions.

Extraction of CNCs and CNFs

The post-consumer cotton clothing was cut into ∼1 cm2 pieces
using a paper guillotine. No pretreatment was performed prior
to the TEMPO-oxidation. The cotton derived TEMPO-oxidized
cellulose nanocrystals (CNCs) were prepared by TEMPO-
mediated oxidation followed by HCl hydrolysis as described in
our previous work.18 In brief, square pieces of cotton were oxi-
dized with NaClO using TEMPO/NaBr as a catalyst/co-catalyst
system. NaClO was added dropwise, maintaining the pH above
10 with 1 M NaOH. After four hours, the mixture was vacuum-
filtered through a 5 μm nylon mesh and rinsed with deionized
water. The oxidized cotton was then hydrolyzed with 4 M HCl
at 80 °C for four hours, followed by cooling in an ice bath. The
suspension was cleaned by centrifugation (Sorvall LYNX 6000,
Thermo Scientific, USA) for 10 min and 24 000g (11 880 rpm).
Further, the sediment was dialyzed for about 8–10 days until
the conductivity of the dialysis water was below 2 μS cm−1 for
two consecutive days. The clean dispersion was immersed in
an ice bath and sonicated at 60% of amplitude with an on/off
pulse of 2 s for 10 min using an ultrasonic homogenizer (500
W, 20 kHz, Q500, Qsonica). The CNCs were neutralized with
NaOH until reaching a pH of 7.8. The starting CNC dispersion
was concentrated to 9 wt% using a rotary evaporator at 60 °C
under vacuum. The CNC yield was calculated from the dry
mass recovered after the TEMPO-mediated oxidation and the
HCl hydrolysis. The yield was calculated according to the fol-
lowing equation with the reported value being the average of
three batches:

drymass of CNC ½g�
drymass of cotton ½g� ð1Þ

The wood derived TEMPO-oxidized cellulose nanocrystals
(CNCs) were prepared by TEMPO-mediated oxidation followed
by mechanical defibrillation as described previously.22

Preparation of anisotropic foams

Composite CNC and CNF anisotropic foams with varying den-
sities were prepared by ice-templating. The composite CNC
and CNF foams were prepared from 1, 3 and 5 wt% disper-
sions in 1 : 1, 5 : 1 and 9 : 1 CNC : CNF mass ratios respectively.
The dispersions of CNMs were ice-templated in molds with
copper bottoms and Teflon walls placed on a copper block
immersed in liquid nitrogen ensuring unidirectional freezing
from the bottom to the top. Two different mold sizes (1.5 ×
2.0 cm and 4.0 × 2.5 cm) were used, adding 5 and 30 g of dis-
persions, respectively.

The frozen dispersions were dried by two different routes:
FD and SCD. The anisotropic FD foams were obtained through
ice sublimation at −60 °C and 0.024 mbar over four days,
using a freeze dryer (Christ Alpha 1-2LDplus, Germany). Prior
to the SCD, the unidirectionally frozen dispersions were placed
in 99.9% ethanol solution to allow the solvent exchange from
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water to ethanol due to its miscibility with carbon dioxide
used for the supercritical drying. In order to achieve an
ethanol content of >99.5% in the alcogels, the solvent
exchange using fresh ethanol had to be repeated 4 times. The
exchanged alcogels were then supercritically dried using the
Separex Supercritical Fluid Technology (France). The first step
of SCD process was the pressurization to reach 120 bar and
45–47 °C which lasted 45 min. The main step was the drying,
performed at 120 bar and 45–47 °C and lasted 5–10 h depend-
ing on the number of samples loaded. The last step included
1 h depressurization. There was shrinkage observed after the
supercritical drying which is estimated to be about 39%, 46%,
66% for CNC : CNF_9 : 1_SCD, CNC : CNF_5 : 1_SCD and
CNC : CNF_1 : 1_SCD, respectively and 19%, 26%, 32% for the
freeze dried foams CNC : CNF_9 : 1_FD, CNC : CNF_5 : 1_FD
and CNC : CNF_1 : 1_FD, respectively.

