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Abstract 24 

Superbase ionic liquids (SBILs), such as 1,5-diazabicyclo[4.3.0]non-5-enium acetate, 25 

[DBNH][OAc], dissolve cellulose under mild dissolution conditions and low dope viscosities, 26 

enabling shape-controlled regeneration. We prepared regenerated cellulose beads from 27 

cellulose/[DBNH][OAc]/DMSO solution via drop-wise addition into water, and subsequently dried 28 

the obtained hydrogels by ambient evaporation (xerogel), freeze-drying from H2O or tert-butanol 29 

(cryogels), or supercritical CO2 (aerogel). It was shown that dring methods, that avoid capillary 30 

forces and ice templating, best preserve the hydrogel nanostructure formed during regeneration. 31 

Accordingly, aerogels exhibited high specific surface area (SSA 450 m2 g−1) and mesopore volume 32 

(1.98 cm3 g−1), exceeding those values for tBuOH cryogels (123 m2 g−1; 0.45 cm3 g−1) and for H2O 33 

cryogels (29 m2 g−1; 0.06 cm3 g−1) by factors of ~4 and ~16 in SSA, respectively, while xerogels 34 

were essentially non-porous (0.04 m2 g−1) and practically transparent. SEM revealed regeneration-35 
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derived spherical substructures in aerogels that progressively consolidated through cryogels and 36 

vanished in xerogels. SAXS identified characteristic length scales near 30 and 63 nm and Porod 37 

exponents consistent with increasingly smooth interfaces upon consolidation, confirming systematic 38 

shifts in morphology with the drying severity. These results link regeneration pathway and drying 39 

route to hierarchical morphology in SBIL-derived cellulose, providing design rules for tailoring 40 

porosity for adsorption and related applications.  41 
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 48 

Introduction 49 

The growing urgency to develop environmentally sustainable materials has led to great interest in 50 

the potential of cellulose as a renewable source of raw material and cellulose processing as a viable 51 

alternative to petroleum-based processes. Particularly cellulose dissolution and regeneration have 52 

been the subjects of much research activity, where a great number of solvents have been tested for 53 

their cellulose dissolving capacity. The common solvents studied for these purposes include aqueous 54 

inorganic bases such as NaOH and LiOH and their mixtures with urea/thiourea (Roy et al. 2003, Cai 55 

et al. 2008 Gavillon & Budtova 2008, Luo & Zhang 2009, Luo & Zhang 2010, Lu et al. 2011, Isobe 56 

et al. 2012, Trygg et al. 2013, Yildir et al. 2013, Demilecamps et al. 2014, Yu et al. 2014, Lin et al. 57 

2017, Qiao et al. 2020), inorganic salt hydrates (Ganesan et al. 2016, Pircher et al. 2016, Liao et al. 58 

2019), inorganic salts mixed with solvents such as LiCl/DMA and TBAF/DMSO (Carrick et al. 59 

2014, Pircher et al. 2016, Li et al. 2020), and organic salt hydrates such as NMMO·H2O (Biganska 60 

et al. 2002, Biganska & Navard 2005, Gavillon & Budtova 2008, Biganska & Navard 2009, 61 

Beaumont et al. 2016, Hauru et al. 2016, Pircher et al. 2016, Beaumont et al. 2017, Ilyin et al. 2018, 62 

Nishiyama et al. 2019). While these solvent systems have a proven efficiency and clear benefits in 63 

being direct or at least semi-direct cellulose solvents, and hence enabling homogeneous liquid state 64 

processing, each carry a certain set of process limitations such as high viscosity, poor environmental 65 

stability and recyclability, or hazardous process conditions. Driven by shortcomings such as these, 66 

development of new alternative cellulose solvents has continued. 67 

Ionic liquids (ILs), organic salts with a commonly used upper limit on melting point of 100 °C, are 68 

a solvent group from which multiple effective cellulose solvents have been identified. These 69 
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compounds, while observed already in the early-to-mid 20th century, have seen renewed research 70 

interest through the 21st century after their efficacy to cellulose processing was recognized. 71 

(Swalotski et al. 2002) Of the various ILs, the family of imidazolium-based ILs, including 72 

compounds such as [emim][OAc], [amim]Cl and [bmim]Cl (Aaltonen & Jauhiainen 2009, Deng et 73 

al. 2009, Sescousse et al. 2011, Song et al. 2013, Östlund et al. 2013, Suzuki et al. 2014, Ding et al. 74 

