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Upcycling cellulose waste textile into aerogel beads

via prilling technique

Marion Negrier - Elise El Ahmar -
Romain Sescousse - Martial Sauceau -
Guenaelle Bouet - David Eglin - Tatiana Budtova

Abstract The goal is to demonstrate the possibil-
ity of upcycling waste textile into high value-added
materials, aerogels. Prilling (or jet-vibration) method
was used to make aerogel beads based on viscose tex-
tile and also on microcrystalline cellulose (MCC), the
latter used as a reference. The solvent was ionic liquid
1,5-diazabicyclo[4.3.0]non-5-ene acetate ([DBNH]
[OAc]):DMSO=50:50. The rheological properties of
solutions were studied at temperatures 20-60 °C. Cel-
lulose droplets formed under vibration were falling
in ethanol coagulation bath forming alcogel beads,
and the latter were dried with supercritical CO,
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resulting in cellulose aerogel beads. Cellulose solu-
tion jet, droplet and alcogel bead diameters, as well
as size distribution of MCC- and viscose-based aero-
gel beads were measured and evaluated as a function
of processing conditions (nozzle size, frequency of
vibration, distance between the nozzle and coagula-
tion bath and its temperature). Correlation parameter
was used to rate the impact of the processing condi-
tions on aerogel bead roundness and aspect ratio.
Highly spherical aerogel beads (aspect ratio 1.09—
1.16 and roundness 94.6-96.2) based on viscose- and
MCC-based solutions were obtained with the nozzle
size 400 pm, vibration frequency 100 Hz and nozzle-
to-bath distance 3.5 cm. Their density was 0.08-0.12
g.cm™ and specific surface area around 400 m2.g~".
Cytotoxicity experiments demonstrated that both
types of aerogels are harmless as tested on in vitro
cultures.

Introduction

In the view of current climate challenges and increas-
ing pollution, the recycling and the demand for bio-
based and biodegradable materials are constantly
increasing. Textile industry has a significant environ-
mental footprint using large areas of agricultural land
and huge amount of water, energy and chemicals.
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Additionally, fast-fashion trend increases the waste.
Today, textile waste represents more than 92 million
tons of materials globally discarded each year (Pre-
ferred Fiber and Materials Market Report - Textile
Exchange 2022). It is mainly sent to open landfills or
incinerated, and only 15% is reused and/or recycled,
usually into materials of lower quality and function-
ality (mattress fillers, insulation mats), with only
less than about 1% transformed back into yarn (Ellen
MacArthur Foundation 2017). Thus, the European
Commission has identified textiles as a priority prod-
uct category within the circular economy approach
(EU Strategy for Sustainable and Circular Textiles
2022). To move from a linear to a more circular and
sustainable system, we need to go beyond collection
of textile waste and downcycling.

One third of textile is entirely or partly composed
of cellulose (cotton, viscose, Tencel, polycotton),
which is the most abundant natural and biodegrad-
able polymer on the Earth. Cellulose is a polysaccha-
ride of choice in the development of sustainable and
economically viable alternatives to replace products
made of synthetic petroleum-based polymers. Till
now, the upcycling options of cellulose-based textile
are dissolving and spinning fibers or casting films
(Haslinger et al. 2019). Recently, we suggested using
cotton and viscose-based textile for making cellulose
aerogels (Négrier et al. 2023), and a similar approach
was also applied to denim (Zeng et al. 2019). Aero-
gels are low-density, open pores nanostructured mate-
rials with high specific surface area, at least above
100 m%.g~! (Aegerter et al. 2023). Biopolymer-based
aerogels have huge potential in various applications:
for thermal and acoustic insulation (Zou and Budtova
2021; Budtova et al. 2023), in food and food packag-
ing (Manzocco et al. 2021; Ciuffarin et al. 2023), as a
catalyst and catalyst support (Rooke et al. 2011), for
adsorption, absorption and separation (Zhang et al.
2016) and in pharmaceutical and bio-medical appli-
cations (Garcia-Gonzalez et al. 2021).

To make aerogels from cellulose-based textile, the
latter should be first dissolved and, to this end, ionic
liquids are powerful solvents that have been used to
dissolve textile to spin fibers (Asaadi et al. 2016).
3D aerogel monoliths based on dissolved waste tex-
tile were made by adding a non-solvent to cellulose
solution followed by drying with supercritical CO,
(Zeng et al. 2019; Négrier et al. 2023). However, in
many applications, aerogels as particles or beads