Characterization

Atomic force microscopy (AFM). The morphology of the
CNMs was evaluated by imaging with a Multimode-8 atomic
force microscope (Bruker, USA) in peak-force tapping mode
with the ScanAsyst™ algorithm using ScanAsyst™ tips. The
dispersions of CNMs were diluted to 0.001 wt% prior to the
imaging and one drop was placed onto freshly cleaved mica
and dried at room temperature.

Conductometric titration. CNC and CNF dispersions with a
concentration of 0.25 wt% and 0.05 wt%, respectively, were
prepared for the titrations in 100 ml aqueous solution. To
reach a pH below 2.5 to ensure the protonation of all the avail-
able carboxyl groups, 110 μL of 5 M HCl was added to the dis-
persions. The dispersions were titrated using 0.1 M NaOH
(Titripur®) as titrant and the conductivity was recorded every
30 seconds after adding 0.05–0.2 ml of the titrant until reach-
ing pH = 11. The charge density was estimated from the
volume of NaOH consumed in the flat region, corresponding
to the neutralization of the carboxyl groups, and from the
linear regressions in the 3 regions of the conductivity against
volume of NaOH curve. The value reported are averaged after
of two to four conductometric titrations.

Scanning electron microscopy (SEM). The radial and axial
directions of both the FD and SCD anisotropic foams were
assessed by SEM imaging using a HITACHI TM-3000 (Japan)
using a 15 kV electron beam at a magnification of 300. The FD
foam fragments were obtained by cryo-cutting while the SCD
foam fragments were obtained by cutting the dried foams with
a sharp blade. The high resolution SEM images were recorded
on a JEOL JSM IT-800 (Japan) using a 15 kV electron beam at a
magnification of 500 and 40 000. The samples were prepared
by peeling off a layer of a dried foam wall layer with a sticky
carbon tape on the sample holder and coating with Au par-
ticles using a gold sputter JFC 1200 fine coater (Japan), operat-
ing at 10 mA for 60 seconds, yielding particles in the size
range 5 to 15 nm.

The degree of orientation of the columnar macropores was
assessed using the “OrientationJ” plugin of Fiji. It compared
the orientation angle of a pixel with respect to its neighboring

pixel. The resulting histograms of the frequency plotted
against the orientation angle, were then fitted to a Gaussian
curve and the full width half maximum (fwhm) of the curve
was derived. The fwhm was then used to determine the orien-
tation degree following eqn (2).

f ¼ 180� fwhm
180

ð2Þ

Nitrogen and carbon dioxide sorption. Nitrogen adsorption
was performed to estimate the specific surface area and the
pore volume of all foam configurations using an ASAP 2020
Plus Adsorption Analyzer (Micromeritics Instrument
Corporation, Nocross, GA, United States). Foam samples of
approximately 0.6–1 g, depending on the density, were
degassed at 70 °C for 14 h. The specific surface area and the
pore volume were then calculated based on the BET and BJH
methods, respectively.

The SCD samples were also tested for CO2 adsorption at
0 °C and 1 atm following the same protocol for the degassing.
The CO2 adsorption was repeated 5 consecutive times for each
sample.

Mechanical compression. The Young’s modulus and the
toughness of the FD and SCD foams along the freezing direc-
tion were calculated from the stress–strain curve of com-
pression tests at 23 °C and 50% RH using an Instron
5944 mechanical testing instrument (Instron, USA) equipped
with 100 N and 1000 N load cells. The foams were conditioned
for 48 h at 23 °C and 50% RH prior to the compression tests.
The compression measurements were repeated for at least five
specimens from each foam configuration at a compression
rate of 1 mm min−1. The Young’s modulus was calculated
from the slope of the linear region of the stress–strain curve,
and the toughness was calculated from the area under the
stress–strain curve up to 70% strain.