2015, Buchtová & Budtova 2016, Hauru et al. 2016, Mi et al. 2016, Pircher et al. 2016, Imagawa et 75 

al. 2017, Johns et al. 2017, Omura et al. 2017, Rajeev & Basavaraj 2019, Lin & Jana 2021), has seen 76 

much use in cellulose processing studies.  77 

Nevertheless, more recently identified IL families, such as the superbase ionic liquids (SBILs) based 78 

on a superbase conjugate acid cation, show much potential with easy processability and improved 79 

dissolving capacity. (King et al. 2011, Parviainen et al. 2013, Sixta et al. 2015, Hauru et al. 2016, 80 

Kuzmina et al. 2017, Sturm et al. 2023, Leskinen et al. 2024a) Among others, mixtures of a SBIL 81 

1,5-diazabicyclo[4.3.0]non-5-enium acetate ([DBNH][OAc]) with DMSO show several benefits. 82 

Cellulose dopes in neat [DBNH][OAc] have a lower viscosity and can be operated at lower 83 

temperatures compared to a common direct cellulose solvent NMMO·H2O (Sixta et al. 2015; Hauru 84 

et al. 2016). Mixing the IL with a neutral molecular solvent such as DMSO creates an organic 85 

electrolyte solution OES (Gericke et al. 2011, Clough 2017), which in case of 86 

[DBNH][OAc]/DMSO (60:40 w/w) (see Scheme 1), increases the cellulose dissolving capacity and 87 

lowers the melting point of the mixture below RT for improved handling (Parviainen et al. 2013, 88 

Holding 2016). 89 

 90 

Scheme 1 Components of the organic electrolyte solution OES, 1,5-diazabicyclo[4.3.0]non-5-enium 91 

acetate and dimethyl sulfoxide [DBNH][OAc]/DMSO (40 wt-% DMSO). The 60:40 w/w 92 

composition was used throughout the current study. 93 

 94 

The preparation of spherical or bead-like particles from dissolved cellulosic base materials via 95 

antisolvent regeneration has been demonstrated previously in the scientific literature. The polymeric 96 

base has varied from cellulose derivates such as cellulose acetate (Motozato & Hirayama 1984, Bai 97 

& Li 2006, Sandig et al. 2015) to composites of cellulose and inorganic compounds such as Fe2O3 98 

and CoFe2O4 nanoparticles (Luo & Zhang 2009, Luo & Zhang 2010, Yu et al. 2014) to pure cellulose 99 

dissolved in a variety of solvents. These solvents used to prepare beads from chemically unmodified 100 

cellulose can generally be divided into four groups: (i) aqueous inorganic bases such as NaOH & 101 

KOH and their urea/thiourea mixtures (Trygg et al. 2013, Yildir et al. 2013, Lin et al. 2017, Qiao et 102 

al. 2020), (ii) inorganic salt electrolytes such as LiCl/DMAc (Carrick et al. 2013, Carrick et al. 2014, 103 

Li et al. 2020), (iii) heterocyclic amine oxide hydrates such as NMMO·H2O (Beaumont et al. 2017) 104 

and (iv) ionic liquids and their electrolytes such as [bmim]Cl, [bmim]Cl/DMF, [bmim][OAc], 105 

[DBNH][CO2Et] or [DBNH][OAc]/DMSO. (Omura et al. 2017, Druel et al. 2018, Zeng et al. 2020, 106 

Leskinen et al. 2024b) While several different methods have been applied to imparting the round, 107 

bead-like shape onto a cellulose particle, one of the most straightforward ones is to introduce a 108 

solution of cellulose into an excess cellulose antisolvent in a dropwise manner. 109 

While the difficulty of achieving straightforward and controllable cellulose dissolution and 110 

regeneration has been the focus of much research during the past few decades, it is the eventual 111 

drying step which can have the most wide-ranging effect on the properties of the final cellulose 112 

material. Despite progress with IL- and SBIL-based cellulose regeneration, the interplay between 113 

regeneration-derived mesostructure (spinodal substructures) and subsequent drying route across 114 

aerogel/cryogel/xerogel outcomes remains insufficiently quantified, particularly in SBIL/OES 115 
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systems. Here we consider the three methods for drying such antisolvent-soaked regenerated 116 

cellulose as ambient drying, freeze-drying and supercritical drying. Each of these methods relies on 117 

the removal of the antisolvent from the cellulose material, principally differing from each other by 118 

the necessity of a solvent-exchange and the nature of the phase transition the antisolvent undergoes 119 

during the final drying process. The dry materials obtained from these different drying methods 120 

