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ABSTRACT

Ultra-light and highly porous cellulose material, aerocellulose, is prepared via cellulose dissolution
in imidazolium-based ionic liquids, 1-ethyl-3-methylimidazolium acetate (EMIMAc) and 1-butyl-3-
methylimidazolium chloride (BMIMCI), followed by regeneration and drying in supercritical CO,
conditions. Regeneration kinetics of cellulose in water is studied. The diffusion coefficients of EMIMAc
and BMIMCI were obtained using a Fickian approach; they are analysed as a function of cellulose concen-
tration and compared with the previously obtained values for NaOH and N-methyl-morpholine N-oxide
(NMMO). Density, morphology and porosity of aerocellulose from cellulose-ionic liquid solutions are
investigated and compared with the corresponding values from NaOH and NMMO routes. The mechani-
cal properties of aerocelluloses under compression from all three routes are studied and correlated with
the moduli obtained from mercury porosimetry. For the ionic liquid and NaOH routes the Young’s mod-
ulus scales aerocellulose density with the exponent close to three, a value typical for silica aerogels.
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1. Introduction

The use of cellulose, an inexhaustible natural polymer, is recon-
sidered in our days due to the discoveries of new non-toxic cellulose
solvents and the possibilities of making materials with various
functionalities. Ultra-light and highly porous cellulose is a new
very promising material offering a wide range of potential applica-
tions, from bio-medical and cosmetics (delivery systems, scaffolds)
to insulation and electro-chemical (when pyrolysed).

Two main ways of making ultra-light cellulose are known. One
is inspired by the preparation of aerogels. Cellulose is dissolved in
a direct solvent (such as N-methyl-morpholine N-oxide (NMMO)
monohydrate (Innerlohinger, Weber, & Kraft, 2006; Liebner,
Potthast, Rosenau, Haimer, & Wendland, 2008), 8% NaOH-water
(Gavillon & Budtova, 2008; Sescousse & Budtova, 2009), LiCl/DMAc
(Duchemin, Staiger, Ticker, & Newman, 2010), calcium thio-
cyanate (Jin, Nishiyama, Wada, & Kuga, 2004) or ionic liquid
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(Aaltonen & Jauhiainen, 2009; Deng, Zhou, Du, Kasteren, & Wang,
2009; Tsioptsias, Stefopoulos, Kokkinomalis, Papapdoupoulou, &
Panayiotou, 2008), regenerated (or coagulated) in a non-solvent
(water, alcohols) and then dried in a special way that prevents
pores collapse, i.e. either via freeze-drying (Deng et al., 2009;
Duchemin et al., 2010; Jin et al., 2004), or under CO, supercriti-
cal conditions (Aaltonen & Jauhiainen, 2009; Gavillon & Budtova,
2008; Innerlohinger et al., 2006; Liebner et al., 2008; Sescousse &
Budtova, 2009; Tsioptsias et al., 2008). In all cases cited no chem-
ical cross-linking is used to “stabilize” the cellulose “network”;
it is formed during cellulose regeneration either from a solution
(Aaltonen & Jauhiainen, 2009; Deng et al., 2009; Duchemin et al.,
2010; Innerlohinger et al., 2006; Jin et al., 2004; Liebner et al.,
2008) or from a physical gel (Gavillon & Budtova, 2008; Sescousse &
Budtova, 2009). These cellulose Il aerogel-like materials, referred to
as aerocellulose (Duchemin et al., 2010; Gavillon & Budtova, 2008;
Innerlohinger et al., 2006; Sescousse & Budtova, 2009), have wide
pore size distribution, from tens of nanometers to several microns,
and a high specific surface area of several hundreds of m?/g. The
density of aerocellulose depends on the initial cellulose concentra-
tion in solution and on the control of drying. Foaming agents can
be added to increase aerocellulose porosity (Gavillon & Budtova,
2008).

The second way of making ultra-light porous cellulose is to
use cellulose nanofibers, which can be either bacterial cellulose


dx.doi.org/10.1016/j.carbpol.2010.10.043
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:Tatiana.Budtova@mines-paristech.fr
http://www.epnoe.eu/
dx.doi.org/10.1016/j.carbpol.2010.10.043

R. Sescousse et al. / Carbohydrate Polymers 83 (2011) 1766-1774 1767

(Liebner et al., 2010; Maeda, Nakajima, Hagwara, Sawaguchi, &
Yano, 2006) or microfibrillated cellulose prepared via native cellu-
lose mechanical disintegration and enzymatic treatment (Paakko
et al,, 2008). In both cases the starting material is a network
of cellulose I nanofibers filled with water. Water can then be
extracted using the same approaches as described for aerocellu-
lose, i.e. freeze-drying or drying in supercritical CO,. The resulting
material is thus also a network of cellulose I nanofibers. It looks
similar to aerocellulose but with higher porosities and lower den-
sities because of lower initial cellulose concentrations and absence
of contraction during drying due to higher skeleton crystallinity
and molecular weight. However, the preparation of porous cellu-
lose from the nanofiber route either does not allow the variation
of cellulose concentrations (case of bacterial cellulose), or requires
high energy consumption (in the case of microfibrillated cellulose).