Moisture uptake. The moisture uptake of the FD and SCD
foams was measured by an analytical balance (BCE224-1S,
Sartorius, Germany) placed inside a temperature- and humid-
ity-controlled chamber (EVO, Climacell, USA). The balance was
connected to a computer recording the mass every 300s. The
moisture content was measured as a function of RH (10, 20,
35, 50, 65 and 80%) at 295 K and a measurement time of 6 h.
The dry condition was estimated by drying in an oven (Binder,
Germany) at 105 °C and determining the weight loss after
drying until constant weight.

Shrinkage. The moisture dependent shrinkage was deter-
mined by placing one foam of each configuration in a vessel
connected to a humidifier. The volume was measured as a
function of RH (20, 35, 50, 65 and 80%) at 295 K after two
hours of exposure (unless specified differently) using a caliper.

Thermal conductivity. The thermal conductivities of all
foam configurations in the radial and axial direction were
measured using the TPS 2500 S Hot Disk Thermal Constants
Analyzer in the anisotropic mode. Two identical foams were
used for each measurement. The transient plane sensor with a
radius of 6.4 mm was placed between the two foam pieces and
a small weight was added on the top to ensure a tight place-
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ment and good thermal contact between the sensor and the
foams. The heating power and the measurement time were
10 mW and 10 s (CNC : CNF-1 : 1:FD) 10 mW and 20s
(CNC : CNF-1 : 1:SCD), 10 mW and 40s (CNC : CNF-5 : 1:FD,
CNC : CNF-5 : 1:SCD, CNC : CNF-9 : 1:SCD), 15 mW and 40s
(CNC : CNF-5 : 1:FD,) respectively. The measurements were con-
ducted at 295 K and 7, 20, 35, 50, 65 and 80% RH in a custo-
mized cell as described before.24 The radial thermal diffusivity
and conductivity were determined using the volumetric
specific heat capacity of the foams at the specific RH as input
information. The latter was derived from the specific heat
capacity (Cp) of the wet solid material (Cpwet) derived from
eqn (3) multiplied with the density of the wet foam derived
from eqn (4).

Cpwet ¼ ð1�H2OwÞ � Cpdry þ CpH2O �H2Ow ð3Þ

ρwet ¼
mdry þmH2O

Vdry � shrink%
ð4Þ

Here H2Ow is the wt% of water at a certain RH derived from
the moisture uptake experiments, CpH2O is the Cp of water
(4181 J kg−1 K−1) and Cpdry is the Cp of the dry solid. Isotropic
reference samples were prepared via crash freezing in liquid
nitrogen and measured with the isotropic mode of the Hot
Disk to determine the volumetric Cp of the isotropic reference
sample which was divided by its density to derive Cpdry.
Furthermore is mdry the mass of the dry foam, mH2O the mass
of water adsorbed on the foam, Vdry the volume of the dry
foam and shrink% the percentage of volume shrinkage. The
axial thermal diffusivity and conductivity were obtained using
the software provided by Hot Disk. The error bars of the
thermal conductivity measurements represent the sample
standard deviation of n = 15. The super-insulating reference
material (polyurethane aerogel) was purchased from the
Center of Applied Energy Research e.V.25,26

Powder X-ray diffraction (PXRD). PXRD data of both samples
(CNCs and CNFs) were collected on a Panalytical X’Pert Pro
diffractometer (Cu Kα1,2, l1 = 1.540598 Å, l2 = 1.544426 Å) set
up in a Bragg–Brentano geometry and operated at 45 kV and
40 mA. The measurements were performed over pellets
(200 mg) made of frze-dried CNCs and CNFs on zero-back-
ground SI plates. The deconvolution of each diffractogram was
carried by fitting each peak to a Voigt function using the Fityk
peak-fitting software.

Wide-angle X-ray scattering (WAXS). A Bruker D8 Venture
single-crystal diffractometer equipped with a Photon II detec-
tor and Cu-Kα radiation (λ = 1.5418 Å) was used at a detector
distance of 70 mm and an acquisition time of 180 s. 2D WAXS
patterns obtained from uncompressed foam pieces were used
to derive the orientation degree f. Therefore, the signal of the
(200) reflection at 2θ = 22.7° was azimuthally integrated and
after background subtraction the curve of the diffraction inten-
sity with respect to the azimuthal angle was fitted to a
Gaussian function. The degree of orientation f was then calcu-
lated from the fwhm of the received curve following eqn (1).