(supercritical-drying, freeze-drying and ambient-drying) can be generally categorized as aerogels, 121 

cryogels and xerogels respectively. 122 

Small and wide angle X-ray scattering was used to study mesostructure (SAXS) and the crystalline 123 

and amorphous morphology (WAXS) of cellulose, which are useful characteristics in evaluating the 124 

impact and effectiveness of various chemical and physical treatments. SAXS is used to study 125 

nanoscale cellulose structures such as fibre bundles and matrix cross-sections. WAXS is often used 126 

to determine the proportion of crystalline regions relative to the amorphous regions (i.e. the 127 

crystallinity index, CI) and the morphology (I, II, III, IV) of the cellulose crystallites. Each of the 128 

common cellulosic morphologies such as Cellulose I, Cellulose II and amorphous cellulose have 129 

their characteristic signals in the WAXS-diffractogram. There are several methods used for 130 

determination of cellulose degree of crystallinity based on WAXS data, with the most widely used 131 

methods being based on peak height (Segal), amorphous subtraction (Ruland-Vonk), deconvolution 132 

(Rietveld) and Debye calculations. (Thygesen et al. 2005, Park et al. 2010). 133 

This work integrates nitrogen sorption (BET/BJH), SEM, and SAXS to link regeneration-derived 134 

mesostructures to final porosity and interfacial morphology. We report a systematic analysis of how 135 

a drying route - ambient drying (xerogel), freeze-drying from water or tert-butanol (cryogels), and 136 

supercritical CO2 drying (aerogel) - minimizes capillary stress and ice templating, and controls the 137 

hierarchical structure of cellulose beads regenerated from an organic electrolyte solution consisting 138 

of DMSO and a superbase ionic liquid [DBNH][OAc]. We relate Porod exponents and characteristic 139 

length scales to drying route and the degree of consolidation. 140 

 141 

Experimental 142 

Materials 143 

Microcrystalline cellulose (MCC, powder 20 µm, Sigma-Aldrich, catalogue number 310697), 1,5-144 

diazabicyclo[4.3.0]non-5-ene (DBN, Fluorochem, catalogue 044323), glacial acetic acid (Fisher 145 

Scientific, catalogue A/0400/PB15), and dimethyl sulfoxide (DMSO, Fisher Scientific, catalogue 146 

D/4121/PB15) were used without further purification. Distilled water was used in all experiments 147 

(Aquator A4S). 148 

Preparation of samples 149 

Preparation of [DBNH][OAc]/DMSO 150 

[DBNH][OAc]/DMSO was prepared by mixing equimolar amounts of DBN and glacial acetic acid 151 

together followed by addition of DMSO. The resulting OES, [DBNH][OAc]/DMSO (40 wt-% 152 

DMSO has low viscosity due to DMSO and melting point below the room temperature (RT) making 153 

the handling of the OES easier in further process steps. Following earlier reports (Parviainen et al. 154 

2013; Holding 2016), the OES composition of 40 wt-% DMSO and 60 wt-% IL was found to be 155 

suitable for cellulose dissolution, and offered improved handling over the neat IL, due to below-RT 156 

melting point and lowered viscosity. During storage, the OES was placed under argon in a 157 

desiccator. To prepare wet, i.e. water-containing OES mixtures, OES was weighed in a 20 ml vial, 158 

and the appropriate amount of distilled water was added to obtain ca. 10 ml of liquid of the wanted 159 

mixing ratio (90:10 to 10:90 w/w water:OES). 160 
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MCC dissolution 161 

To prepare a total of 10 g of 5 wt-% solution of cellulose, 0.5 g of MCC was added slowly to 9.5 g 162 

of OES in a 20 ml glass vial under stirring at RT. Mixing of the components results in cloudy, 163 

heterogeneous cellulose suspension, which was placed under inert gas (Ar). The suspension was 164 

heated to 60 °C under continued stirring until the liquid appeared optically transparent. Afterwards, 165 

the acquired dope was left to cool to RT without stirring. More Ar was applied after cooling, the cap 166 

was sealed well, and the dope was stored as is for further use. Viscosity measurements of OES and 167 

dope can be found in our earlier publication. (Leskinen et al. 2024a)  168 

Regeneration of cellulose beads 169 

The cellulose dope was regenerated into cellulose hydrogel beads by dropwise extrusion through a 170 

needle (0.8 mm diameter) into a vial holding 600 ml of distilled water (10 cm dropping height). 171 

Gentle stirring was employed assisting in gradual and smooth interdiffusion of water and OES. 172 

