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Abstract Recently, a new member of the nanocel-

lulose family was introduced, a cellulose II gel

consisting of nanostructured and spherical particles.

In this study, we compared two different drying

techniques to obtain highly porous powders from this

gel with preserved meso- and macroporous nanostruc-

ture: first, freeze-drying after solvent exchange to

tBuOH and second, supercritical drying of the respec-

tive EtOH alcogel. The approaches yielded aerogel

powders with surface areas of 298 and 423 m2/g,

respectively. Both powders are amphiphilic and

possess energetically heterogeneous surfaces with

dominating dispersive term of the surface energy in

the range of 50–52 mJ/m2, as determined by a

combination of physicochemical surface characteri-

zation techniques, such as iGC, BET and SEM.

Despite the lower surface area, the cheaper and more

widespread method, freeze-drying, yields a more polar

and reactive cryogel.
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FD Freeze-drying

scCO2 Supercritical CO2
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tBuOH tert-Butanol

iGC Inverse gas chromatography

SEM Scanning electron microscopy

Nanostructured materials have become an important

aspect in cellulose research. The distinct properties of

nanocelluloses open a wide field of applications in

composites (Cai et al. 2012; Li et al. 2014), insulation

(Hayase et al. 2014; Kobayashi et al. 2014), packaging

(Aulin et al. 2010; Lavoine et al. 2014), tissue engineer-

ing (Domingues et al. 2014; Markstedt et al. 2015) and

manyother utilizationways (Habibi et al. 2010; Lin et al.

2012). Nevertheless, drying of nanocelluloses with

retention of their unique properties, in particular the

high surface areas, remains a difficult and important

challenge. The drying is not only required for some

chemical modifications using water-sensitive compo-

nents, but also impacts the economic and logistic issues

(transportation of larger amounts), keeping in mind that

most nano-structured gels consist of 95–99 % water.

In this contribution, we will focus on the recently

reported cellulose II gel, TENCEL� gel1 (Männer

et al. 2015; Beaumont et al. 2016). This cellulose gel is

obtained from the lyocell process and particularly

sensitive to drying conditions due to its morphology

consisting of spherical particles. This makes it a good

reference material to compare drying techniques and

transfer the results to other cellulosic nanomaterials.

As reported in the literature, the nanostructure of this

cellulose II gel can be preserved by a solvent-

exchange to tBuOH and subsequent freeze-drying,

yielding aerogels with a high surface area of 298 m2/g

(Beaumont et al. 2016). By contrast, freeze-drying

from the hydrogel gives a sheet-like, non-porous

structure due to ice crystal formation. The ice crystals

act as templates to self-assemble cellulose particles

into the freezing direction (Han et al. 2013). In contrast

to that, freeze-drying from tBuOH prevents the

formation of ice crystals artifacts (Wheeler et al.

1975) and is thus superior with regard to preserving

the gel structure (Cai et al. 2008). This freeze-drying

method was also used to obtain aerogels with surface

areas of 284–349 m2/g starting from cellulose

nanofibrils (CNF) (Sehaqui et al. 2011; Saito et al.

2011; Nemoto et al. 2015). Apart from freeze-drying,

cellulose suspensions can be as well dried by air-

drying or spray-drying (Peng et al. 2012; Rämänen

et al. 2012; Ganesan et al. 2016). These methods yield

xerogels which differ quite drastically from the

aerogels reported here: they are denser and have

smaller surface areas because of shrinkage and

resulting particle agglomeration in the drying process

(Aegerter et al. 2011).

We compared freeze-drying of the respective

tBuOH gel (FD/tBuOH sample) with the benchmark

technique: supercritical CO2 drying of the EtOH

lyogel (scCO2/EtOH sample). Surface morphology,

porosity and surface area were compared by scanning

electron microscopy, thermoporosimetry and nitrogen

sorption experiments. Surface heterogeneity, surface

energetics and surface chemistry were studied by

inverse gas chromatography (iGC).

Figure 1 shows a comparison of the pore data of the

two samples obtained by either freeze-drying (FD/

tBuOH) or supercritical drying (scCO2/EtOH). As

indicated in the sample name, in both cases a

preceding solvent-exchange step was mandatory,

either to tBuOH or to EtOH. The SEM micrographs

of both samples show a preserved nanostructure

(higher magnification in Figure S2). The aerogels are

composed of particles with average sizes of 7.0 ± 1.9

and 10.1 ± 1.8 lm in the cases of FD/tBuOH and

scCO2/EtOH, respectively. Figure S1 compares both

particle distributions to the never-dried gel: we can

conclude that supercritically dried powder is very

similar to the starting gel, whereas the particle size of

FD/tBuOH is shifted to lower values. Nitrogen

sorption experiments showed the supercritically dried

sample to feature a much higher surface area (423 m2/

g) than the freeze-dried sample (298 m2/g). This is

reasoned by the higher pore volume of scCO2/EtOH in

the mesoporous (2–50 nm) and macroporous (larger

than 50 nm) region, as shown in the pore size

distributions obtained by nitrogen sorption and ther-

moporosimetry (Fig. 1). Surface-to-volume ratios of

FD/tBuOH and the never-dried gel from SAXS

measurements (Beaumont et al. 2016) had already

demonstrated that freeze-drying of the cellulose II gel

reduced the surface area of the gel. Furthermore, the

average pore diameter calculated from the thermo-

porosimetry pore size distribution was significantly

higher in the case of scCO2/EtOHwith DPore = 67 nm

compared to the sample FD/tBuOH with an average

value of 52 nm. Supercritical drying consequently1 TENCEL� is a registered trademark of Lenzing AG.
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appeared to be the superior drying technique with

regard to preserving the high surface area and the

macroporosity of the cellulose II gel.