Small angle X-ray scattering (SAXS). SAXS data were collected
at Petra III’s P62 instrument with a 200 × 200 μm beam size
and 12 keV energy. Foams were cut to 2 mm thickness to avoid
multiple scattering, with a 1.1 s total exposure time per
measurement. The sample-to-detector distance was 7 m, pro-
viding a q-range of 0.004–0.14 Å−1, using an EIGER2 9M detec-
tor. Calibration, integration, averaging, and normalization
were performed using the PyFAI library in Python 27. No radi-
ation damage was observed. Relative humidity (RH) between
5% and 80% was controlled in situ using a MHG32 generator
and a sealed die-cast aluminum box. Samples equilibrated for
30 minutes at each RH level. The orientation of nanoparticles
was kept perpendicular to the X-ray beam.

To derive the scale factor C, proportional to the specific
surface area, the high q region of SAXS 1D patterns (0.07 Å−1 <
q < 0.14 Å−1 for FD foams, 0.10 Å−1 < q < 0.14 Å−1 for SCD
foams) was fitted with the Porod model.27–29

IðqÞ ¼ C
q4

þ BG ð5Þ

For the orientation degree f, the 2D scattering pattern was
azimuthally integrated and fitted to a Gaussian curve. The
fwhm of the intensity was used to calculate f.

Tomographic imaging. X-ray tomography data were collected
at MAXIV’s ForMAX instrument with a 1 mm × 1 mm field of
view, 10x magnification, and 0.65 μm voxel size. Foams were
cut to 1 mm x 1 mm to facilitate beam alignment and rotation
center identification. Data were acquired through 360-degree
rotational scans with 1800 projections (100 ms exposure,
30 ms latency) at 35% and 90% RH, using a Cellkraft
P-10 humidifier. Background subtraction was performed using
flat- and dark-field images. 3D reconstructions were made
using the gridrec algorithm and visualized with Fiji. No phase
retrieval or contrast enhancement was applied.

Results and discussion

CNCs from post-consumer cotton clothing (Fig. 1a) and CNFs
from wood (Fig. 1b) were used as building blocks for the
preparation of anisotropic foams by unidirectional ice-templat-
ing (Fig. 2a). Due to the very high cellulose content of cotton
clothing (>90%),30 the processing into CNCs did not require
any time- and energy-demanding pretreatment of the clothing.
The wood CNFs were extracted from sulfite softwood pulp by
TEMPO-mediated oxidation followed by grinding as described
in previous work.22,23 Both cotton CNCs and wood CNFs were
extracted using the same chemicals-to-cellulose ratio and had
COO− functional groups on the C6 of cellulose and Na+ as
counter-ion. However, as the crystallite size of cotton and
wood differ,31 the degree of substitution of the C6 is not the
same resulting in different surface charges for the two CNMs.
Cotton CNCs and wood CNFs had a surface charge of 1142 ±
90 and 1646 ± 28 mmol COO− per kilogram of cellulose,
respectively (Fig. S1a and b†). The surface charge of the oxi-
dized cotton CNCs corresponds well to the highest value
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Fig. 1 Schematic illustration of the extraction of cellulose nanomaterials (CNMs). (a) Extraction of cellulose nanocrystals (CNCs) from post-consu-
mer cotton clothing. (b) Extraction of cellulose nanofibrils (CNFs) from wood.

