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Pure cellulosic foams suffer from low thermal stability and high flammability, limiting their fields of appli-

cation. Here, light-weight and flame-resistant nanostructured foams are produced by combining cellulose

nanofibrils prepared from phosphorylated pulp fibers (P-CNF) with microfibrous sepiolite clay using the

freeze-casting technique. The resultant nanocomposite foams show excellent flame-retardant properties

such as self-extinguishing behavior and extremely low heat release rates in addition to high flame pene-

tration resistance attributed mainly to the intrinsic charring ability of the phosphorylated fibrils and the

capability of sepiolite to form heat-protective intumescent-like barrier on the surface of the material.

Investigation of the chemical structure of the charred residue by FTIR and solid state NMR spectroscopy

reveals the extensive graphitization of the carbohydrate as a result of dephosphorylation of the modified

cellulose and further dehydration due to acidic catalytic effects. Originating from the nanoscale dimen-
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1. Introduction

Due to the unique properties of light-weight foam materials,
such as low density, high porosity, high thermal insulation®
and specific surface area,” studies have recently been focused
on manufacturing foams specifically from natural and renew-
able resources,"” and cellulose nanofibrils (CNF), disinte-
grated from the plant fiber cell wall,” have been widely used as
the main building block of foams to replace petroleum-based
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sions of sepiolite particles, their high specific surface area and stiffness as well as its close interaction with
the phosphorylated fibrils, the incorporation of clay nanorods also significantly improves the mechanical
strength and stiffness of the nanocomposite foams. The novel foams prepared in this study are expected
to have great potential for application in sustainable building construction.

products.”*® The nanofibrils with a square cross-section of

25-100 nm* and a length of up to 1 pm in length” have excel-
lent mechanical properties, high length-to-diameter ratio and
high specific surface area, and CNF is interesting for the man-
ufacture of functional foams and aerogels.® In most cases,
CNF is combined with inorganic and organic components
such as clay”’® magnetic nanoparticles,” starch,"* carbon
nanotubes,” or graphene oxide' to obtain nanocomposite
foams with specific functionalities such as high compressive
strength,’ thermal insulation” and magnetic and conducting®
properties achievable through synergistic effects. Another
essential feature of the CNF-based foams is their flame-
retardancy.’"?

Freeze-casting, i.e. the unidirectional freezing of aqueous
dispersions of nanoparticles has been shown to be a promis-
ing technique to obtain well-oriented and highly anisotropic
porous materials.”"* During the freezing procedure, the ice
crystals grow along a temperature gradient, which leads to the
creation of anisotropic ice crystals. The sublimation of the ice
phase yields foams with a highly aligned, honeycomb-like
porous structure.””'*® The foam morphology including pore
orientation and size can be well controlled by adjusting the
freezing conditions. Faster cooling rates result in smaller
pores.™” So far, freeze-casting has been used to build porous
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scaffolds, nanocomposites,'””'® ceramics®® and biosensors,"”
and the technique has also been applied to fabricate nanocel-
lulose-based foams with exceptional characteristics such as
super-insulation and high stiffness along the pore axis."*?*!
One drawback with cellulose-based foams is however their
poor fire-resistance due to low thermal stability and the
flammability of pure cellulosic materials** and the develop-
ment of good flame-retardant properties is of great importance
for these bio-based foams. Flame-retardant additives and in-
organic elements, especially clay nanoparticles, are often used
in combination with CNF to achieve flame-retardancy in cell-
ulose-based foams and nanopapers.”>'>**> Clay nano-
particles act as intumescent barriers and contribute to the
flame-retardant properties of the composite by reducing the
rates of heat and mass transfer and catalyzing the char pro-
duction of CNF due to the presence of metal ions in their
structure.>*2°

Recently, Wicklein et al. reported that the flame-retardant
properties of the CNF-based freeze-cast foams are significantly
improved when cellulose nanofibrils prepared from pulp fibers
modified by TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)
mediated oxidation®” are used in combination with boric acid,
graphene oxide and sepiolite clay (a microfibrous magnesium
silicate)."'* The enhanced flame-retardant properties are due
mainly to crosslinking of nanocellulose with borate anions in
the presence of clay, which shifts the char oxidation to a
higher temperature and leads to less production of volatiles
and combustible levoglucosan.'>*® When it comes to the
industrial production of such hybrid foams, the number of
incorporated components and their origin play an important
role. Indeed, using as few as possible components particularly
coming from abundant natural resources would effectively