In general, aerocellulose can be prepared from any cellu-
lose solution. Many cellulose solvents are known, but most
are either toxic, or with some drawback effects or, like (7-9%)
NaOH-water-urea (or thiourea) mixtures, do not allow the disso-
lution of cellulose of high molecular weights and concentrations
(Egal, Budtova, & Navard, 2007). Room-temperature imidazolium-
based ionic liquids (IL), such as 1-ethyl-3-methylimidazolium
acetate (EMIMAc), 1-butyl-3-methylimidazolium chloride
(BMIMCI) and 1-allyl-3-methylimidazolium chloride, are now
accepted to be direct cellulose solvents (Swatloski, Spear, Holbrey,
& Rogers, 2002; Zhang, Wu, Zhang, & He, 2005). Processing of
cellulose from ionic liquids, which occurs without a derivatisation
step, is very attractive: the dissolution procedure is simple and
ionic liquids are nonvolatile and have a high thermal stability mak-
ing them so called “green solvents”. Cellulose of high molecular
weight and at rather high concentrations, around 15-20%, can be
dissolved in the above mentioned ionic liquids. Various cellulose
objects such as fibers (Cai, Zhang, Guo, Shao, & Hu, 2010; Quan,
Kang, & Chin, 2010; Wendler, Kosan, Kreig, & Meister, 2009), films
(Turner, Spear, Holbrey, & Rogers, 2004), composites (Zhao et al.,
2009) and beads (Lin, Zhan, Liu, Fu, & Lucia, 2009) were prepared
from cellulose-ionic liquid solutions.

In this work we present an extensive study of the prepa-
ration and properties of new aerocellulose prepared from
cellulose-EMIMACc and cellulose-BMIMCI solutions, via dissolu-
tion/regeneration route and drying under supercritical CO,. Carbon
dioxide is one of the most commonly used supercritical fluids
in polymer chemistry and technology due to its low cost, non-
inflammability and low critical point temperature and pressure.
Literature reports the preparation conditions and final mor-
phology/porosity of aerocellulose prepared from either BMIMCI
(Aaltonen & Jauhiainen, 2009; Deng et al, 2009) or AMIMCI
(Tsioptsias et al., 2008). We start with a study of cellulose regen-
eration kinetics from ionic liquid solutions. To the best of our
knowledge there is no publication describing this unavoidable step
in cellulose processing from ionic liquids, whatever is the final
material. Regeneration kinetics from ionic liquids is characterized
by EMIMAc and BMIMCI diffusion into regenerating bath (in our
case, water); the results obtained are compared with the ones
known for cellulose regeneration from cellulose-NMMO mono-
hydrate and cellulose NaOH-water systems (Gavillon & Budtova,
2007). Then we discuss aerocellulose density, porosity and mor-
phology from cellulose-EMIMAc and again compare with the
same from NMMO and NaOH routes. Finally, a systematic study
of the mechanical properties of aerocelluloses made from EMI-
MAc, NMMO monohydrate and 8% NaOH-water were performed.
The approaches developed for aerogels and foams were applied
to analyse aerocellulose mechanical properties. Young modulus,
compressive yield strength and absorption energy were obtained
and studied as a function of aerocellulose density and preparation
route.

2. Experimental
2.1. Materials

Avicel PH-101 microcrystalline cellulose (“cellulose” in the fol-
lowing) with degree of polymerization DP=180, was purchased
from Sigma-Aldrich and used for most of the studies (ionic lig-
uid and NaOH routes). Other celluloses, Solucell from Lenzing AG,
Austria, of DP=950 (Solucell in the following) and cotton also of
DP =950 were used for NMMO route.

The ionic liquids EMIMAc and BMIMCI were used as received
from Fluka. NaOH in pellets (97% purity) and acetone (98% purity)
were purchased from VWR. Alkyl polyglycoside surfactant Simulsol
SL8 was from Seppic Inc., Fairfield, USA. Distilled water was used
for preparing cellulose-NaOH-water solutions and for regenerat-
ing bath. CO, for drying in supercritical conditions was supplied by
Air Liquide with a purity of 99.9%.

2.2. Methods

2.2.1. Preparation of samples: cellulose solutions, samples for
regeneration studies and making dry aerocellulose

Cellulose was dried at 50 °C in vacuum prior to use. Cellulose-8%
NaOH-water solutions were prepared as described elsewhere (Egal
et al., 2007; Gavillon & Budtova, 2008; Sescousse & Budtova, 2009).
Briefly, an aqueous solution of 12 wt% NaOH was cooled down to
—6°C. Cellulose was swollen in distilled water and kept at 5°C. 12%
NaOH-water and swollen-in-water-cellulose were mixed at —6°C
with a stirring rate of 1000 rpm for 2 h in certain proportions to
obtain various cellulose concentrations (wt%) in 8% NaOH-water.
Solutions were stored at 5°C to avoid aging.