Regenerated beads were washed five times with distilled water by decanting and replacing the 173 

volume of water in the bath with an equivalent amount every 15 min. Finally, the procured hydrogel 174 

beads were left to soak in water for further 24 h, after which they were washed once more before 175 

being stored in excess distilled water. A detailed description of the bead regeneration process and 176 

measurements of bead dimensions can be found in our earlier publication. (Leskinen et al. 2024b) 177 

Drying cellulose beads 178 

The hydrogel beads were dried in one of several ways to obtain distinct cellulose morphologies: 179 

ambient-drying for xerogels, freeze-drying (from H2O or tBuOH) for cryogels or supercritical-180 

drying (from CO2) for aerogels. Preparing xerogel beads via ambient-drying consists of spreading 181 

the hydrogel beads on a petri-dish or other flat container, draining out excess H2O from around the 182 

beads and letting the remaining H2O evaporate in a RT laboratory fume hood. The forming xerogel 183 

beads were usually fully dry after 24 h, but larger batches required 48 h for drying. The drying 184 

process can be expedited by faster removal of atmospheric moisture from around the beads, which 185 

is achieved by spacing the beads wide apart and placing the container below a local exhaust 186 

ventilation. This way total drying time can be reduced to 1 h, especially for small sample amounts. 187 

The aqueous freeze-drying (H2O) process consists of freezing the wet beads with liquid nitrogen and 188 

placing them in a freeze-dryer (Labconco FreeZone 2.5 Plus) maintained at -40 °C and under high 189 

vacuum. The tBuOH freeze-drying process consists of a solvent exchange into tBuOH (see below) 190 

and transfer of the beads into a round-bottom flask, which is placed into an ethanol bath (-20 °C) 191 

and put under high vacuum after the tBuOH had frozen. Supercritical-drying of the beads requires 192 

an intermediate solvent exchange into acetone (see below), after which the final exchange into CO2 193 

and subsequent supercritical-drying is performed on a supercritical-dryer (Leica EM CPD300). 194 

The tBuOH freeze-drying and supercritical-drying (CO2) require a change of solvent before the final 195 

drying process. The hydrogel beads are solvent exchanged into tBuOH or acetone in four 196 

solvent/H2O increments (25 wt-%, 50 wt-%, 75 wt-% and pure organic solvent) by placing the beads 197 

in a large excess of the most dilute solvent mixture and transferring them to the more concentrated 198 

mixture after each 24 h time increment. 199 

Characterization 200 

Scanning Electron Microscopy (SEM) and diameter calculations 201 

Bead samples were placed on a carbon tape attached to aluminium SEM sample stubs, and a diamond 202 

plane was used to produce smooth beads cross-sections. Afterwards samples were then sputter 203 

coated with 5 nm of gold-platinum alloy, and subsequent SEM images were taken on a Hitachi S-204 
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4800 Field Emission Scanning Electron Microscope (FESEM). Substructure dimensions were 205 

calculated from SEM images using ImageJ.  206 

Nitrogen adsorption (BET and  BJH) 207 

Nitrogen sorption measurements were performed on a Micromeritics TriStar II 3020 instrument at 208 

77 K. About 40 mg of cellulose beads were placed in sample holder tubes and degassed under 209 

vacuum for 1 h. Specific surface area (SSA) was determined according to Brunauer, Emmett and 210 

Teller (BET) theory, and pore size distribution according to Barrett, Joyner and Halenda (BJH) 211 

model, applied to adsorption and desorption branches of the BET isotherm. 212 

Small-angle X-ray Scattering (SAXS)  213 

SAXS measurements were conducted on a Double Ganesha AIR system (SAXSLAB, Denmark) 214 

operated at λ = 0.154 nm with a variable sample-to-detector distance to cover a range of scattering 215 

vectors q = 0.002–0.5 Å−1. Dried samples were placed in sample holders and background scattering 216 

for empty holders was subtracted. The hydrogel SAXS profiles were measured on freshly washed 217 

samples sealed to prevent evaporation. Data reduction and azimuthal integration was performed with 218 

the instrument software. The software SasView 4.2 was used for further data analysis and Origin 219 

(2019b, OriginLab Corporation, Northampton, MA, US) for data visualisation. Porod exponents 220 

were obtained by linear fits of the log I versus log q function.  221 

Intensity of the scattered radiation was measured as a function of magnitude of the scattering vector 222 

q to display small-angle x-ray scattering data: q = 4π sinθ/λ typically presented in Å-1, where 2θ is 223 

the scattering angle between the incident beam and a detector, λ is the wavelength of the x-rays. 224 