a) on Phosphorylated CNF
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simplify the processing conditions and give rise to sustainable
material concepts. Thus in an attempt to obtain the desired
flame-retardant properties using fewer components, we have
here used CNF prepared from wood fibers chemically modified
by phosphorylation (P-CNF)** combined with sepiolite clay to
prepare all-natural freeze-cast foams. The P-CNF has previously
shown substantial flame-retardant properties due to the pres-
ence of phosphate groups, which enhance the char-forming
ability of the polysaccharide.>® The enhanced char forming
ability is due to a dehydration effect of the attached phos-
phoryl groups, so that at high temperatures thermally stable
carbonaceous char is formed, which protects the underlying
polymer by limiting the heat transfer and preventing the
release of combustible volatiles.***> The combination of
P-CNF and sepiolite, both coming from natural resources,
eliminates the need for any further synthetic elements,
especially the potentially toxic halogenated flame-retardant
additives,>* in order to obtain highly flame-resistant foams.
Fig. 1 shows a schematic representation of the formation of
P-CNF/sepiolite nanocomposite foams through freeze-casting.
The morphology and porous structure of the foams were
studied by scanning electron microscopy (SEM) and the
change in their chemical structure during pyrolysis/combus-
tion was studied using Fourier transform infrared (FTIR) and
solid state nuclear magnetic resonance (NMR) spectroscopy,
which showed extensive graphitization of the carbohydrate.
The flame-retardancy was characterized by cone calorimetry,
flammability, flame penetration, and limiting oxygen index
(LOI) tests. The P-CNF/sepiolite foams displayed self-extin-
guishing properties in horizontal flammability, extremely low
heat release rates during cone calorimetry and a LOI value of
26.5%. In addition, the foams were able to withstand the pene-

Ice growth

Honeycomb
structure

Fig. 1 Schematic illustration of the preparation of freeze-cast foams: (a) mixing phosphorylated (P-CNF) and sepiolite (Sep) in an Ultra Turrax mixer;
(b) freeze-casting the P-CNF/Sep suspensions with the formation of anisotropic ice crystals; (c) SEM cross-sectional micrograph of the freeze-dried

nanocomposite foam.
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tration of a butane flame torch (7 on exposed surface ~700 °C)
for more than 5 minutes, achieving an astonishing tempera-
ture drop of 632 °C cm™" across the foam panel. This perform-
ance is due to the intimate contact and close interaction
between the phosphorylated fibrils and sepiolite combined in
an organic-inorganic hybrid honeycomb-like structure, facili-
tated by their nanoscale dimensions. The mechanical pro-
perties were also investigated and there was a significant
increase in the stiffness and strength of the composite foams
when the clay was added.

2. Experimental section

2.1. Materials

The CNF used in this work was prepared from phosphorylated
pulp fibers. A commercial softwood dissolving pulp (Doms;jo
Dissolving pulp; Domsjo Fabriker AB, Aditya Birla, Doms;jo,
Sweden) was used in its dried form and phosphorylation of
the fibers was carried-out according to a previously described
procedure.”® In brief, the fibers were first dispersed in de-
ionized water using a laboratory reslusher. Thereafter, a 1 wt%
dispersion of fibers in deionized water was prepared to which
(NH,4),HPO, and urea were added under continuous stirring,
the molar ratio of anhydroglucose units of cellulose (AGU)
chain to the reagents being:

AGU : (NH4),HPO, : urea: 1 : 1.8 : 7.2.

After the impregnation, the aqueous solution was filtered to
10 wt% fiber concentration, followed by complete drying of the
fibers at 50 °C and curing of the fibers at 150 °C for 10 min.
The phosphorylated fibers were then washed with deionized
water until the conductivity of the filtrate was less than
5 uS em™'. The total charge of the phosphorylated fibers was
determined as 1050 peq. g~ after the modification using con-
ductometric titration.>® The surface degrees of substitution of
phosphate (DSphosphate) and carboxylate (DScarboxylace) On the
phosphorylated fibers were 0.3 and 0.4 respectively according
to the XPS analysis described earlier.”* The phosphorylated
(P-CNF) gel was obtained by homogenizing the 2 wt% dis-
persion of the modified fibers in deionized water using a high
pressure homogenizer (Microfluidizer M-110EH, Microfluidics
Corp.) equipped with two chambers of different sizes (200 and
100 pum). Prior to the homogenization, the pH of the dis-
persion was set to 9.5 using 1 M NaOH to ensure complete dis-
sociation of carboxylate and phosphate groups. The P-CNF gel
was obtained after a single pass through the large chamber
(200 um) and six passes through the small chamber (100 pm).
Sepiolite clay (Sep) was supplied by Sigma Aldrich. The clay
was dispersed in Milli-Q water (18 MQ) at a concentration of
4 wt% using a high-speed disperser (Ultra-Turrax, IKA,
Germany) at 12 000 rpm for 10-15 min.

2.2. Methods

2.2.1. Preparation of the foams. To prepare the freeze-cast
foams, the P-CNF gel was first diluted to a concentration of

This journal is © The Royal Society of Chemistry 2018
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0.5 wt% using Milli-Q water. Thereafter, the aqueous suspen-
sion was mixed with 40 wt% Sep using the Ultra-Turrax disper-
ser to the final composition of 60/40 wt% of P-CNF/Sep. The
0.5 wt% P-CNF dispersion was also used with no further
additions for the preparation of pure P-CNF foams. Prior to
the freeze-drying, the P-CNF/Sep or P-CNF suspension was
degassed for 30 min under slow stirring. The suspensions
were then poured into cylindrical (6.3 cm®) or rectangular
(25 cm®) Teflon molds placed on a copper rod in contact with
the liquid nitrogen bath. The suspensions were frozen while
the liquid nitrogen level was kept up to the height of the
copper rod. This was followed by freeze-drying (CoolSafe,
LaboGene™, Denmark) to produce the foams.