are preferred (for example, as carriers of active sub-
stances): easy transportation and storage, high pro-
ductivity rate and reduction of the whole process time
and cost due to smaller dimensions is what industry is
looking for (Ganesan et al. 2018). Various techniques
can be applied to produce cellulose particles from a
solution, resulting in diameter from a few microns
to a few millimeters (Gericke et al. 2013). The tech-
niques used are based either on dropping solution in
a non-solvent (from a syringe Sescousse et al. 2011a;
Trygg et al. 2013; Li et al. 2019), by spraying (Wang
et al. 2014), jet cutting (Gavillon 2007; Druel et al.
2018; Schroeter et al. 2021), atomization (Callaghan
et al. 2022)), or using emulsion/dispersion approach
(Lin et al. 2009; Coombs OBrien et al. 2017; Omura
et al. 2018; Druel et al. 2020). Prilling or laminar
jet-breakup process is another efficient and easily
scalable technique with high production rate used in
chemical and pharmaceutical industries to produce
micron-scaled particles (1-100 um) with narrow
size distribution (Sakai and Hoshino 1980). Fabrica-
tion of aerogel beads with prilling process have been
reported for alginate (Del Gaudio et al. 2005) and
pectin (De Cicco et al. 2016), but not for cellulose.
The possibility to recycle and shape cellulose from
textile waste into new high value-added materials at a
large scale is a way to participate to circular economy.

To develop cellulose aerogels for a large range of
applications, the toxicity of the final product should
also be assessed. The toxicity of ionic liquids, in
particular of the one used to spin fibers (Asaadi
et al. 2016) and to make aerogels (Négrier et al.
2023), i.e. 1,5-diazabicyclo[4.3.0]non-5-ene ace-
tate ([DBNH][OAc]), have rarely been addressed.
Ruokonen et al. (2016) showed that [DBNH][OAc]
is considered as harmless on hamster ovaries with
a ECy, at 13,356 mg.L~' (Ruokonen et al. 2016).
Witos et al. (2017) used phospholipids bilayers as
models of natural bio-membranes with nanoplas-
monic sensing at 0.25 M concentration (Witos et al.
2017); they also did not detect an effect of [DBNH]
[OAc] on the bio-membranes. Ruokonen et al. (2018)
observed a low toxicity of [DBNH][OAc] since it did
not induce any detectable changes within the bilay-
ers even at 0.4 mM concentration (Ruokonen et al.
2018). Elsayed et al. (2020) investigated the toxic-
ity of [DBNH][OAc] and its hydrolysis product,
consisting of 1-(3-aminopropyl)-2-pyrrolidonium
(APPH) and amide (Elsayed et al. 2020). ECs, was



also determined by measuring the decay of biolumi-
nescence produced by Vibrio Fischeri bacteria. All
compounds were classified as harmless with values
between 3257 and 8322 mg/L after 5- and 15-min
exposure.

In this work, we demonstrate the feasibility of pro-
ducing cellulose “wet” and “dry” spherical particles
via prilling. Cellulose aerogel beads were made from
viscose textile and compared with beads from micro-
crystalline cellulose (MCC). Ionic liquid [DBNH]
[OAc] mixed with dimethyl sulfoxide (DMSO) was
used as solvent, and drying with supercritical CO,
was performed to preserve cellulose porosity. The
influence of processing parameters on cellulose drop-
lets’ and aerogel beads’ dimensions was investigated.
Aerogels were characterized by density, specific sur-
face area and morphology. Cytotoxicity of the vis-
cose-based and MCC-based aerogels on human mes-
enchymal stem cells was assessed.

Experimental
Materials

Two types of cellulose were used: microcrystalline
cellulose (MCC) Avicel® PH-101 purchased from
Sigma-Aldrich and viscose textile (162 g.m™2) pur-
chased from Mondial Tissus. MCC is native cellulose
(or cellulose I), and viscose is cellulose II, the latter
was used to imitate waste textile. Cellulose degree of
polymerization was determined from intrinsic viscos-
ity (see Results section). In the following, “cellulose”
will be used as a general term (for example, in Meth-
ods section), and “MCC-based” and “viscose-based”
will be used when characterizing each specific solu-
tion or aerogel.

1,5-diazabicyclo[4.3.0]non-5-ene  (DBN)  was
purchased from Fluorochem. Glacial acetic acid
(purity>99%) and dimethyl sulfoxide (DMSO)
were from Fisher Scientific. Absolute ethanol
(purity >99%) was from Fisher Chemicals. Water was
distilled. All chemicals were used as received.

For cytotoxicity assays, human bone marrow-
derived mesenchymal stem cells (hMSCs) were
purchased from Lonza. Alpha Minimum Essential
Medium (a-MEM), phosphate buffered saline (PBS)
and trypsin ethylenediaminetetraacetic acid (EDTA)
were purchased from Sigma-Aldrich. Fetal bovine

serum (FBS) and L-Glutamine were from Gibco.
Cells tracers used for live/dead assays were ethidium
homodimer-III (EthD-III) 1 mM in DMSO, calcein-
AM and Hoechst 33,342, purchased from Biotium,
In Vitrogen and Thermo Scientific, respectively.
Methanol was purchased from Sigma-Aldrich. Sterile
tissue culture plates of 48 wells with treated surface
were from VWR.

Preparation of cellulose aerogel beads
Synthesis of ionic liquid

The ionic liquid ([DBNH][OAc]) was synthesized
before each experiment as described elsewhere
(Négrier et al. 2023). Briefly, glacial acetic acid and
DBN were mixed in equimolar ratio (Ostonen et al.
2016). As the reaction is exothermal, acetic acid was
slowly added to DBN under magnetic stirring and
a cold-water bath was used to keep the temperature
below 30 °C. After all acetic acid was added, the mix-
ture was heated at 70 °C for 1 h to insure the complete
reaction between the reagents. The obtained [DBNH]
[OAc] was transparent orange.