Cellulose-IL solutions were prepared by mixing and stirring cel-
lulose and solvent in a sealed reaction vessel at 80 °C for about 48 h
to ensure complete dissolution. Cellulose solutions were stored at
room temperature and protected against moisture absorption.

In order to study cellulose regeneration Kkinetics from
cellulose-IL solutions and to use the Fickian approach which
was proved to work well for cellulose-NaOH-water and
cellulose-NMMO monohydrate solutions (Gavillon & Budtova,
2007; Sescousse & Budtova, 2009), the sample must have well
defined dimensions. An infinite plane approximation was selected
because of the ease of sample preparation (Gavillon & Budtova,
2007; Sescousse & Budtova, 2009). Within this approximation sam-
ple thickness must not be larger than 1/10 of its diameter in case
the sample is a disk. A special cylindrical mould of 3 cm diameter
and thickness 21=3 mm was constructed. The walls of the mould
were made of a stainless steel grid with the holes of 50 pm x 50 pwm.
The solution was pored into the mould, closed with the cover
made of the same grid and placed into regenerating bath. Because
cellulose-EMIMACc and cellulose-BMIMCI solutions are of a rather
high viscosity (see, for example, Gericke, Schlufter, Liebert, Heinze,
& Budtova, 2009; Sescousse, Le, Ries, & Budtova, 2010), they were
not leaking through the holes. This set-up allowed free solvent/non-
solvent diffusion through the mould walls and kept sample size
constant during regeneration.

To prepare dry aerocellulose samples from cellulose-8%
NaOH-water and cellulose-IL, the procedure described in
Gavillon and Budtova (2008), Sescousse and Budtova (2009)
was used, i.e. drying in supercritical CO, conditions. For the
cellulose-NaOH-water route, solution gelation was performed
prior regeneration: the solutions were kept at 50°C for 2 h (Roy,
Budtova, & Navard, 2003). For cellulose-IL route, the same mould,
as described above, was used. Solutions and gels were then placed
in water regenerating bath which was regularly changed until all
solvent is washed out (control of pH for NaOH route and refractive
index for ionic liquids, see next section). The samples were then
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Fig. 1. Example of EMIMAc concentration increase in the regenerating bath in time
during cellulose regeneration from cellulose-EMIMACc solutions at 22 °C. Cellulose
initial concentrations shown are 0, 5 and 10%. Dashed lines are given to guide the
eye. Inset: Calibration curves for EMIMACc (dark points) and BMIMCI (open points)
aqueous solutions: refractive index vs IL concentration at 22 °C.

washed in acetone to remove water which is not compatible with
CO,. Swollen-in-acetone samples were dried under supercritical
CO, as described earlier (1L autoclave, 80bar, 35°C) (Gavillon &
Budtova, 2008; Sescousse & Budtova, 2009). After depressurisation
(4 bar per hour at 37 °C), aerocellulose samples were extracted and
analysed.

In some cases of NaOH route, the surfactant Simulsol was used
as a foaming agent to increase aerocellulose porosity, as described
in Gavillon and Budtova (2008). Simulsol was added at various con-
centrations (0.1%, 0.5%, and 1% in weight) to the ready cellulose-8%
NaOH-water solution. The mixture was stirred at 1000 rpm for
5min at +5 °C, leading to the formation of air bubbles. The foamed
solution was then immediately gelled at 50°C for 2 h in order to
“freeze” the bubbles. Simulsol dissolved in water during the regen-
eration step.

Aerocellulose prepared from Solucell and cotton dissolved in
NMMO monohydrate was used to perform compression experi-
ments to determine the mechanical properties and compare with
NaOH and IL routes. The samples were prepared in the R&D lab-
oratory of Lenzing AG, Austria. Solucell-NMMO monohydrate and
cotton-NMMO monohydrate solutions were poured into cylindri-
cal moulds, cooled down to room temperature and regenerated in
water at ambient temperature. Water was exchanged with acetone
of analytical grade. The samples were dried in CO, under supercrit-
ical conditions in Natex, Ternitz, Austria.

2.2.2. Cellulose regeneration kinetics from ionic liquid solutions

The kinetics of cellulose regeneration from solutions in ionic
liquids was studied as follows. The mould with cellulose-IL solu-
tion of a given weight and volume was placed in the regenerating
bath (water) of a fixed temperature. The proportion between sam-
ple/bath weights was about 1/30 with the bath volume of 100 mL.
Magnetic stirrer with a gentle stirring rate (~300 rpm) was used
for concentration homogenization.

The concentration of ionic liquid in water was measured using
an Abbe refractometer. First, the calibration dependence was
obtained by measuring the refractive index n of IL-water solutions
as a function of known IL concentration Cj. (see inset of Fig. 1).
Calibrations were carried out at each bath temperature. When cel-

lulose was regenerating, small amounts of bath liquid were taken
at different times. Because the concentrations of IL in regenerating
bath were very low, it was not possible to use directly the cali-
bration dependence. First, water from the probes was evaporated
in a controlled way in order to increase IL concentration. Then the
refractive index was measured and IL concentration in the bath was
calculated with the help of the calibration dependence and know-
ing the weights of the probes before and after evaporation. These
data were used to describe the kinetics of IL release from the sam-
ple (see example for cellulose regeneration from cellulose-EMIMAc
solution in Fig. 1). Each experiment was repeated 3-5 times and
the mean value of the diffusion coefficient was calculated as will
be described in Section 3. The error in concentration determination
is within 5% and for the resulting diffusion coefficient it was about
15%.