Fig. 2 Preparation of anisotropic CNC–CNF foams. (a) Unidirectional ice-templating of CNC–CNF aqueous dispersions. Preparation of dry CNC–
CNF anisotropic foams by (b) freeze drying (FD) and (c) supercritical drying (SCD). (d) (e) Picture and (f ) (g) SEM image of the cross-section of
CNC : CNF-9 : 1_FD and CNC : CNF-9 : 1_SCD foams, respectively.
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reported for functionalization of the C6 of cellulose in
cotton.31 Cotton clothing-derived CNCs exhibited a larger dia-
meter (5.8 ± 2.6 nm) than wood-derived CNFs (2.7 ± 0.9 nm).
This difference is attributed to the larger crystallite size of
cotton compared to wood pulp32 (Fig. 1 and Fig. S2†).
Conversely, the aspect ratio was smaller for cotton clothing
CNCs (29 ± 13) than for wood CNFs (120 ± 91), due to the
different preparation methods of acidic hydrolysis and
mechanical fibrillation, respectively. Since sodium hypochlor-
ite, a cost-effective bleaching agent,33 was used as oxidizing
agent in the TEMPO-mediated oxidation the dye molecules of
the cotton clothing were degraded resulting in CNCs with a
light-yellow haze.

Aqueous dispersions of CNCs and CNFs with different solid
contents (1 wt%, 3 wt% and 5 wt%) and different CNC : CNF
mass ratios (1 : 1, 5 : 1 and 9 : 1) were unidirectional freeze cast
(Fig. 2a) and either freeze dried (Fig. 2b) or subjected to
ethanol exchange to allow subsequent supercritical drying
with CO2 (Fig. 2c). The CNFs, even at small quantities (0.5 wt%
in dispersion), ensured the integrity of the alcogels during the
ice-to-ethanol exchange step due to the fibrils’ large aspect
ratios and entanglements. On the other hand, ice-templated
specimens made entirely from CNCs did not result in self-
standing alcogels, which can be attributed to the weak
network formation at low and intermediate concentrations of
the rigid rod-like CNCs. We have investigated the properties
and structural features of composite foams of three different
compositions (and densities) that were prepared by either FD
(Fig. 2d) or SCD (Fig. 2e) resulting in six different foams
(Table S1†). The FD foams (Fig. 2g and Fig. S3†) exhibited a
more ordered structure compared to the SCD ones (Fig. 2f and
Fig. S3†) resulting in clearly defined honeycomb macropores.
The honeycomb structures of the FD foams show a higher
resemblance with those of unidirectionally freeze-cast and
freeze dried foams prepared from CNFs than those prepared
by CNCs, which give honeycomb structures with a higher
aspect ratio.34–36 This suggests that in our CNC–CNF compo-
site foams, the macropore formation is dominated by the
entangled CNF network, which restrains the ice crystal growth
to a honeycomb morphology even though the CNC loading is
high. The CNCs, which do not entangle are expected to dec-
orate and reinforce the CNF network but not contribute to the
morphology.37

Both the FD and SCD foams possess a hierarchical pore
structure consisting of macropores and nanosized pores. The
macropores are templated by the unidirectional grown ice crys-
tals during ice-templating while nanosized pore structures are
created in the foam walls.15,22,38 The SCD foams displayed a
much larger fraction of nanosized pores (Fig. S4†) and higher
BET specific surface area than the FD foams (Fig. 3a and
Table S2†). The BET specific surface area ranged between
234–263 m2 g−1 for the SCD foams and was about 20-fold
lower for the FD foams with 6–19 m2 g−1. A similar trend con-
cerning the specific surface area with respect to the CNC
loading and foam density was found by small-angle X-ray scat-
tering (SAXS) experiments. 1D SAXS patterns were fitted with a