2.2.2. Thermal treatment. In order to study the changes in
the chemical structure during pyrolysis, the P-CNF/Sep foams
were subjected to a thermal treatment for 1 h under N, at 180
and 450 °C using a furnace (OCRAS Zambelli, Italy). The
furnace was flushed with N, for at least 30 min prior to the
treatment. After the pyrolysis, the samples were kept under a
flow of N, until room temperature was reached.

2.3. Characterization techniques

2.3.1. Attenuated total reflection Fourier transform infra-
red (ATR-FTIR) spectroscopy. The freeze-dried samples were
analyzed by FTIR spectroscopy using a PerkinElmer Spectrum
2000 FT-IR equipped with a single-reflection accessory unit
with a diamond ATR crystal (Gaseby Specac Ltd, UK). The
spectra were recorded at room temperature, with an average of
16 scans and 4 cm™" resolution in the range of 4000-600 cm ™.

2.3.2. Solid state nuclear magnetic resonance (NMR) spec-
troscopy. The *C CP/MAS NMR spectra were recorded at 295 +
1 K in a Bruker Avance III AQS 400 SB instrument operating at
9.4 T. The MAS rate was 10 kHz and a double air-bearing probe
and zirconium oxide rotor were used. Spectra were acquired
with a CP pulse sequence using a 2.95 ps proton 90° pulse, a
800 ps contact pulse, and a 2.5 s delay between repetitions.
Glycine was used for the Hartmann-Hahn procedure. The
chemical shift was calibrated to the TMS ((CH;),Si) scale by
assigning the data point of maximum intensity in the
a-glycine carbonyl signal to a shift of 176.03 ppm. For each
sample a total of 4096 or 16384 transients were recorded,
resulting in an acquisition time of approximately 3 or 12 h,
respectively. The *'P MAS NMR spectra were recorded in a
Bruker Avance instrument using a MAS rate of 10 kHz and a
4 mm probe. Data were acquired using a contact time of 5 ms
of a 90° pulse with a 10 s delay between repetitions. A total of
180 scans were recorded for each sample. The chemical shift
values were referenced to 85% phosphoric acid (H;PO,).

2.3.3. Scanning electron microscopy (SEM). The cross-sec-
tional morphology of the freeze-cast foams (unburned foams
and residues from cone calorimetry and flame penetration)
was studied using a LEO-1450VP Scanning Electron
Microscope (imaging beam voltage: 5 kV). The samples were
cut into 5 x 5 mm? pieces with a scalpel and fixed to the metal
plate using conductive adhesive tape and were gold-metallized
prior to SEM imaging.

Nanoscale, 2018, 10, 4085-4095 | 4087
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2.3.4. Thermogravimetric analysis (TGA). The thermal
stability of the foams was evaluated in nitrogen using a TGA/
DSC 1 from Mettler Toledo (Leicester, UK). Approximately
10 mg of each sample was placed in an alumina crucible in an
inert atmosphere and was heated from 50 to 800 °C with a
heating rate of 10 °C min™". Tyneet100, (temperature at 10%
weight loss), Tyax (temperature at max rate of weight loss) and
the residues at Ty.x and 800 °C were obtained from the
measurements.

2.3.5. Flammability. The flammability of the freeze-cast
foams was tested in a horizontal configuration applying a
methane flame for 3 s on the short side of the samples (10 x
15 x 50 mm®). The test was repeated for four independent
samples. The amount of final residue was determined at the
end of the test.

2.3.6. Limiting oxygen index (LOI). The LOI tests were
carried-out according to ASTM D2863 using a FIRE oxygen
index apparatus.

2.3.7. Cone calorimetry. The combustion behavior of
square foam samples (50 x 50 x 10 mm?®) was investigated by
cone calorimetry (Fire Testing technology, FTT, West Sussex,
UK), using a horizontal configuration and an irradiative heat
flux of 35 kW m™2, according to the ISO 5660 Standard.>*>°
Parameters such as Time to Ignition (TTI), Peak of Heat
Release Rate (PHRR), Total Heat Release (THR) and the final
residue were recorded. The test was repeated on four indepen-
dent samples.

2.3.8. Flame penetration. The square foam samples (50 x
50 x 10 mm?®) were placed in a ceramic frame, held in a vertical
position, and a butane-propane flame (65 : 35 v/v) was applied
toward the center of the samples. The distance between the
torch generating the flame and the surface of the sample was
set to 100 mm and the flame was applied for at least 300
s. The temperatures on the front and the back surfaces of the
foams were measured using a thermocouple. The test was
repeated on three independent samples.*’

View Article Online
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2.3.9. Mechanical properties. Compressive stress/strain
and Young’s modulus of the freeze-cast foams prepared from
P-CNF and P-CNF/Sep suspensions were evaluated using the
Instron 5944 (Instron, High Wycombe, UK) instrument
equipped with a 500 N load cell. Cylindrical foams with a
cross-section of 314 mm?® and a height of 15-18 mm were
used. The samples were compressed in both axial (along the
pore growth direction) and radial (perpendicular to the pores)
directions up to 90% strain applying a strain rate of
10% min ",

All the samples were conditioned for at least 48 h at 23 =
1 °C and 50% RH prior to the mechanical, flammability and
combustion tests.