2.2.3. Mechanical measurements

Compression mechanical measurements were performed on dry
aerocelluloses from IL, NaOH and NMMO routes. The samples were
cylinders with the height being 1.5 times larger than the diameter.

The universal testing machine, Dartec Testwell was used for
the uniaxial compression tests. The compressive machine was
equipped with a 50 kN load cell. The cylindrical sample was inserted
between two steel circular compression plates. A deformation rate
of 0.0027s~1 was applied on the top surface of each specimen.
All measurements were made under ambient conditions at about
20-22°C and 50-60% relative humidity.

2.2.4. Porosity measurements

Porosity of aerocellulose was measured in SAFT, Bordeaux,
France, using mercury intrusion with Micromeritics Autopore IV
porosimeter and nitrogen absorption with Belsorp Mini II. The
details on data treatment will be given in Section 3.

The density of all aerocelluloses was determined by measuring
the weight and dimensions of the samples.

2.2.5. Scanning electron microscopy

Scanning electron microscopy (SEM) observations of aerocellu-
lose morphology were performed using a PHILIPS XL30 ESEM at the
acceleration voltage of 10-15 kV. Thin layers of gold were deposited
by sputtering onto the surface of the cross sections.

3. Results and discussion
3.1. Cellulose regeneration kinetics from cellulose-IL solutions

As demonstrated in Sescousse and Budtova (2009), Gavillon
and Budtova (2007), Biganska and Navard (2005), regeneration of
cellulose from cellulose-NaOH-water and cellulose-NMMO mono-
hydrate solutions is a diffusion-controlled process and can be
described by a Fickian approach. The same is to be expected for the
description of cellulose regeneration from cellulose-IL solutions:
indeed, cumulated amount of solvent M(t) released in time t as a
function of /t is approximated with a straight line up to ~80% of
M(t), which indicates a diffusion-controlled process.

The method used for the monitoring the amount of IL released
into the bath in time allows determination of a mean value of dif-
fusion coefficient which does not depend on the position inside the
cellulose sample and is supposed to be constant. Several simplifi-
cations can be made for the calculation of IL diffusion coefficient;
they are presented in Table 1. A relative mass of substance released
in time M(t)/M (M being maximal amount of substance in the bath
which corresponds to the mass of IL in cellulose sample) was plot-
ted against t/I? (I being half thickness of the sample disk) for each
bath temperature and various cellulose concentration (see exam-
ples in Fig. 2). Diffusion coefficients of EMIMAc and BMIMCI were
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Table 1
Approximations used to calculate the diffusion coefficient of a substance released
from an infinite plane.

Early time: 0 < -3 < 0.4
M

Half-time: M9 — 1/2 D— 0049
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Fig. 2. Cumulated mass evolution of EMIMAc during regeneration of cellulose from
5% cellulose-EMIMAC solution at 22°C (dark points) and at 54°C (open points).
Solid and dashed lines correspond to late time and early time approximations,
respectively.

then calculated for each approximation and the average value was
taken.

The diffusion coefficients of EMIMAc and BMIMCI at 22°C are
shown in Fig. 3 as a function of cellulose concentration. It was not
possible to obtain Dgymc at Ceep = 0% because of extremely high
BMIMCI hygroscopicity and thus difficulties in sample prepara-
tion. The measured Dgypyac in water at C; = 0 was compared with
Deviv- using data available in literature for the self-diffusion of
EMIM~ ions at 27 °C (Liu, Sale, Holmes, Simmons, & Singh, 2010)
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X EMIMACc (Liu et al, 2010)
1\ O EMIMAC (Seki et al, 2010)
‘\
\
\
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Fig. 3. . Diffusion coefficients of EMIMAc and BMIMCI as a function of cellulose
concentration during cellulose regeneration in water at 22°C. The line is given to
guide the eye. Dgyyy- at Ceey =0 calculated using data from Liu et al. (2010) and Seki
et al. (2010) are also shown.

and 30°C (Seki et al., 2010). First, the radius R of the ion was cal-
culated using Einstein formula Dgy-(T) = kgT/67n(T)R where
kg is Boltzmann constant, T is temperature and 7 is the viscos-
ity of the medium (EMIMACc) which was taken from Gericke et al.
(2009) at the corresponding temperatures, 27 °C and 30°C. Then
the radius obtained was used to calculate the diffusion coefficient
of EMIM~ in water taking water viscosity of 10-3 Pas. For such a
rough estimation, and also considering some difference in temper-
ature (experimental vs used in literature), the agreement between
measured and estimated EMIMAC diffusivity in water is very good,
3 x 104 mm?/s (experimental value obtained in this work at 22 °C)
vs4 x 10~4at 27 °C calculated with self-diffusion data from Liu et al.
(2010) and 7 x 104 at 30°C from Seki et al. (2010).