Cellulose dissolution and preparation of alcogel
beads by prilling

Viscose textile was cut into 1-2 cm pieces and dis-
patched into fibers using a mixer. MCC and viscose
were dried at 50 °C under vacuum for 3 h and each
dissolved in 50/50 wt/wt [DBNH][OAc]/DMSO
under magnetic stirring at 300 rpm for 24 h at room
temperature (22 °C).

Droplets of solutions were formed using prilling
tower (Spherisator M, BRACE—GmbH, Germany)
with temperature controlled jacketed reactor (see
Fig. 1). Depending on vibration frequency, around
80 to 150 droplets per minute can be produced. Tem-
perature was fixed at 60 °C to have optimal solution
viscosity, as will be discussed in Results section. The
amplitude of the vibration was fixed at 2300 mV;
pressure was adjusted according to nozzle diameter.
A preliminary screening of prilling conditions was
performed to select the parameters that provided visu-
ally spherical beads: the parameters selected are three
nozzle diameters (300, 400 and 600 um), three nozzle
vibration frequencies (80, 100 and 150 Hz), three dis-
tances from the nozzle to the surface of coagulation



Fig. 1 A schematic pres-
entation of a prilling tower
and production of cellulose
alcogel beads
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bath (3.5, 6.5, and 9.5 cm) and three coagulation
bath temperatures (10, 20 and 30 °C). The mass flow
rate of the extruded liquid was measured over a min-
ute and was used to deduce the volumetric flow rate.
Solution droplets were falling in ethanol (cellulose
non-solvent) leading to cellulose coagulation and for-
mation of alcogel beads (Fig. 1). Ethanol was used as
it is miscible with [DBNH][OAc]/DMSO and with
CO,, the latter used for drying in supercritical condi-
tions. Before drying, coagulated cellulose beads were
washed in ethanol to remove the ionic liquid/DMSO.
To ensure a complete replacement of the ionic liquid
by ethanol, the electric conductivity of the bath was
monitored.

Supercritical CO, drying

Drying of alcogel beads with supercritical CO, was
performed as described elsewhere (Négrier et al. 2023).
Briefly, beads were placed in 1 L autoclave, pressur-
ized under CO, at 50 bar and 37 °C and ethanol purged.
Then, the pressure was increased to 80 bar to reach
the supercritical conditions of CO,. The system was
kept under these conditions during 1 h with an output
of 5 kg of CO,/h to perform a dynamic washing and
remove the remaining ethanol from the alcogels. After
this cycle, the system was left in a static mode for 1-2 h
and another dynamic cycle of washing for 2 h was
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repeated. The depressurization was carried out with a
ramp of 4 bar/h at 37 °C.

Characterization

Determination of cellulose degree of polymerization
(DP)

The intrinsic viscosity /5] (mL.g~") of microcrystalline
cellulose and viscose was measured by cellulose dis-
solution in cupriethylenediamine (CED), following the
SCAN-CM standard 15:88 containing the requirements
of the ISO 5351. The LAUDA iVisc equipped with an
Ubbelohde-type viscometer was used. The molecu-
lar weight M was determined from Mark-Houwink-
Sakurada equation:

7] = KXxM* = K'XDP? (1)

where a=0.90 and K=1.65 are empirical constants
reported by Evans and Wallis (Evans and Wallis 1989).
We used the K’ =0.606 mL.g~! to calculate the DP.

Rheology of cellulose-[DBNH [ OAc]/DMSO
solutions

Bohlin Gemini rheometer (Malvern Instruments) with
a Peltier plate for temperature control and plate-plate



geometry (plates of 60 mm diameter, gap 1 mm) was
used. All experiments were performed within maxi-
mum a week after solvent and solutions preparation.
Temperature was varied from 10 to 60 °C. For the
steady state mode, shear rate was varied from 0.01 to
1000 s™!. For dynamic mode, frequency sweeps were
performed within 0.01 Hz and 10 Hz at 5 Pa, corre-
sponding to the linear viscoelastic regime. Because
ionic liquids absorb humidity from air, a thin layer of
silicon oil (n(20 °C)=9.5 mPa.s) was applied on the
edges of the measuring cell to prevent moisture and
oxygen uptake.

Analysis of the jet and droplets’ dimensions

Droplets falling into the coagulation bath were
recorded with Pointgrey Grasshopper3 camera (GS3-
U3-41C6M-C, 4.1MP, 90 FPS). Snapshots were
made and used to measure the average diameter of
the jet dj,, close to the nozzle exit and of four droplets
per jet of which a mean value was calculated, d,,.
Considering the droplets as spheres before they enter
the coagulation bath (See Figure S1 in the Supporting
Information), their volumes were then deduced and
used to calculate the shrinkage from droplet to aero-
gel bead.