The pore size distribution obtained from nitrogen

sorption experiments is emphasizing lower pore sizes,

since it considers the mesoporous region only, and

Fig. 1 Comparison of

porous aerogels obtained by

freeze-drying (FD/tBuOH)

and super-critical drying

(scCO2/EtOH). The average

particle size (DParticle) was

extracted from SEM

micrograph analysis. Pore

size distributions of the

powders were measured by

nitrogen sorption according

to the theory of Barrett

Joyner and Halenda (BJH)

and thermoporosimetry. The

average pore sizes (DPore) of

the sample is highlighted in

the pore size distribution.

The surface area (SBET) was

calculated from nitrogen

sorption measurements

according to the BET theory

Fig. 2 The surfaces of the

porous samples are

energetically heterogeneous

as shown in the plot of total

surface energy against area

increment. The Gutmann

acid (KA) and base constants

(KB) at a surface coverage of

0.01 n/nm show that the

basic character is

dominating on both samples.

The high value of the work

of cohesion reflects the high

tendency of aggregation in

the sample. The mean values

of the dispersive (cD;50s ),

specific (cAB;50s ) and total

surface energy (cT ;50s ) at

303 K are shown in the

table at the top
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shows for both samples an increase of pore volume at

the upper end of the mesoporous region. The macro-

porous region was analyzed by thermoporosimetry

and—as shown in Fig. 1—there are also larger pores

present, up to 300 nm.

In order to represent the heterogeneity of the

samples in a more illustrative manner, the surface

energy distributions were obtained by a point-by-point

integration of the surface energy profiles, resulting in

plots of cTs cDs and cABs surface energy versus percent-

age of surface (area increment), as shown in Figs. 2

and 3.

The dispersive term cDs is caused by non-polar long-

range interactions (London forces) and the specific

short-range (acid–base) cABs term by polar interactions

(hydrogen bonds) (Rjiba et al. 2007; Rückriem et al.

2010). Consistent with the Lindman hypothesis, both

samples are amphoteric (Lindman et al. 2010) featur-

ing a dominating dispersive term, cD;50s = 52.3 mJ/m2

and cAB;50s = 6.9 mJ/m2 (FD/tBuOH). The higher

surface area and pore volume of scCO2/EtOH indi-

cated already that supercritical drying is the less

‘‘destructive’’ drying method, which explains as well

the less pronounced energetic heterogeneity of this

sample, see Figs. 2 and 3. Nevertheless, FD/tBuOH is

more polar (higher cAB;50s ), features higher dispersive

cD;50s and total surface energetics cT ;50s than scCO2/

EtOH and is thus more reactive (Thielmann 2004). In

Fig. 3 Dispersive and acid–base (specific) surface energy against area increment. The specific free energy profiles of the amphoteric

scCO2/EtOH and FD/tBuOH sample is showing strongest interactions with the non-chlorinated polar probes: acetone and ethyl acetate
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comparison to other cellulose substrates (Table S1),

both powders feature higher dispersive surface

energies than cotton (Kondor et al. 2015) and lyocell

fibers (Tze et al. 2006) and are comparable to

TEMPO-oxidized and genuine CNF (Peng et al.

2013; Gamelas et al. 2015).

The specific (acid–base) Gibbs free energy of

desorption, DGSP, of polar solvents on both samples

was also measured at different surface coverage

(Fig. 3). Higher DGSP values can be attributed to a

higher concentration of polar surface groups or

different surface groups with higher specific surface

energy. Both samples showed strong interactions with

all polar probes, but predominantly interacted with the

carbonyl probes, acetone and ethyl acetate (Fig. 3).

The rank order of the samples for decreasing DGSP

interactions is acetone, ethyl acetate, dichloro-

methane, chloroform and toluene.

The surface chemistry of the samples was assessed

using the Gutmann acid (KA) and base (KB) numbers,

determined with the following polar probes: dichlor-

omethane, ethyl acetate, acetone, and chloroform. KA

and KB values of the samples were calculated using the

DGSP values of polar probes at that particular surface

coverage. Consistent with the literature (Tze et al.

2006; Pommet et al. 2008; Peng et al. 2013), the KB for

both samples was consistently higher than KA, indi-

cating that the samples possess higher concentrations

of electron-donating (basic) surface functional groups

than electron-withdrawing (acidic) ones. The higher

specific Gibbs Free Energy of acidic probe (like

acetone) indicates the domination of electron donating

groups on the surface.

In conclusion, both aerogels obtained from freeze-

drying and supercritical drying, featured comparable

nanostructures and surface properties. Supercritical

drying was superior in preserving the mesoporous and

macroporous regions and yielded cellulose particles

with a very high surface area of 423 m2/g and an

average pore size of 35 nm. The resulting tBuOH

cryogel is more polar and more reactive with a total

surface energy of 59 mJ/m2, higher than the super-

critically dried (EtOH) sample. Considering the fact

that freeze-drying is significantly cheaper and far more

widespread than the supercritical drying method, it is

important to note that freeze-drying can be a viable

alternative, if the high surface area is not the decisive

factor. Otherwise, supercritical drying is the superior

variant.
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