The values of Dgyvac and Deyvivicr at the same cellulose concen-
tration practically coincide within experimental error which was
expected as far as both solvent are very similar. At a given cellulose
concentration, Dgpiivac and Dyvivc are four to five times lower than
Dnaon (Gavillon & Budtova, 2007; Sescousse & Budtova, 2009) and
about twice lower than Dypmo (Gavillon & Budtova, 2007) because
of the larger size of the diffusing entity (ionic liquid). The pres-
ence of low amount of cellulose, 1%, strongly decreases IL diffusion
coefficient as compared with Cg.; =0. Further increase of cellulose
concentration leads to a very small decrease in Dgyiviac and Dgvivc
(Fig. 3). Such a weak dependence of solvent diffusion coefficient
on polymer concentration is rather unusual. The same trend was
observed for Dymmo during cellulose regeneration while Dyaon
was found to be concentration-dependent (Gavillon & Budtova,
2007). It was shown that free volume and hydrodynamic models
seem to describe well the dependence of NaOH diffusion coef-
ficient on cellulose concentration during regeneration, contrary
to the case of cellulose-NMMO monohydrate system (Gavillon &
Budtova, 2007). There are several reasons for this different concen-
tration behaviour, Dyymo and Dy vs Dyaon- First, cellulose-NMMO
monohydrate or IL are real solutions and cellulose-NaOH is a gel
which is formed due to the preferential cellulose-cellulose and not
cellulose-solvent interactions at room temperature. The gelation
of cellulose-NaOH-water solution with the increase of time and
temperature is accompanied by a micro-phase separation. At the
beginning of regeneration cellulose in 8% NaOH-water is already
partly coagulated, it is a sort of a network where NaOH can freely
diffuse, while NMMO or ionic liquid are diffusing in a polymer
solution which is undergoing a phase separation when placed in a
non-solvent. Second, the viscosity and composition of the medium
where the solvent entity is diffusing varies a lot from the beginning
to the end of cellulose regeneration for NMMO and ionic liquid
system while it does not vary that much for NaOH system. For
example, at the beginning of regeneration, in a 3% cellulose sample
there is 97% of ionic liquid, 82% of NMMO and only 8% of NaOH.
At the end of the experiment the concentration of IL, NMMO and
NaOH is theoretically zero. There is thus a strong gradient of IL and
NMMO concentration in the regenerating cellulose. Thus the aver-
age diffusion approach used here cannot be applied for interpreting
the dependence of ionic liquid and NMMO diffusion coefficients on
cellulose concentration.

The diffusion coefficients of EMIMAc and BMIMCI at various
bath temperatures were measured for 5% cellulose solutions. As
expected, the higher bath temperature, the quicker the cellulose
regeneration (see example in Fig. 2). The activation energy was cal-
culated from the temperature dependence of EMIMAc and BMIMCI
diffusion coefficients. It was found to be 15-20Kk]/mol which is
comparable with the values of the activation energies obtained for
NaOH and NMMO diffusion coefficients at this cellulose concentra-
tion (Gavillon & Budtova, 2007). Overall, the kinetics of cellulose
regeneration from cellulose-EMIMACc and cellulose-BMIMCI solu-
tions is very similar. Knowing the diffusion coefficient at a given
temperature, it is then easy to estimate the time needed to regen-
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Fig. 4. . SEM images of aerocellulose from 3% (a and b) and 15% (c) cellulose-EMIMAC solutions, and from gelled 5% cellulose-8% NaOH-water (d, published with permission
from Gavillon & Budtova, 2008, Copyright 2008 American Chemical Society), solid 3% Solucell-NMMO (e, published with permission from Gavillon & Budtova, 2008, Copyright
2008 American Chemical Society) and molten 3% Solucell-NMMO (f, published with permission from Gavillon & Budtova, 2008, Copyright 2008 American Chemical Society).

erate cellulose of a given shape. For example, it will take about 50 h
to regenerate a 1 cm thick 3% cellulose disk.

3.2. Aerocellulose morphology, density and pore size distribution

A representative morphology of aerocellulose prepared from
cellulose-EMIMACc solutions of low (3%) and high (15%) cellu-
lose concentrations are shown in Fig. 4. The system is with the
open pores of the size from few hundreds of nanometers to a
few microns. Cellulose is in a form of “globules” attached to each
other; their size decreases with the increase of cellulose concen-
tration (see Fig. 4 a and c). The globules themselves are composed
of “fibrous” cellulose (Fig. 4b). Similar open-pores morphology
with the same pore sizes was obtained for the aerocelluloses from

cellulose-NaOH-water and cellulose-NNMO solutions (Gavillon &
Budtova, 2008; Sescousse & Budtova, 2009).