Analysis of aerogel beads’ dimensions, shape
and size distribution

The shape, dimensions, and size distribution with the
span of aerogels beads were obtained by analyzing
the images of beads taken in transmitted light using
Visilog software; it provides the length and width
of each bead, and an equivalent diameter D auto-
matically calculated from the bead surface (100-200
beads analysed per formulation).

The distribution of D in volume was determined
for each processing condition. Volume distribution
was chosen instead of number distribution to obtain
more information about the larger beads. In addition,
a three-point specification, i.e. the span in D volume
distribution, was used as an indicator to analyze the
width of the size distribution. This value gives the
“distance” between the points located at 10 and 90
percent of distribution, normalized with the midpoint.
The closer is the span to zero, the more uniform is the
equivalent diameter distribution. The span is defined
as:

Dy, — D
Span = —( 2 10) 2)
Ds,

where Dy, D5y, and D,, are the mean diameters of
the beads cumulatively counted at 90, 50, and 10% in
volume, respectively.

Circularity is one of the main parameters to char-
acterize the bead shape. The classical way to calcu-
late circularity is to consider particle area and perim-
eter (Eq. 3):

Area

Circularity = 4x X 3)

Perimeter?

In order to take into account the bead aspect ratio
(AR), Takashimizu (Takashimizu and Iiyoshi 2016)
suggested an equation for the “roundness” R (Eq. 4):

R = Circularity + (Circularity et cireie = Circularity,gpeet sasio) 4)

where  Circularitypeee; cirte=0.913 (and not 1.0

because digital images comprise an aggregate of

pixels and include errors (Takashimizu and Iiyoshi

2016)), and

Circularity e raiio = 0.826261 + 0.337479 AR
—0.335455AR + 0.103642 AR®
—0.0155562 AR* + 0.00114582 AR

—0.0000330834 AR®
&)
with the aspect ratio AR defined as:
L
AR = —
- ©)

where L is the length and W the width of the bead.

A correlation analysis was performed to rate pro-
cessing parameters (nozzle-to-bath distance, bath
temperature, nozzle diameter and frequency of
vibration) that have the most significant impact and
positively or negatively influence beads’ equiva-
lent diameter, roundness, and aspect ratio. This
method assesses a possible two-way linear associa-
tion between two variables, measured by the Pear-
son correlation coefficient, dimensionless, taking a
value in the range from—1 to+ 1. Zero, the median
value, indicates that there is no linear correlation
between the two variables. A positive and a nega-
tive correlation means that both variables move in the
same direction or in opposite directions, respectively
(Mukaka 2012).



Characterization of aerogel beads

The volume shrinkage during the preparation of aero-
gel beads was calculated as follows:

Vﬁnal,l

Shrinkage(%) = (1 — ) X 100 (N

initial

where V, ;. and Vi, are the volumes of the drop-
let of cellulose solution falling in the bath (see
Sect. 2.3.4) and of the aerogel bead respectively.
The volume of aerogel bead was calculated using the
equivalent diameter.

The bulk (or envelope) density (py,;) of aerogels
was determined as the ratio of sample mass (m) to
volume (Vg1 5):

m

=3\ __
Ppun(g-cm™) = Varals ®)
where “sample mass” is the weight of a dozen beads
measured with high-precision balance and Vg, , is
their total volume determined using GeoPyc 1360
Envelope Density Analyzer (Micromeritics) with
DryFlo powder, chamber of 19.1 mm diameter and
the applied force 27 N. The experimental error did
not exceed 3%.
The porosity and the theoretical specific pore vol-
ume v were calculated from the bulk and skeletal

pores

density (py =1.5 g.cm™ (Sun 2005)) as follows:

Porosity(%) = (1 — 225 5 100 ©)
sk
1 1
v ores(cm3'g_l) = - 10
P Poulk  Psk (10)

The specific surface area (Spgpr) was measured
with the ASAP 2020 High-Performance Adsorption
Analyzer (Micromeritics), using nitrogen adsorp-
tion technique and Brunauer—-Emmett-Teller (BET)
approach. The samples were first degassed under
high vacuum at 70 °C for 12 h. The average error was
below 20 m?.g™!. Pore size distribution and pore vol-
ume in the range of mesopores and small macropo-
res was obtained using Barret-Joyner-Halenda (BJH)
approach and nitrogen sorption/desorption data.

The morphology of the surfaces and of the cross-
sections of cellulose aerogel beads was analyzed with
Scanning Electron Microscopy (SEM) using a MAIA
3 (Tescan), equipped with detectors of secondary and

back-scattered electrons. A 14 nm layer of platinum
was applied with a Q150T Quarum metallizer to pre-
vent the accumulation of electrostatic charges and
images’ defaults. The observations were done with an
acceleration voltage set at 3 kV.

Cytotoxicity assays on aerogel

Cellulose aerogel discs based on MCC or on viscose
were prepared mimicking the procedure for mak-
ing aerogel beads: cellulose solutions were casted
in a 48-well culture plates, coagulated and washed
with ethanol. Then each alcogel cylinder was cut
with a vibrating blade microtome (Leica VT1000 S)
into thin disks and dried with supercritical CO,. The
obtained aerogel discs had a diameter of 8 mm and a
thickness of 1 mm and were sterilized by UV light for
1.5h.