3. Results

3.1. Sepiolite/P-CNF interactions

Fig. 2 shows the FTIR spectra of P-CNF and P-CNF/Sep foams
together with the spectrum of sepiolite. As expected, the
P-CNF/Sep spectrum is a combination of the signals found in
the P-CNF and the sepiolite spectra. However, as shown in
Fig. 2a, the P=0 and P-OH bands have shifted toward lower
frequency values (from 1230 to 1217 cm™' and from 928 to
900 cm™" respectively, shown by the blue shifts) in the P-CNF/
Sep, while the P-O-C band (803 cm™"') has remained fairly
unaltered compared to the signal in the spectrum of P-CNF
foam.>*?*** The Si-OH band at 3720 cm™’, present in the
spectrum of sepiolite, is missing in the P-CNF/Sep spectrum
due to a down-frequency shift and overlapping with the adja-
cent bands (Fig. 2b).">° These changes suggest an interaction
between the phosphate groups of P-CNF and surface silanol
groups of sepiolite, most probably in the form of hydrogen
bonding and van der Waals interactions.’®'****” The band at
1710 em ™', which is present in the spectra of both P-CNF and
P-CNF/Sep foams, can be attributed to the C=O stretching

a) 4 T 4 T T T T T 4 T 2 T u b) ¥ T i T U T " T T T v T
. ——P-CNF —— P-CNF/Sep
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Fig. 2 FTIR spectra of the freeze-cast foams and clay: (a) P-CNF, P-CNF/Sep foams and sepiolite and (b) P-CNF/Sep foam and sepiolite (displaying

a larger region).
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mode and is probably due to oxidation which takes place
during phosphorylation of the fibers.>® The band at 3688 cm ™"
may refer to Mg-OH coming from sepiolite and the band cen-
tered at 3565 cm™ " in the spectra of the composite foam and
sepiolite (Fig. 2b) can be due to OH stretch of coordinated
water molecules that are strongly bonded to the silicate struc-
ture through Mg”>* ions (a thermal treatment above 400 °C
under vacuum is required for their removal).**>°

3.2. Morphology of the foams

Fig. 3 shows an image of a 50 x 50 x 10 mm® P-CNF/Sep foam
panel (3a) together with SEM micrographs of the foam cross-
section (3b, ¢ and d). The well-patterned honeycomb-like
cross-section of the foam shows a relatively narrow pore size
distribution, which is in agreement with the previously studied
freeze-cast foams."'” The diameter of the pores was 16.8 +
4.6 pm (Fig. 3b). The presence of a small fraction of fibrils
pointing out from the pore walls is probably due to the high
cooling rate (ca. 15 K min~") that gave insufficient time for the
particles to be expelled from the ice as it was being formed."
The tubular shape of the pores parallel to the direction of
freezing is apparent in Fig. 3c, which shows the walls of a
single pore. The pore cell walls are fairly smooth with a thick-
ness estimated to be 0.5-0.7 pm. The presence of nanorods in
the cell wall, which represent sepiolite particles, is further
shown in the higher magnification image (Fig. 3d). As far as
can be detected from the micrographs, these particles are dis-
tributed homogeneously within the P-CNF matrix.

3.3. Thermal stability and flame-resistant properties

3.3.1. TGA. The thermal stability of the P-CNF/Sep foams
was investigated by thermogravimetric analysis in nitrogen
and compared with that of pure P-CNF foam and sepiolite, as
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illustrated by TG and dTG/dT curves in Fig. S1 and the thermo-
gravimetric data in Table S1.f The minor weight loss up to
100 °C was due to moisture removal from the materials. While
the weight loss from the foams was about 3% at this stage, the
sepiolite lost about 8% of its weight. This was followed by a
main single step weight loss which is characteristic of cellulose
pyrolysis in nitrogen. The pyrolysis is defined by two competi-
tive pathways, the depolymerization of the glycosyl units to
volatile levoglucosan and the dehydration and decomposition
of the same units to aromatic char, which is the final residue
at the end of the test.”*** The amount of organic residue left
from P-CNF/Sep at 800 °C, calculated based on the total water
loss from sepiolite, was similar to that of pure P-CNF. The two
materials also gave similar amounts of organic residue at Tyjax
(Table S17). This may indicate a limited effect of sepiolite on
char production of P-CNF during pyrolysis. However, according
to the Tonseri00 values, the thermal degradation of P-CNF/Sep
foam occurs at a temperature 26 °C higher than that for pure
P-CNF. The maximum rate of weight loss was 32% lower for
P-CNF/Sep than for P-CNF, indicating that the formation of
combustible levoglucosan is less vigorous in the presence of
clay. The water release from sepiolite, and its thermal barrier
behavior which reduces the heat transfer rate, may be the
main reasons for the greater thermal stability of the P-CNF/Sep
foams.*”