An interesting trend can be seen in the fine morphology of
different aerocelluloses made from cellulose-ionic liquid solu-
tions (Fig. 4a—-c), from gelled cellulose-NaOH and cellulose-NMMO
solutions (Fig. 4d-f, images taken from Gavillon & Budtova,
2008). The globular structure is observed for cellulose-ionic
liquid solutions (Fig. 4a-c) and for aerocellulose made from
molten cellulose-NMMO monohydrate solution (Fig. 4f) while a
“net” of cellulose strands is seen for aerocellulose from gelled
cellulose-NaOH-water and solid cellulose-NMMO monohydrate
solutions (Fig. 4d and e, respectively). The reason of this dif-
ference was suggested in Gavillon and Budtova (2008) where
aerocelluloses from molten cellulose-NMMO monohydrate, solid
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Fig. 5. Aerocellulose density as a function of the initial cellulose concentration
in solutions of cellulose-EMIMACc (open points), cellulose-8% NaOH-water (dark
points) and Solucell-NMMO (crosses). The line is linear approximation y =0.0168x.

cellulose-NMMO monohydrate and gelled cellulose-NaOH-water
solutions were compared. In the two latter cases the sample
before regeneration is already phase separated into free solvent
(crystals of NMMO monohydrate or NaOH-water hydrates) and
cellulose + bound solvent. Regeneration occurs in two steps: water
is first diluting regions with “free” solvent, and then remov-
ing the rest of solvent bound to cellulose. In the liquid (or
molten) cellulose-NMMO monohydrate solution cellulose is spa-
tially homogeneously distributed and phase separation occurs in
one step, via spinodal decomposition (Biganska & Navard, 2009)
creating regular small spheres (Fig. 4f). The morphology obtained
for the aerocellulose from cellulose-EMIMACc is very similar to the
one from molten cellulose-NMMO monohydrate: indeed, these
systems are in the same solution state, contrary to gelled or
solid (crystalline) solutions; phase separation during regeneration
occurs in one step.

The density p of aerocellulose as a function of the initial cel-
lulose concentration is shown in Fig. 5 for EMIMAc, NaOH and
NMMO routes. Data shown for cellulose-8% NaOH-water system
do not include aerocellulose prepared with a foaming agent as far
as it was not possible to calculate the initial cellulose concentra-
tion in the samples with air bubbles. While the data for ionic liquid
and NaOH routes fall on the same linear dependence, aerocellu-
lose from NMMO route has a slightly higher density. The most
probable reason is different drying procedure parameters and thus
different samples’ densification: aerocelluloses from ionic liquid
and NaOH were dried in Centre Energétique et Procédés, Mines
ParisTech, France (the procedure is described in Section 2.2: mild
conditions and slow depressurization) while aerocellulose from
NMMO monohydrate solutions was dried in Natex, Austria (higher
CO, temperature and quicker depressurization (Gavillon, 2007)).

One of the commonly used ways of determination of pore size
distribution is mercury porosimetry. However, aerocellulose sam-
ples were completely compressed under applied pressure and no
mercury entered the pores (Fig. 6). This phenomenon had already
been described for some aerogels (for example, based on cellulose
acetate (Fischer, Rigacci, Pirard, Berthon-Fabry, & Achard, 2006;
polyurethane (Pirard et al., 2003), silica (Majling, Komarneni, &
Fajnor, 1995; Scherer, Smith, Qiu, & Anderson, 1995) and silica-
zirconia (Pirard, Blacher, Brouers, & Pirard, 1995)). A buckling
theory for hyper-porous materials was developed by Pirard et al.
(1995) allowing building pore size distribution according to the
equation correlating the size of the largest pores L remaining after

8 1 cumulative volume, cm’/g

P, MPa

T T TTTTT]

1000

0.001 0.1 10

Fig. 6. Cumulative volume as a function of applied pressure for the aerocellulose
from cellulose-EMIMACc of various initial cellulose concentrations.

compression at pressure P:

k

L= Ppo-25 (1)

where k is a constant depending on pore wall thickness and Young
modulus and is to be determined in separate experiments from
porous volume evolution during isostatic compression (Pirard etal.,
2003).

The constant k had never been determined for aerocelluloses
and this task was not in the scope of our work. To give a general idea
of the pore size distribution, arbitrary units for pore diameter were
used supposing, in the first approximation, that k is constant for var-
ious initial cellulose concentrations that remains to be proved. The
resultis shown in Fig. 7 for three initial cellulose concentrations. As
expected, higher cellulose concentration, smaller are pores: the size
distribution is shifted towards lower values. The results obtained
with mercury porosimetry experiments will be used for the cal-
culation of sample Young modulus; it will be compared with the
mechanical properties of aerocellulose obtained from direct com-
pression measurements in the next section.