Before the experiment, hMSCs were cultured in a
T75-flask to passage 5 in a-MEM, supplemented with
10 vol% of FBS, 2 mM of L-Glutamine, 100 U/mL of
penicillin and 100 pg/mL of streptomycin, at 37 °C
in a humidified atmosphere containing 5% CO,. The
supplemented a-MEM will be called a-MEMc.

The cytotoxicity assay was performed using con-
ditioned medium. It was prepared by incubating
MCC- and viscose-based aerogel discs for 24 h at
37 °C and 5% CO, in a-MEMc. Before confluence,
hMSCs were seeded at a concentration of 3 100 cells.
cm™2 in a-MEMc in a 48-well plate. After 4 h, the
medium was replaced by 24 h-conditioned a-MEMc
and hMSCs cultured for 10 days with conditioned
o-MEMc change every 3 days with respective
medium (3 days-MCC-based aerogel conditioned,
3 days-viscose-based aerogel conditioned a-MEMc
and a-MEMc). Live/dead staining was performed
at 1, 3, 7 and 10 days by incubating the cells in a
o-MEMc containing calcein (4 uM), Hoechst (1 pg.
mL™") and ethidium (2 mM) at 37 °C for 20 min in
the dark. Wells were then briefly rinsed with PBS
prior fluorescent imaging performed with an inverted
microscope (Carl Zeiss™ Axio Vert. Al with Axi-
ocam 202 mono). Excitations wavelengths were 385,
475 and 555 nm for Hoechst, calcein and ethidium
stains, respectively. A minimum of 15 images atXx5
magnification were taken for each condition. Green
(alive) and red (dead) stained hMSCs were counted
using the image analysis software ImageJ. A per cent
of viability was calculated as a ratio of the number of



green stained hMSCs and the total of hMSCs (stained
in green and red). Positive and negative controls were
performed and consisted of hMSCs cultured with
non-conditioned media, and hMSCs cultured with
non-conditioned media and exposed to 70% methanol
in PBS prior to staining as per manufacturer protocol,
respectively. Five technical replicates were used.

Results and discussion

Determination of microcrystalline cellulose and
viscose degree of polymerization

Intrinsic viscosity values and the corresponding DP
(see Characterization section) of MCC and viscose
are presented in Table 1. The DP of MCC is 248 and
of viscose 384, which is consistent with the values
reported in literature (Négrier et al. 2023; Druel et al.
2018; Kadolph and Langford 2010).

Rheological properties of MCC- and viscose-based
[DBNH][OAc]/DMSO solutions

The rheological properties of cellulose dissolved in
imidazolium-based ionic liquids, neat (Druel et al.
2018; Gericke et al. 2009; Sescousse et al. 2010) or
mixed with DMSO (Lv et al. 2012; Saba et al. 2015),
as well as in neat [DBNH][OAc] (Hummel et al.
2015) had already been reported. All systems show
classical polymer solution behavior. To the best of
our knowledge, viscoelastic properties of cellulose
dissolved in [DBNH][OAc]/DMSO have not been
studied. A detailed study of the rheological proper-
ties of cellulose/[DBNH][OAc]/DMSO solution was
not the goal of this work; below the steady state and
dynamic rheology is presented for the solutions used
for making beads.

Figure 2 (a, b) shows viscosity as a function of
shear rate and Fig. 2 (c, d) of dynamic moduli as a
function of frequency ® for MCC (Fig. 2a, c¢) and

Table 1 Intrinsic viscosity and DP of all celluloses used in the
work

Cellulose source MCC Viscose
Intrinsic viscosity (mL.g™!) 86.5+1.7 128.4+2.6
DP 248 +5 384+8

viscose (Fig. 2b, d) dissolved in 50/50 [DBNH]
[OAc])/DMSO. As expected, viscosity decreases with
temperature increase, and it is higher for viscose-
based solutions compared to MCC-based solutions.
Figure 2a, b shows that the flow of all solutions, in
particular, of MCC solutions, is Newtonian in a
large interval of shear rates. In the linear viscoelastic
region (Fig. 2c, d) all solutions fully obey Maxwell
model, with elastic modulus G’ ~®'~2 and viscous
modulus G” ~**%%. Cox-Mertz approach is dem-
onstrated in the Supporting Information, Figure S2; it
shows that steady state and dynamic viscosities coin-
cide for solutions of the same cellulose type at the
same temperature. Moreover, the Arrhenius approach
was applied for MCC and viscose solutions; the New-
tonian viscosity (ny) vs temperature is shown in Fig-
ure S3. The activation energy was 32 and 34 kJ.mol ™!
for MCC- and viscose-based solutions, respectively,
calculated from the slope of the curves, all showing
linear trends (r*>>0.99). Higher activation energy val-
ues of 52 and 54 and 64 kJ.mol™!' were reported by
Sescousse et al. for 5 wt% MCC-[EMIM][OAc] and
MCC-[BMIM][CI] solutions, respectively, and by
Druel et al. for 5 wt% MCC-[DBNH][CO,Et] solu-
tions; however, those solutions were in ionic liquids
without any co-solvent added (Sescousse et al. 2010;
Druel et al. 2018).