3.3.2. Flammability and LOI tests. In order to investigate
the flame-retardant properties, the reaction of the P-CNF/Sep
foams to direct exposure to flame was studied by flammability
and LOI tests. First, the fire protection capability of the
material was evaluated by exposing the foams to a direct
methane flame in a horizontal configuration (UL94). Fig. 4a
shows photographs taken at different times during the test,
revealing that the foam exhibits self-extinguishing properties

Fig. 3

Illustration of the P-CNF/Sep nanocomposite freeze-cast foam: (a) digital photograph; (b) SEM micrographs of the cross-section of the

nanocomposite foam and (c, d) single pore cell walls at different magnifications.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The P-CNF/Sep foam behavior during flammability, cone calorimetry and flame penetration tests: (a) photographs taken at different times
during the flammability test; (b) photograph taken during cone calorimetry testing together with photographs of the foam before and after the
testing; (c) the HRR curve; (d) the front and back surfaces of the residue at the end of the flame penetration test; (e) temperatures measured on the

front and back surfaces during the test.

and prevents flame propagation to a great extent. After the
flame was removed, the burning instantly self-extinguished
and no burning rate was hence recorded, achieving what
would be normally classified as a UL94/HF-1 rating for the
foams. This is very important since such self-extinguishing be-
havior can suppress the development of a potential fire.*® It
was further shown that subsequent application of the methane
flame could not reignite the samples (Fig. 4a), leading to a
coherent, fire-retardant final residue. The LOI value, which is
the minimum concentration of oxygen, expressed as a percen-
tage, required to sustain combustion,*® was further evaluated
for the P-CNF/Sep foams and was determined to be 26.5%.
This is higher than the LOI values of the commercially avail-
able flame-retardant polymer-based foams like polyurethane
or expanded polystyrene and other phosphorus-containing
polymer/clay nanocomposites, which typically have LOI values
between 22 and 25%.*%*"

3.3.3.
foams to an irradiative heat flux of 35 kW m

Cone calorimetry. The resistance of the P-CNF/Sep
~?, typical of early
developing fires, was investigated in the cone calorimeter test.
Exposure to the cone heat flux leads to a sudden increase in
the surface temperature of the material, and as a consequence
the sample undergoes thermal degradation with the release of
combustible volatile species, which leads to ignition and the
subsequent flaming combustion.>® The photographs taken
during the cone calorimeter test (Fig. 4b) show that, in the
case of P-CNF/Sep foams, although the samples ignite with a
brief subsequent after glowing, the whole process of ignition
and afterglow lasts for only a few seconds and as a result, the
structure of the foam is extensively preserved keeping the
same texture and dimensions as the original foam (Fig. 4b).
Fig. 4c shows the change in the HRR of the P-CNF/Sep foams
as a function of time. The foam samples yielded an average

4090 | Nanoscale, 2018, 10, 4085-4095

TTI of 3 s with PHRR of 34 + 7 kW m ™ and a THR of 1.0 + 0.4
M] m~>%. The PHRR value is 37% lower compared to that of the
freeze-cast foams prepared from pure CNF (TEMPO oxidized)
which ignited with PHRR of 60 + 8 kW m™>, as reported pre-
viously.""* Unlike the P-CNF/Sep, pure CNF foams completely
combusted leaving no residue by the end of the test.'> The
HRR curve, photographs taken during the cone calorimetry
and residue images of the pure CNF sample are collected in
Fig. S2.1 For further comparison, the commercially available
flame-retardant phenolic foams typically have PHRR values in
the range of 70-100 kW m™>** revealing that the P-CNF-based
foams have a higher heat resistance. The final total residue
was 49%; considering the water loss from sepiolite (ca. 14%),
the final organic residue, which consists of thermally stable
char produced by P-CNF thermal degradation, was 25%, which
is in agreement with the results of the TG analysis.

3.3.4. Flame penetration test. The thermal barrier and
flame resistance of the P-CNF/Sep nanocomposite foams were
investigated by flame penetration tests where the foam
samples were placed in a ceramic frame and exposed to a
direct butane torch flame so that the temperature on the
exposed surface was ~700 °C. The temperatures on the surface
exposed to the flame (front surface) and on the unexposed
surface (back surface) were measured by means of thermo-
couples connected to the sample. Fig. S31 shows photographs
taken 150 s after the start of the test. The images of the
residue and the change in temperature on the front and back
surfaces of the foams during the test are shown in Fig. 4d and
e, respectively. Surprisingly, the P-CNF/Sep foam was indeed
capable of withstanding the flame and thermally insulated the
unexposed surface as reported in Fig. S3.1 The while blur in
the center of the foam (Fig. 4d) is due to accumulation of
sepiolite caused by cellulose degradation, which might have

This journal is © The Royal Society of Chemistry 2018
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resulted in formation of an intumescent barrier for the under-
lying material.** Together with the substantial char formation
on the front surface, these have led to very limited shrinkage
and collapse of the foam structure. As a result of this extensive
thermal shielding the back surface of the foam remained fairly
undamaged even after the flame had been applied for more
than 5 min. The maximum temperatures on the front and
back surfaces were recorded as 759 and 127 °C respectively,
showing a temperature drop of 632 °C during the test. It is
worth mentioning that this remarkable temperature drop was
achieved across foam thickness of only 10 mm and that it was
maintained for almost 300 s. This insulating capability, which
was probably due to a uniform distribution of clay nano-
particles within the P-CNF matrix, was impressive, especially
considering the high organic content (60%) of the nano-
composite foams.