Porod function to derive a scale factor C which is proportional
to the specific surface area (Table S3†). Since the SCD foams
displayed a high surface area, their CO2-uptake via physisorp-
tion at standard pressure and 273 K was investigated for
CNC : CNF-5 : 1_SCD and CNC : CNF-9 : 1_SCD and ranged
between 0.379–0.385 mmol g−1 (Table S2†). These values lie in
the same span as the CO2 uptake of hydrothermally carbo-
nized chitosan.39 Although the CO2-uptake decreased slightly
in the following cycles, it stayed around 0.38 mmol g−1 for up
to four cycles (Fig. S5†). At the same time, all the SCD foams
had smaller macropore sizes (8–10 μm) and narrower macro-
pore distribution compared to the FD foams (26–38 μm)
(Fig. 3b and Table S2†). High-resolution SEM images of the
foam walls confirm the BET surface area and display denser
packaging of the nanoparticles in CNC : CNF-5 : 1_FD (Fig. 3c
and d) while CNC : CNF-5 : 1_SCD (Fig. 3e and f) showed a
much more network-like structures incorporating small pores.
The very low BET specific surface area of the FD foams
decreased as a function of density. The densely packed foam
walls become even more tightly packed with increasing foam
density resulting in lower specific surface area.34 The more
network like structure of the SCD foams however behaves differ-
ently allowing for more accessible sites with an increase in nano-
particles and therefore a higher surface area with increasing
density within the tested density range. It can be speculated that
the difference in the foam wall density between the two drying
techniques is either caused by local shrinkage and densification
during the freeze drying process or by particle-rearrangement in
the SCD foams which could appear during the solvent exchange
(water–ethanol and/or ethanol–liquid CO2).

The foams with identical composition that had been pre-
pared by FD and SCD showed differences regarding their
structural integrity upon moisture exposure. The FD foams
adsorbed slightly more water as a function of RH compared to
the SCD foams of the same CNC–CNF ratio (Fig. 4a). The
larger macropores allow for easier uptake of water. The effect
of the macropore size is in accordance with our previous work
on the moisture uptake of freeze dried CNM foams40 with
reduced moisture-uptake for foams with smaller macropores.
As a function of foam density and CNC loading, both the FD
and the SCD foams show reduced moisture uptake. The cotton
CNCs have a much higher crystallinity index than wood CNF,
(Fig. S6 and Table S4†) inhibiting the moisture uptake to a
certain extent. Our previous work confirmed that the crystal-
line cellulose is less susceptible to moisture resulting in lower
moisture uptake.40

The moisture induced shrinkage of the FD and SCD foams
was also tested as a function of RH. The SCD foams were sig-
nificantly more susceptible to shrinking at 80% RH compared
to their counterpart FD foams (Fig. 4b). This unexpected be-
havior indicated that the shrinkage is related to both the com-
position and the structure. Apparently, the highly ordered hon-
eycomb structure of FD foams is more robust to resist the
shrinkage induced by high RH. Additionally, it can be stated
that the foams with higher density and higher CNC loading
were more resistant to shrinkage, with CNC : CNF-5 : 1_FD and
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Fig. 3 Pore structure of the FD and SCD anisotropic CNC–CNF foams. (a) BET specific surface area and (b) macropore size of the FD and SCD an-
isotropic CNC–CNF foams as a function of foam density. SEM image of the foam wall of (c) (d) CNC : CNF-5 : 1_FD and (e) (f ) CNC : CNF-5 : 1_SCD
foams at different magnifications.
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CNC : CNF-9 : 1_FD foams showing no significant volume loss
up to 80% RH.

Tomographic imaging of CNC : CNF-5 : 1 foam at low (35%
RH, Fig. 5a) and high RH (90% RH, Fig. 5b) revealed a swelling
and collapse of the SCD foam wall structure at high RH while
the more ordered and rigid foam wall structure of the FD foam
(Fig. 5c and d) displayed no changes upon moisture exposure.
The scale factor C indicated an increase in specific surface
area with increasing RH for the SCD foams which might be
related to the swelling of the foam walls (Table S3†). 2D pat-
terns of both SAXS and wide-angle X-ray scattering (WAXS) ana-
lysis displayed an isotropic particle orientation in the case of
the SCD foams (Fig. 5e and f), with the nanoparticles having
different rotations angles. In contrast, anisotropic particle
orientation was found for the FD foams, which displayed a pre-
ferred orientation along the ice-growth direction (Fig. 5g and
h). The orientation degree of the FD foams derived from the
SAXS 2D patterns ranged between 0.89–0.92 (Fig. 5j), which
describes bundles of particles. Furthermore, the orientation
degree derived from the WAXS 2D patterns was 0.62–0.71
(Fig. 5k), which describes smaller entities like individual par-
ticles. The columnar alignment of the macropores was esti-