A preliminary screening (not shown) demonstrated
that in order to obtain more or less spherical droplets
using prilling, solution viscosity should be between
0.1 and 0.4 Pa.s. Considering that i) to make self-
standing cellulose aerogels polymer concentration
should be at least twice higher than the overlap con-
centration (for MCC it is around 1-1.5 wt% in a simi-
lar solvent (Gericke et al. 2009)) and ii) high solution
temperatures should be avoided to prevent cellulose
degradation and unwanted chemical reactions, solu-
tions of 5 wt% MCC/[DBNH][OAc]/DMSO and 4
wt% viscose/[DBNH][OAc]/DMSO at 60 °C were
selected, with viscosity equal to 0.19 and 0.32 Pa.s,
respectively.

Analysis of cellulose solution droplets’ dimensions

First, we checked if classical theories developed for
other polysaccharide solutions (e.g., alginate) fall-
ing in a gelation bath (Serp et al. 2000; Cramer et al.
2004) can be applied to MCC- and viscose-based
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pared with calculated one for different processing
conditions (Cramer et al. 2004):

7 an

where U is jet velocity corresponding to the selected
nozzle diameter and f the vibrational frequency. For
both MCC and viscose solutions the calculated and
measured wavelengths are very similar, as shown in
Figure S4a, b, and thus calculated wavelength will be
in the following used for simplicity.

The diameter of the jet, dje,, and of cellulose
solution droplets produced by prilling, dg,,,, were
measured experimentally (see Sect. 2.3.3) and also
calculated using the approaches developed in (Serp
et al. 2000):

1/2
4.F
djet cale = [m] (12)

where F is the volumetric flow rate of the extruded
liquid. Droplet diameter can be then simply calcu-
lated as follows (Serp et al. 2000):

6F 173
nf

Measured jet diameters and droplet diameters are
compared to their calculated values in Figs. 3 and 4,
respectively, and show excellent fit for MCC solu-
tion and reasonably good fit for viscose solution.
Prilling (or jet-vibrating) technique can thus be eas-
ily applied to form droplets of cellulose solutions
(of low and medium molecular weight) which diam-
eter can be easily predicted.

It should be noted that small satellite droplets
were also produced during prilling process in addi-
tion to the primary droplets (Cramer et al. 2004).
Satellite droplets of cellulose solution with a vol-
ume below 10% of the primary droplet are created

ddrop cale= [ (14)
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when the air applies drag force on the primary cel-
lulose droplet. First, neck-breaking occurs, which
corresponds to the elongation and the split of the
solution jet between the new formed droplet and
the nozzle. Then, the recoiling jet is broken due to
high capillary pressure generating satellite drop-
lets. Parameters such as the increase of velocity
and flow rate of the jet or the low surface tension
of the solution tend to produce more satellite drop-
lets. It was also demonstrated that the influence of
solution viscosity on the droplet size was negligi-
ble as compared to the flow rate of the jet (Cramer
et al. 2004). However, a high viscosity combined
with a high flow rate and high velocity increase the
length of the neck, and satellite droplets formation
is enhanced (5-15% in number).

Nozzle diameter (Lm)

Analysis of aerogel beads’ dimensions and selection
of the optimal processing conditions

For every prilling parameters combinations, the dis-
tributions in volume of MCC- and viscose-based
aerogel beads’ equivalent diameter are represented
in Fig. 5. For both MCC and viscose-based aerogels,
the beads made using 400 um nozzle show a narrower
equivalent diameter distribution compared to the
300 and 600 um counterparts. Moreover, equivalent
diameter distribution for viscose-based aerogel beads
(0.75-1.25 mm) is narrower than that for MCC-based
(0.75-1.55 mm). Overall, the 400 um nozzle size
seems the most appropriate to obtain narrower aero-
gel bead equivalent diameter distribution while the
600 um nozzle leads to a wider bead equivalent diam-
eter distribution.

The values of span are presented in Figure S5
in the Supporting Information as a function of



Fig. 5 MCC- and viscose-
based aerogel bead equiva-
lent diameter distributions
in volume for various noz-
zle diameters, frequencies,
nozzle-to-bath distances,
and bath temperatures
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frequency, nozzle-to-bath distance, and bath tem-
perature, each for three values of nozzle diameter.
No clear trend of the span as a function of process
parameters can be deduced, however, practically in all
cases, the 400 um nozzle diameter results in the low-
est span values.

All results obtained in this work for bead mean
equivalent diameter, aspect ratio, roundness and span
are presented in Table S1 in the Supporting Informa-
tion. In green we mark the highest roundness value
(>95%), the lowest aspect ratio (< 1.15) and the low-
est span (<1.12); in red are the “worst” results in
terms of lowest roundness, the highest aspect ratio,
and the highest span.