3.4. Residue analysis

The P-CNF/Sep foam residues from the cone calorimetry and
flame penetration tests were investigated by means of SEM
imaging and FTIR spectroscopy (for the cone residue) to
assess the changes in the morphology and porous structure
and the chemical composition after burning. Fig. 5a and b
show SEM micrographs of the cross-section of the samples
tested by cone calorimetry and flame penetration, respectively.
The initial tubular porous structure of the P-CNF/Sep foam
was extensively preserved after combustion. The average pore
diameter was estimated to be 14.8 + 4.3 um, which is very
close to that of the unburned samples. The insignificant
flaming during cone calorimetry can be one reason for the
undamaged structure of the combusted samples. Indeed,
single pores can still be distinguished even after burning the
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foams for more than five min (flame penetration residue). The
insets in Fig. 5b show a network of sepiolite nanorods within
the pore wall held together by P-CNF char. In seems that the
entanglement of clay nanorods has contributed greatly to pre-
serving the cell walls during burning.

Fig. 5¢ shows FTIR spectra of the unburned P-CNF/Sep
foam and of the residue from the cone calorimetry. The
appearance of the bands at 1620 and 811 cm™" in the spec-
trum of the burned foam, which can be assigned to C=C
stretching and C-H vibration respectively, indicate the for-
mation of conjugated aromatic carbonaceous structures
during combustion.** The absence of the carbonyl C=0 band
at 1710 cm™ and of the aliphatic absorptions between
2800-3000 cm ™" in the spectrum of the burned foam, indicates
the dominant presence of aromatic structures, which is in
accordance with the carbonization and formation of a ther-
mally stable char in the residue.”*** However, the burned
sample spectrum lacks the expected triplets of the charred
residue in the 700-900 cm™' region, and this suggests
different degrees of substitution for the aromatic structures,
which can be considered as precursors of a fully aromatic
char.”*?* In addition, the P—O absorption at 1217 cm™,
which is still present in the spectrum of the burned sample,
indicates partial preservation of the chemical structure of
phosphorylated cellulose, and this shows the extensive flame
protection of the all-natural foam during combustion.***> The
most noticeable changes in the sepiolite-related IR bands
include the disappearance of the Si-O-Si signal and the band
at 3565 cm ™" (assigned to coordinated water molecules) as well
as the shift of the Mg-OH vibration band towards lower fre-
quencies (3688 to 3677 cm ™). These changes may indicate the
formation of monohydrated sepiolite due to dehydration of
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Fig. 5 Residue analysis: SEM cross-sectional micrographs of the P-CNF/Sep foam residue from (a) cone calorimeter; (b) flame-penetration test; (c)

FTIR spectra of the P-CNF/Sep foam before and after cone calorimetry.
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the clay at temperatures above 500 °C during combustion.*®
The result is the formation of a clay-filled char, which has led
to limited flaming and effective protection of the foam struc-
ture, as demonstrated by the SEM micrographs.

3.5. Mechanical properties

The mechanical properties of the P-CNF/Sep foams were
studied by compression testing up to 90% compressive strain
at 23 °C and 50% RH, and the results were compared with that
of the foams prepared from pure P-CNF. Due to the anisotropic
nature of freeze-cast foams, compression tests were carried out
both parallel to (axial) and perpendicular to (radial) the direc-
tion of pore growth/expansion. Fig. 6 shows the typical stress—
strain curves of P-CNF and P-CNF/Sep foams. Relative average
values of the mechanical properties are summarized in
Table 1.

The stress-strain measurements show the typical defor-
mation behavior of open-cell honeycomb-like foams, i.e. linear
elasticity at low strains followed by a plateau-like region result-
ing from the collapse of cell walls. When the cells are comple-
tely collapsed, further strain causes a steep rise in stress since
opposing cell walls are in contact and the solid material is
being compressed.”” The values of compressive strength at
90% strain obtained for the P-CNF/Sep foams prepared in this
work are in agreement with those of nanocellulose-based
foams studied previously, but containing graphene oxide and
boric acid as the cross-linking agent in addition to CNF and
sepiolite." The compression test results presented in Table 1
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Fig. 6 Typical stress—strain curves for the P-CNF and P-CNF/Sep
foams obtained from compression in the axial and radial directions.
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further show a significant increase in compressive strength at
90% strain for the P-CNF/Sep foams compared to the P-CNF
foams particularly in the axial direction. The increase in foam
density upon addition of sepiolite clay is negligible. The
Young’s modulus was determined from the slope of the initial
linear region of the stress—strain curves in the axial measure-
ments.” The specific Young’s modulus values, normalized with
respect to the material density, are 4.7 + 1.3 and 12.6 + 1.9
kNm kg~' for the P-CNF and P-CNF/Sep foams respectively,
which are in the same range as those previously reported for
nanocellulose foams or silica aerogels (5-20 kNm kg™*)." The
specific Young’s modulus of the P-CNF/Sep samples was about
three times higher than that of the P-CNF foams, indicating a
significant increase in stiffness due to the presence of the in-
organic sepiolite.