The distribution of pore sizes in the range of mesopores
was obtained using nitrogen adsorbtion-desorption method.
The result of BET analysis for two representative aerocellu-

30 4

dv/dD
1 03%

010%

20 1
A 15%

10 4

D, arb. units
0

0.01 0.1 1 10

Fig. 7. Qualitative pore size distribution in aerocellulose from cellulose-EMIMAc
solutions of 3, 10 and 15% obtained by applying Eq. (1) to mercury porosimetry
data.
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Fig. 8. Pore size distribution in the mesopores range for aerocellulose obtained from
5 and 10% cellulose-EMIMACc solutions. The lines are given to guide the eye.

loses from cellulose-EMIMACc is shown in Fig. 8. The radius of
the pores in the nanometer range is around 10nm; it slightly
decreases with the increase of the initial cellulose concentra-
tion. The surface area varies from 230 m2/g for the aerocellulose
from 3% cellulose-EMIMAc solution to 130m?2/g for 15% solu-
tion. Similar results were reported for aerocellulose made from
cellulose-NMMO route (Liebner et al., 2009).

3.3. Mechanical properties of aerocelluloses

Stress-strain curves obtained from the uniaxial compression
of aerocellulose prepared from cellulose-EMIMACc solutions are
presented in Fig. 9. During compression no sample buckling was
noticed, the cross-section area did not change and thus, in the
first approximation, Poisson ratio can be taken equal to zero, as
it was reported for some other natural foams (cork, for example).
Stress—strain dependence are characterised by three regimes: (a)
linear elastic region from which Young modulus E can be deter-
mined; (b) a stress plateau, corresponding to progressive cell walls
elastic buckling followed by their collapse when plastic yield is
reached and (c) densification region, when opposing cell walls
touch each other, broken fragments pack together and further
deformation start to compress the wall material itself. After the
end of compression experiment aerocellulose does not recover its
shape, the density increases by several times. Aerocellulose thus

2.0E+0Q7 q stress, Pa

] 15%
1.6E+07 -
1.2E+07 ] 10%
8.0E+06 -
4.0E+06 3%

strain
0.0E+00

0 0.2 04 0.6 0.8 1

Fig. 9. Stress-strain data for aerocellulose from cellulose-EMIMAC solutions of var-
ious initial cellulose concentrations.
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Fig. 10. Young modulus vs density for aerocelluloses made from low-DP cellulose
(Avicel) dissolved in 8% NaOH-water and in EMIMAc and high-DP cellulose (Solucell
and cotton) dissolved in NMMO. Lines are power law approximations.

behaves as an elastic-plastic foam. The linear elastic behaviour
ends when the material starts to yield and reaches its compres-
sive yield strength, o}, The second region of the compression curve
is characterised by a low slope as compared with the other two
regions. This “plateau” enables porous materials to absorb large
amount of energy, W (J/m3), without experiencing a large increase
in stress. The absorption energy during the plastic deformation is
defined as the area under the stress-strain curve taken up to 40%
strain. The third region is characterised by a steep increase in the
stress-stain curve corresponding to material densification. Each
material characteristic, E, o}, and W, will be compared for aerocel-
luloses obtained from different routes (ionic liquids, NaOH-water
and NMMO monohydrate); they will be analysed as a function
of density. In general, the increase of cellulose initial concentra-
tion (which leads to aerocellulose density increase) leads to the
decrease of pore size and increase of cell wall thickness. The resis-
tance to cell wall bending and collapse is thus increased resulting in
a higher modulus and plateau stress, and the cell walls touch each
other “sooner” reducing the strain at which densification begins, as
demonstrated in Fig. 9.

For porous materials, foams and aerogels, a scaling relationship
between material mechanical characteristics and bulk density was
suggested, such as for example, E ~ p". The open-cell regular foam
model predicts n~ 2 (Gibson & Ashby, 1997); for aerogels the expo-
nent was shown to be higher, n~2.5-4 (see, for example n=2.7 for
resorcinol-formaldehyde aerogels (Pekala, Alviso, & LeMay, 1990),
n=3.2 and n=3.7 for silica aerogels (Cross, Goswin, Gerlach, &
Fricke, 1989; Woignier, Phalippou, & Vache, 1989), respectively).
The reason of this difference can be found in the formation of aero-
gel network itself during a sol-gel transition: gel structure has a
lot of defects such as dangling ends and loops which do not partic-
ipate to material response to mechanical stresses. Aerocelluloses
are neither aerogels that are obtained via chemical gelation nor
foams that are made by introducing gas bubbles into a continuous
medium. Aerocellulose structure is formed during cellulose regen-
eration (coagulation) from a solution into a non-solvent; many
structural defects should also be created during this process and
thus the scaling exponent is expected to be similar to the one found
for aerogels.

Young modulus of various aerocelluloses as a function of den-
sity is shown in Fig. 10. Here the results obtained on aerocellulose
from foamed gelled cellulose-8% NaOH-water route are included.
The values of E for the samples from the same low molecular
weight microcrystalline cellulose, obtained via dissolution in 8%
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Fig. 11. Compressive yield strength (a) and the absorption energy (b) vs density for
aerocelluloses from cellulose-EMIMAc and cellulose-8% NaOH-water routes. Lines
are power law approximations.