The correlation coefficients analysis (see details
in Figure S6 in the Supporting Information) shows
that for both MCC and viscose beads, the equiva-
lent diameter is highly impacted by the nozzle diam-
eter, followed by the frequency of vibration, then to
a lesser extent by the nozzle-to-bath distance. The
aspect ratio of beads is mainly driven by the nozzle-
to-bath distance and the frequency, followed by the
nozzle-to-bath distance. The roundness of beads
seems to be correlated only with the nozzle diameter
and the frequency of vibration. Finally, the tempera-
ture of the coagulation bath does not show any signif-
icant impact on these three parameters. The increase
of the nozzle diameter obviously increases the equiv-
alent diameter but also the aspect ratio while decreas-
ing the roundness leading to less spherical beads.
The increase of the frequency of vibration logically
decreases the beads diameter (since the cellulose
solution jet is more often cut) and it also decreases
the roundness with the increase of the aspect ratio, so
the beads are less spherical. As expected, the increase
of the nozzle-to-bath distance increases the diameter
of the beads and the aspect ratio due to the flatten-
ing of the droplet of cellulose solution, but not the
roundness.

Table 2 summarizes an example of the best results
in terms of aerogel beads’ highest roundness and
lowest aspect ratio. They correspond to the “optimal
conditions” which are nozzle with diameter 400 pum,
vibration frequency 100 Hz, nozzle-to-bath distance
3.5 cm and bath temperature of 20 °C. Since tem-
perature does not have any significant impact on the
beads parameters, both 10 and 30 °C are also consid-
ered as “optimal conditions” but to facilitate the inter-
pretation, the results obtained at 20 °C only will be

Table 2 Summary of the best results (taken from Table S1)
corresponding to mean roundness at optimal conditions: fre-
quency 100 Hz, 400 ym nozzle diameter and the 3.5 cm noz-
zle-to-bath distance, at 20 °C

5 wt% 4 wt%

MCC- viscose-

based based
Average bead equivalent diameter (mm) 0.98 0.96
Average bead length L (mm) 1.06 1.06
Average bead width W (mm) 0.97 0.93
Aspect ratio L/W 1.09 1.13
Roundness R 0.97 0.98

discussed. Moreover, high roundness coupled with a
low aspect ratio can also be observed for the 300 pm
beads for a frequency of 100 Hz, a nozzle-to-bath dis-
tance of 3.5 cm at 30 °C (Table S1). Beads obtained
with the nozzle diameter 600 um do not present good
characteristics since their mean roundness was lower
or just above 95% (Table S1).

The illustration of aerogel beads length, width and
roundness distributions corresponding to the “optimal
conditions” (400 pm nozzle diameter, 3.5 cm nozzle-
to-bath distance, vibration frequency of 100 Hz and
bath temperature 20 °C) is presented in Fig. 6 for
MCC- and viscose-based aerogel beads. Length and
width (Fig. 6a, ¢) show narrow distributions around
1 mm, and more than 94% of the beads (Fig. 6b, d)
show a very high roundness,>95%, for both MCC-
and viscose-based aerogel beads. An example of
“non-optimal conditions” are presented in Figure S7
in the supporting information.

Characterization of aerogel beads

The representative examples of alcogel and aerogel
beads are shown on Fig. 7, and dry aerogel beads with
spherical (from optimal conditions) and ellipsoidal
(non-optimal conditions) shapes are shown on Fig. 8.
The characteristics of MCC-based and viscose-based
aerogel beads (300 um—100 Hz-3.5 cm and 20 °C) are
presented in Table 3; they are very similar and also
similar to their monolithic counterparts (Négrier et al.
2023). Viscose-based aerogel beads are of a slightly
lower density than that of MCC-based aerogels due
to the lower polymer concentration in the starting
solution; consequently, the porosity and specific pore



Fig. 6 MCC- (a, b) and
viscose-based (c, d) aerogel
beads length and width (a,
¢), and roundness (b, d) dis-
tributions for the “optimal
conditions”’: 400 um nozzle
diameter, bath temperature
20 °C, 3.5 cm nozzle-to-
bath distance and vibration
frequency 100 Hz

Fig.7 Viscose-based
alcogel beads (a) and the
corresponding aerogel
beads (b)
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Fig. 8 Optical microscope images of viscose-based aerogel beads obtained with optimal conditions (a): 300 um—100 Hz-3.5 cm and
20 °C and non-optimal conditions (b): 600 um—100 Hz—6.5 cm-30 °C



Table 3 Characteristics of MCC- and viscose-based aerogel
beads (300 um—100 Hz-3.5 cm and 20 °C): total shrinkage,
bulk density, porosity, specific pore volume and s pecific sur-
face area

Aerogel beads MCC-based  Viscose-based

Total shrinkage (%) 42+5 47+5

Bulk density (g.cm™) 0.115+0.003  0.084 +0.002

Porosity (%) 93+3 97+3

Specific pore volume (cm®. 8.4+0.3 11.8+04
gh

Specific surface area (m%.g™!) 416+20 398 +20

volume of viscose-based aerogel beads are slightly
higher than those of MCC-based counterparts.