4. Discussion

4.1. Mechanism for flame-resistant properties

The flammability, cone calorimetry and flame penetration
tests clearly showed the excellent performance of the P-CNF/
Sep nanocomposite foams in withstanding direct flame appli-
cation or exposed to a heat flux, with a self-extinguishing be-
havior and the formation of coherent residues not very
different from the unburned samples with regard to texture
and porous structure. This can be attributed mainly to the
high concentration of phosphate groups on the surfaces of the
phosphorylated fibrils and fibril aggregates, which is one of
the intrinsic advantages of the P-CNF.*® When the temperature
is increased, cellulose undergoes pyrolysis which involves het-
erolytic bond scission along the molecular chain and leads to
the generation of levoglucosan, a highly volatile monomer,
which is the 1,6-anhydro ring formed by glucose. The instabil-
ity of the C6 hydroxyl group therefore, plays a crucial role in
cellulose depolymerization.*® Assuming that phosphate groups
are attached mainly to the C6 hydroxyl groups,”’ these sites are
protected in the phosphorylated cellulose and the generation
of levoglucosan during pyrolysis is inhibited and the main
depolymerization mechanism of P-CNF is prevented.>® The
existing phosphate groups also catalyze the dehydration of the
carbohydrate at elevated temperatures, favoring the formation
of thermally stable char structures despite the volatile pro-
ducts.”>*?" In addition, as previously reported, at temperatures
above 1100 °C sepiolite dehydrates to form monohydrated
sepiolite and protoenstatite.>>*® In the case of P-CNF/Sep
foams, the formation of monohydrated sepiolite was indicated
by the difference between the IR spectrum of the residue from

Table 1 Mechanical properties of the P-CNF and P-CNF/Sep freeze-cast foams

Density Compressive strength at Compressive strength at Young’s Specific Young’s
Sample (kg m™?) 90% strain — axial (kPa) 90% strain - radial (kPa) modulus (kPa) modulus (kNm kg™)
P-CNF foam 8.3+0.2 100.9 £ 9.6 51.6 +10.5 39.0+11.1 4.7 £1.3
P-CNF/Sep foam 9.2+0.1 149.3 £20.8 87.1 +10.1 115.6 £17.5 12.6 £1.9
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cone calorimetry and that of the unburned sample. The water
release from clay is therefore an extra protection for the cell-
ulose at high temperatures, assisted by the intimate contact
between the phosphorylated fibrils and the sepiolite nanorods
due to their high specific surface area.”**

To further obtain a better understanding of the change in
chemical structure during pyrolysis, the freeze-cast foams were
investigated by solid state NMR. The *'P MAS and "*C CP/MAS
NMR spectra of the P-CNF foam and the P-CNF/Sep foams at
room temperature (as prepared), 180 and 450 °C are shown in
Fig. 7a and b, respectively. The two latter samples were ther-
mally annealed in N, at temperatures corresponding to before
(180 °C) and after (450 °C) char formation based on the ther-
mogravimetry data. Studying the pyrolysis in N, is essential, as
it resembles the flaming combustion which occurs in an
oxygen-depleted atmosphere. The sharp signal at 0.4 ppm
present in the *'P MAS spectrum of P-CNF foam can be
assigned to phosphate functionalities.”® This chemical shift is
typical for phosphoric mono- and diesters and is due to the
presence of phosphoric esters in cellulose chain, resulting
from phosphorylation.”* The broader signal centered at
—10.3 ppm can be assigned to polyphosphates and this reveals
the partial condensation of phosphoric esters in the structure
of phosphorylated cellulose.”®*® The incremental downfield
shift of the former signal (0.4 to 0.3) together with the appear-
ance of a clear peak at —10.2 ppm in the spectrum of P-CNF/
Sep foam may be related to electrostatic interactions with the
clay surface. The nature of these interactions is probably
hydrogen bonding between phosphate groups and surface
silanol groups of sepiolite as demonstrated by the FTIR ana-

a) b)
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lysis.*®>® These signals are broadened and shifted when the
composite foams are heated up to 180 °C, probably due to de-
hydration of the phosphoric esters. The phosphate ester signal
decreased significantly however when the sample was heated
to 450 °C, while the signal assigned to polyphosphates
increased considerably. These changes may be attributed to
dephosphorylation of modified cellulose during pyrolysis fol-
lowed by condensation of phosphate units through water elim-
ination to form polyphosphates. The dehydration and sub-
sequent dephosphorylation at the C6 hydroxyl group can
promote char formation as opposed to volatilization, as illus-
trated by the reaction routes in Fig. 7c.>"** This is in agree-
ment with the presence of a broad peak centered at 128 ppm
in the "*C CP/MAS spectrum of the P-CNF/Sep samples treated
at 450 °C, which is attributed to sp> bonded carbons (C=C).
This signal reveals extensive carbonization and conversion of
the polysaccharide to aromatic graphitized structures (char)
during pyrolysis.'>>® The appearance of a sharp peak at
32 ppm may be due to -CH,- carbons of aliphatic chains,
which may be acting as precursors of the char and result in
complete graphitization of the polysaccharide when the foams
are pyrolyzed for longer times.>* The similarity of the *C CP/
MAS spectra of the P-CNF and P-CNF/Sep foams at room temp-
erature and 180 °C can also imply that the interaction between
phosphorylated fibrils and the clay nanorods is mostly in the
form of hydrogen bonding in addition to the significant van
der Waals interactions between the materials.