mated from SEM images of the foams cut along the axial direc-
tion applying the OrientationJ plugin of Fiji. They displayed
anisotropic behavior for all types of foams although the an-
isotropy was lower in the SCD foams compared to the FD
foams (Fig. 5i). The general decrease in the orientation degree
f with increasing density can possibly be related to the solid-
content related change in viscosity of the dispersion which
become more gel-like impeding the freeze-casting process.
This suggests a hierarchical orientation in the foams with an
orientation in the particle level and the columnar macropore
level. The lack of orientation in the particle level for the SCD
foams matches the network-like structure observed in high-
resolution SEM while the alignment of the nanoparticles in
the foam wall of the FD sample is reflected in their dense
packing.

The thermal conductivity along the radial and axial (Fig. 6a
and b) directions were determined using the transient hot disk
method. The hot disk technique was validated in regards to
the guarded hot disk technique applied on a super-insulating
reference material (Fig. S7†).25,26

The FD foams displayed a significantly higher thermal an-
isotropy in comparison to the SCD foams as estimated from

Fig. 4 Moisture resilience of the FD and SCD anisotropic CNC–CNF foams. (a) Moisture uptake of the anisotropic CNC–CNF foams as a function of
RH. (b) Volumetric shrinkage of the foams as a function of RH.
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the ratio of the average axial and radial thermal conductivity
(Fig. 6c). The high degree of thermal anisotropy of FD foams
can be related to the highly aligned CNMs in the columnar
foam walls and the macropore orientation. The thermal con-
ductivity of the foams in the radial direction remained around
25–30 mW m−1 K−1 for densities up to 40 kg m−3 and then
increased with increasing densities, which is in line with pre-
vious studies on anisotropic CNC-based foams.34 Previous
work has related the increase of the radial thermal conduc-
tivity with increasing density of the foams with a reduction in

interparticle distance that reduces phonon scattering.9 It is
interesting to note that the SCD foams displayed a thermal an-
isotropy that is around 2 although the nanoparticles in the
foams wall are not preferentially aligned in the freezing direc-
tion (Fig. 5j and Fig. S8†). The relatively low radial thermal
conductivity of the SCD foams may be related to the oriented
macropores and to the small pores in the foam walls (Fig. 3f
and Fig. S4, Table S2†). The CNC–CNF foams in this study dis-
played a similar thermal conductivity as freeze dried aniso-
tropic cotton-CNC foams of similar density18 and a higher

Fig. 5 Nanoparticle and macropore structure and orientation. Tomographic images of the supercritical dried (SCD) CNC : CNF-5 : 1 foams at (a)
35% and (b) 90% RH. Tomographic images of the freeze dried (FD) CNC : CNF-5 : 1 foams at (c) 35% and (d) 90% RH. 2D pattern from (e) small-angle
X-ray scattering (SAXS) of CNC : CNF-1 : 1_SCD and (f ) wide-angle X-ray scattering (WAXS) of CNC : CNF-5 : 1_SCD. 2D pattern from (g) SAXS of
CNC : CNF-1 : 1_FD and (h) WAXS of CNC : CNF-5 : 1_FD. (i) Columnar macropore orientation degree of the foams derived from SEM images along
the axial direction applying the Orientation J plugin. ( j) particle orientation degree of CNC : CNF-1 : 1_FD and CNC : CNF-5 : 1_FD at 50% RH and
90% RH derived from SAXS (k) particle orientation degree of CNC : CNF-1 : 1_FD, CNC : CNF-5 : 1_FD and CNC : CNF-9 : 1_FD derived from WAXS.
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radial thermal conductivity compared to freeze dried aniso-
tropic wood-CNF foams22,41,42 with a lower foam density. It
should be noted that the anisotropic all-cellulose composite
foams from post-consumer cotton clothing and wood dis-
played a radial thermal conductivity similar to commercial
fossil-based insulation materials such as polyurethane and
polystyrene (20–45 mW m−1 K−1).43–45