The surface and inner morphology of viscose-
based aerogel beads is presented in Fig. 9. Instan-
taneous liquid-liquid demixing occurring when cel-
lulose droplet was in contact with the non-solvent
and further shrinkage resulted in the formation of a
wavy skin layer (Fig. 9a); this layer is porous on a
nanoscale (Fig. 9b). The inner morphology (Fig. 9c,
d) is typical to aerogels made from cellulose dis-
solved in ionic liquids and/or their mixtures with

Fig. 9 SEM observation of
the outer (a, b) and inner
(¢, d) morphology of the
viscose-based aerogel beads

DMSO and coagulated directly in a non-solvent,
without initial solution gelation (Sescousse et al.
2011b; Buchtova and Budtova 2016; Pircher et al.
2016; Négrier et al. 2023): it is a network of assem-
bled “hairy” beads formed due to spinodal decom-
position-governed phase separation.

BJH approach was used to test if it can be
applied for the determination of aerogels’ pores size
distribution. An example of sorption/desorption
dependence is shown in Figure S8 in the Support-
ing Information. Specific pore volume given by this
approach is 1.2 cm?.g~! while the same determined
from bulk and skeletal density (Eq. 10) is 11.8 cm?.
g~ ! (see Table 3). BJH approach covers only 10% of
the total pore volume; similar results were obtained
for other bio-aerogels (Robitzer et al. 2013; Groult
and Budtova 2018). Pore size distribution calculated
from BJH approach is shown in Figure S9: the peak
is at 46 nm and median is at 42 nm corresponding
to pore diameters in the meso- and small macropo-
res regions. These values are not representative as
this pore size distribution does not cover all pores’
dimensions in cellulose aerogels.

500 nmf
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Fig. 10 Viability of hMSCs in media conditioned with MCC
and viscose aerogels after 1, 3, 7 and 10 days
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Cytotoxicity of aerogels

In vitro viability of hMSCs in the presence of media
conditioned with MCC and viscose-based aerogels
was investigated over a 10-day period (Fig. 10). Qual-
itatively, a very high cell viability above 75% at day
1 and 90% at day 10 was observed for all conditions.

The morphology of hMSCs cultured in media
conditioned with MCC and viscose aerogels was
similar to the positive control (non-treated) consist-
ing of normal culture medium except at day 10 when
the hMSCs showed a tendency for a reduced density
(decrease of around 20%) and less spread cells in the
media conditioned with the aerogels. This suggests an
impact of aerogels leach out products on hMSCs abil-
ity to attach and proliferate (Fig. 11). Further investi-
gations are required to characterize the leach-out and
their effect on hMSCs.

Day 3 Day 10

600 pm

600 pm

600:pm

Fig. 11 Morphology of hMSCs in media conditioned with MCC and viscose over 10 days



Conclusions

Aerogel beads based on viscose textile and on
microcrystalline cellulose dissolved in ionic liquid
([DBNH][OAc]:DMSO =50:50) were prepared using
prilling (or jet-vibrating) technique and character-
ized. The rheological properties of the starting solu-
tions were investigated to select cellulose concentra-
tion leading to reasonably spherical beads. Solutions
showed classical viscoelastic behaviour with Newto-
nian flow in a large region of shear rates.

Cellulose solution jet and bead diameter of cel-
lulose coagulated in ethanol (alcogel) was measured
and calculated using approaches developed for the
droplets of other polysaccharides. Measured and
theoretical values showed an excellent fit, a llow-
ing the prediction of the final alcogel bead size as
a function of prilling parameters (nozzle size, fre-
quency of vibration).

Aerogels were made from cellulose alcogel beads

via drying with supercritical C O,. Correlations

between processing conditions and aerogel bead
roundness and aspect ratio were built. It was dem-
onstrated that nozzle diameter has the main impact
on aerogel bead dimensions, followed by the fre-
quency of vibration, and then by the nozzle-to-bath
distance. Bath temperature, used from 20 to 60 °C,
practically does not have any influence on aerogel
bead roundness and aspect ratio. Optimal condi-
tions to obtain the narrowest aerogel bead equiva-
lent diameter distribution were with the nozzle size
400 um, a vibration frequency 100 Hz, a nozzle-
to-bath distance 3.5 cm. Highly spherical aerogel
beads based on MCC- and viscose-based solutions
were of diameter around 1 mm and with low aspect
ratio 1.09-1.16 and very high roundness 94.6-96.2.
The properties and inner morphology of aerogel
beads showed characteristics similar to their mon-
olithic counterparts (Négrier et al. 2023): density
0.08-0.12 g.cm™ and specific surface area around
400 m?.g"". Finally, media conditioned with MCC-
and viscose-based aerogels do not affect h MSCs
viability in vitro.

This work opens new pathways for textile recy-
cling and making high-added value materials. Prilling
was shown to be an attractive way of producing cellu-
lose particles (whatever is cellulose source, cellulose
I or IT) which can be used as carriers for controlled
release or as matrices for absorption or adsorption.
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