It has previously been shown that honeycomb-like porous
structures containing sepiolite and CNF can have extremely
low thermal conductivity values of 16 mW m~" K~'." This can
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Fig. 7 Analysis of the chemical structure of the foams during pyrolysis: (a) >*P MAS NMR spectra and (b) *C CP/MAS NMR spectra (with assignment
of different carbons of the anhydroglucose units) of P-CNF foam (1), as prepared P-CNF/Sep foam (Il), P-CNF/Sep foam treated at 180 °C (lll) and
P-CNF/Sep foam treated at 450 °C (IV); (c) reaction routes during pyrolysis of phosphorylated cellulose.>
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reduce the heat transfer from the surface to the bulk of the
foam and thus enhance the P-CNF char-formation.>® The ther-
mally stable aromatic char formed during combustion, as indi-
cated by NMR analysis of pyrolyzed samples, has functioned
as a thermal shield, reducing the rate of heat transfer and the
release of volatiles from the sample surface, resulting in sig-
nificant flame-resistance.>**'

4.2. Mechanical performance

Foamed materials must possess reasonable mechanical pro-
perties especially for the all-natural foams of the current work,
which mainly aim at the construction sector. It is known that
the addition of nanometer-sized elements to the cell walls of
the polymeric foams may enhance the mechanical and physi-
cal properties of the resulting nanocomposite materials.'">*
The nanoscale dimension of the sepiolite particles, together
with their rather high specific surface area and stiffness,
makes them desirable as reinforcement elements provided
that there is a significant interaction between the P-CNF and
the sepiolite.” In the case of P-CNF/Sep foams, the high (exter-
nal) specific surface areas of the phosphorylated cellulose
nanofibrils and the sepiolite (134 and 160 m> g™, respect-
ively)*?° promoted an interaction between the two com-
ponents, so that the sepiolite nanorods were well connected
with the fibrils, mainly through van der Waals interactions
and surface hydrogen bonding. Such interactions lead to
strong interfacial adhesion between the nanocomposite com-
ponents, and this is known to be a positive factor regarding
reinforcement effects.”® The increase in mechanical strength
in the presence of sepiolite can also be explained by the effect
of clay on the porous structure of the foam. During the freez-
ing of P-CNF/Sep suspensions, the presence of sepiolite (as
foreign particles) may facilitate ice crystal nucleation by
decreasing the energy barrier to nucleation and this may lead
to smaller crystal sizes and cell sizes. The smaller pores are
less prone to buckle and therefore improve the mechanical
properties of the foam.**® The comparison between the pore
sizes of the P-CNF and P-CNF/Sep foams indicates a 20%
decrease in the average pore diameter in the presence of clay,
as shown in Fig. S4.1 This has probably improved the mechan-
ical properties of the nanocomposite foam.

5. Conclusions

All-natural nanocomposite foams were made by combining
phosphorylated cellulose nanofibrils with sepiolite clay using
a freeze-casting approach. FTIR and solid state NMR spec-
troscopy revealed that the interactions between the foam com-
ponents are mostly van der Waals interactions and surface
hydrogen bonding. The flame-resistance of the P-CNF/Sep
foams was thoroughly investigated, showing exceptional pro-
perties including self-extinguishing during flammability test
and heat release rates much lower than those of commercial
synthetic flame-retardant foams, as evaluated by cone calori-
metry measurements. In addition, the prepared foams were

4094 | Nanoscale, 2018, 10, 4085-4095
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able to withstand the penetration of a butane flame torch
achieving an impressive temperature drop through the thick-
ness of more than 600 °C. The char forming ability of the
phosphorylated fibrils combined with the extra protection
from dewatering of sepiolite and the enrichment of clay at the
exposed surface of the foam, acting as a ceramic shield, led to
the formation of a clay-reinforced char upon combustion, pro-
tecting the foam from the action of the flame. Investigation of
the chemical structure of the pyrolyzed P-CNF/Sep samples
revealed an extensive transformation of the polysaccharide to
graphitized structures, due to dephosphorylation of the P-CNF
during pyrolysis. The mechanical properties were also studied
and compared with those of the foams from pure P-CNF. The
nanocomposite foams displayed an increase in compressive
strength at 90% strain of ca. 50% and an increase of ca. 170%
in the specific Young’s modulus. The inherent mechanical
strength of sepiolite and the large interfaces between the
fibrils and clay nanorods are the main factors generating the
mechanical improvement. The excellent flame-resistance and
the promising mechanical features of P-CNF-based nano-
composite foams together with their exceptionally light weight
and renewable nature make them potentially suitable for a
wide variety of applications, especially in the field of construc-
tion and insulation materials.
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