The FD foams showed a higher Young’s modulus (Fig. 6d)
and a higher toughness (Fig. 6e) than the SCD foams along
the axial direction. The better load-bearing properties of the
FD foams compared to the SCD foam can be related to the pre-
ferential orientation of the nanoparticles in the FD foams that

contrasts to the more isotropic organization of the nano-
particles in the SCD foams. The difference was more pro-
nounced for the foams with higher density and a higher
share of cotton CNCs. While the specific Young’s modulus
(Table S6†) of the FD composite foams increased with increas-
ing density from 35 kN m kg−1 for CNC : CNF-1 : 1_FD to 81 kN
m kg−1 for CNC : CNF-9 : 1:FD, the SCD composite foams dis-
played a low specific Young’s modulus of 13–14 kN m kg−1

for all compositions. The specific Young’s modulus of
CNC : CNF-9 : 1:FD is in fact significantly larger than previously
reported anisotropic wood-CNC based foams,36 cotton-CNC
based foams18 and wood-CNF based foams.46

Fig. 6 Thermal insulation and mechanical performance of the FD and SCD anisotropic CNC–CNF foams. (a) Tomographic section (diameter
0.975 mm, height 1.17 mm) images of CNC : CNF-5 : 1_FD (left) and CNC : CNF-5 : 1_SCD (right) foams with indications of the axial and radial direc-
tion (b) Thermal conductivity along the axial and radial direction of the FD and SCD anisotropic CNC–CNF foams at 295 K and 50% RH as a function
of foam density. (c) Anisotropy ratio (axial/radial) of the thermal conductivity of the CNC–CNF foams (d) Young modulus and (e) toughness along
the axial direction of the FD and SCD anisotropic CNC–CNF foams as a function of foam density.
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Conclusion

We have investigated how the properties of foams prepared
from post-consumer cotton CNCs and wood-derived CNFs by
unidirectional ice-templating depends on the drying method:
freeze drying or supercritical-drying. Nitrogen sorption com-
bined with SEM imaging and X-ray scattering showed that the
FD foam walls are composed of tightly packed and aligned
nanoparticles while the SCD foams displayed a more open and
random network structure with no preferential orientation of
the CNMs. The SCD foams had a bigger share (1–3% for SCD
vs. ≤0.1% for FD) of pores below 300 nm in the foam walls,
resulting in at least 12–43 times higher specific surface area
than the FD foams. The differences in porosity and particle
packing reflected in the moisture resilience, providing the FD
foams with lower shrinkage over a wider humidity range in
comparison to the SCD foams.

The thermal conductivity in the radial direction was lower
than in the axial direction for all foams, irrespective of the
density, composition and drying method. The thermal an-
isotropy was relatively large for the FD foams which was
related to the highly aligned CNMs in the foams walls but the
SCD foams also displayed a thermal anisotropy around 2
despite the lack of preferential orientation of the nano-
particles. The significantly higher specific Young’s modulus
and specific toughness in the axial direction of the FD foams
compared to the SCD foams could also be related to the prefer-
ential axial orientation of the CNMs. Overall, the FD foam with
a CNC : CNF ratio of 5 : 1 and a dry density of 34 kg m−3 (at
50% RH) combined high Young’s modulus (2600 kPa), low
radial thermal conductivity, and strong moisture resilience. Its
SCD counterpart with a density of 44 kg m−3 (50% RH)
revealed a high surface area (263 m2 g−1) and possibilities
towards adsorption application and CO2 uptake (0.38 mmol
g−1 after 4 cycles).

The identification of the fundamental differences between
the FD and SCD foams, despite their identical chemical com-
position, paves the way to tailor materials suitable for future
applications in adsorption, cushioning, packaging, and
thermal management. Additionally, it could be shown that
cotton clothing derived CNCs can be successfully prepared
into lightweight foams, offering a path to repurpose textile
waste.
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