NaOH or in EMIMAC, are very similar, and show the same trend
vs density (Fig. 10). Their scaling exponents are n=3-3.4 confirm-
ing the hypothesis that aerocelluloses are aerogel-like materials.
Higher moduli values for aerocellulose from NMMO route were
obtained; the most probable reason is larger cellulose molecular
weight. Similar Young modulus values, of 1-10 MPa, were reported
for aerocellulose from cellulose-NMMO route (Liebner et al., 2009)
for samples made from various celluloses of the initial 3% solutions
and final densities around 0.06 gcm~3. Surprisingly, we found a
very low scaling exponent for our aerocellulose from NMMO route,
n=1.7 (Fig. 10). More data on the mechanical properties of this type
of aerocellulose are needed to confirm this result.

The compressive yield strength and the absorption energy as a
function of aerocellulose density are presented in Fig. 11a and b,
respectively. The results for both preparations routes, EMIMAc and
8% NaOH, fall on the same scaling trends: o ~ p22 and W ~ p2>. The
exponents obtained are again very similar to the ones observed for
aerogels (Pekala et al., 1990).

As mentioned in the previous section, the results obtained from
mercury porosimetry can be used to deduce the mechanical prop-
erties of the porous material (Cross et al., 1989; Majling et al.,
1995; Pirard & Pirard, 1997; Pirard et al., 1995; Scherer et al., 1995).
The bulk modulus K is known to be a constant correlating applied
pressure Pand volumetric strain AV/V: P=K(AV/V). AV|Vis aprod-

10003 E, MPa
] O Hg porosimetry
A cellulose-EMIMAC
100 1
3 B cellulose-8%NaOH
10 3
] ]
] o
14
] p., glem’
0.1 T — T T T T T T — T
0.01 0.1 1

Fig. 12. Young modulus as a function of density for aerocelluloses made from
cellulose-EMIMACc and cellulose-8% NaOH-water solutions (dark points, they are
the same data as in Fig. 10) together with E calculated from mercury porosimetry
data (open circles) for the aerocellulose prepared from cellulose-EMIMAC solutions.
Line is the power law approximation with the exponent 3.2.

uct of the cumulative volume and sample (bulk) density p. Thus
the bulk modulus can be calculated from the slope « of the early
linear stage of compression dependence, pressure vs cumulative
volume (inverted Fig. 6) as K=«/p. Young modulus was then cal-
culated from the known rule correlating E, K and Poisson ratio v,
the latter was taken equal to zero: E=3K(1 —2v)=3K. The results
are summarized in Fig. 12 where E determined from porosime-
try experiments on aerocellulose made from cellulose-EMIMAc
is plotted together with the Young modulus obtained from com-
pression data for the same aerocellulose. Data for the compressed
aerocellulose from cellulose-8% NaOH-water route are also shown.
The power law obtained for E vs density from porosimetry, with
the scaling exponent n=3.2, shows an excellent correspondence
with the scaling obtained from direct compressions measure-
ments: for aerocellulose from cellulose-EMIMAC n=3.4 and from
cellulose-8% NaOH-water n=3. A very similar exponent, n=3.3,
was obtained for aerogels based on a cross-linked cellulose acetate
(Fischer et al., 2006).

4. Conclusions

Aerocellulose from cellulose-ionic liquid solutions was pre-
pared via cellulose dissolution, regeneration and drying in
supercritical CO, conditions. The properties of aerocellulose were
compared with the ones of samples made with the same proce-
dure but via cellulose dissolution in NMMO monohydrate and in
8% NaOH-water.

The kinetics of cellulose regeneration in water from
cellulose-EMIMAc and cellulose-BMIMCl was investigated.
Diffusion coefficients of EMIMAc and BMIMCI were obtained and
found to weakly depend on cellulose concentration within the
range of cellulose concentration studied.

The porosity of aerocellulose was studied using mercury intru-
sion and nitrogen adsorption methods. Samples were compressed
under mercury pressure and thus only qualitative pore size distri-
bution was deduced. Nitrogen adsorption experiments showed the
presence of mesopores of the average size of 10-20 nm and specific
surface area of about 150-200 m?2/g. The density of aerocelluloses
was from 0.06 to 0.20 g/cm3. The “bead-like” morphology of aero-
cellulose from cellulose-ionic liquid solutions was similar to the
one of samples obtained from “molten” cellulose-NMMO monohy-



1774 R. Sescousse et al. / Carbohydrate Polymers 83 (2011) 1766-1774

drate solutions. The difference with the “net-like” morphology of
aerocellulose from solid cellulose-NMMO monohydrate or gelled
cellulose-NaOH-water solutions was explained by different paths
on a phase diagram that the system is taking during coagulation
process.

The mechanical properties of aerocelluloses from EMIMAC,
NMMO and 8% NaOH were measured and compared. For the
samples made from cellulose of the same molecular weight and
prepared in the same drying conditions Young’s modulus was only
controlled by density. It was found that the Young’s modulus is
power-law density dependent with the scaling exponent of about
3, similar to aerogels. This aerogel-like and not foam-like behaviour
was explained by the presence of many defects in the overall
network structure of aerocellulose formed during cellulose regen-
eration. Finally, a good match was found between the Young moduli
obtained from mechanical compression and mercury experiments.
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