One-dimensional I(q) profiles were obtained by azimuthal averaging of 2D patterns and background 225 

subtraction. Porod exponents (PE) were determined by linear fits of log I versus log q over specified 226 

q-windows (reported below), and length scales were estimated using d = 2π/q. The relationship I(q) 227 

~ q(-PE) was used to determine the Porod regime and the nature of mass and surface fractals. (Pircher 228 

et al. 2016) Thus, the value of the PE at a given range of q was used to infer whether a mass fractal 229 

dimension (PE ≈ 1-3) or a surface fractal dimension (PE ≈ 3-4) are responsible for the scattered x-230 

ray intensity. For example, a PE value of 1 arises from rod-like 1D structures (mass fractal), 2 from 231 

2D structures such as interlinked chains (mass fractal), value of 3 from 3D structures such as 232 

clustered networks (mass fractal) or a rough surface (surface fractal) and a value of 4 from a smooth 233 

surface (surface fractal). (Pircher et al. 2016, Plappert et al. 2018) 234 

Compression testing with DMA 235 

The mechanical strength of the cellulose beads was recorded by uniaxial compression on a 236 

TA.XTplusC Texture Analyzer. Unconfined measurements were taken at a compression rate of 0.10 237 

mm/s and within a conditioned environment (23 °C and 50 % of relative humidity). Measurements 238 

were taken in triplicate. 239 

 240 
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Results and discussion 241 

Drying of cellulose hydrogel beads 242 

Cellulose processing often involves steps where the polymer is soaked in a cellulose antisolvent. For 243 

example, regeneration of ionic-liquid-dissolved cellulose in water eventually results in a cellulose 244 

hydrogel. However, for many end applications and further processing steps, the presence of the 245 

antisolvent is undesirable, and a separate drying step is needed to remove it. The three common 246 

methods for drying of antisolvent-soaked regenerated cellulose are ambient drying, freeze-drying 247 

and supercritical drying. Each of the three methods relies on the removal of the antisolvent from the 248 

cellulose material, essentially only differing from each other by the nature of the phase transition 249 

the antisolvent undergoes during the process. In ambient drying the removal of antisolvent takes 250 

place via evaporation (liquid-gas phase change for antisolvent during removal) under ambient 251 

pressure and at RT or elevated temperature. In freeze-drying the removal takes place via sublimation 252 

(solid-gas phase change) under vacuum and at sub-zero temperature (depending on antisolvent, 253 

usually between -10 °C and -50 °C). While in supercritical drying the eventual removal takes place 254 

via evacuating a single supercritical phase (no phase change) under pressure and temperature 255 

required for the existence of the supercritical phase (depending on the antisolvent, e.g. >31 °C and 256 

>74 bar for the commonly used CO2). Thus, the essential distinction between these drying 257 

mechanisms is in the phase boundaries, i.e. liquid-gas vs. solid-gas vs. single supercritical phase. 258 

Cellulosic materials obtained from these three methods (supercritical-drying, freeze-drying and 259 

ambient-drying) can be broadly classified into aerogels, cryogels, and xerogels, respectively. 260 

Cellulose aerogels are characterised by a very low bulk density, high specific surface area (SSA), a 261 

high number of pores primarily in the mesoporous range (2-50 nm) as well as high pore volume. 262 

Cellulose cryogels also have a generally low bulk density, but the surface area, pore volume and the 263 

number of pores is greatly reduced due to cellulose fibre coalescence and pore collapse. The 264 

remaining porosity is primarily in the macroporous range (>50 nm) while very large macropores in 265 

the tens to hundreds of µm are often present due to ice templating (Gupta et al. 2018). In comparison 266 

to the other two, cellulose xerogels have a generally high density and because of extreme material 267 

coalescence, practically non-existent porosity and surface area. Essentially the progression from 268 

aerogel to cryogel to xerogel depicts an increase in the level of alteration and shrinkage experienced 269 

by the material during the drying process, where aerogels are closest to the morphology and 270 

nanostructure of the original hydrogel, while xerogels are the most heavily altered. However, while 271 

these broad classifications based on drying method have great utility in sorting and differentiating 272 

the various cellulose materials, the boundaries set up to segregate them are somewhat ambiguous. 273 

(Zaman et al. 2020) Consequently, the properties of two materials from adjacent classes can be more 274 

alike than those of two others within the same classification. For example, porosity-wise a cryogel 275 

freeze-dried from aq. tBuOH with a SSA of 332 m2 g-1 (Cai et al. 2008) is more similar to an aerogel 276 

supercritically dried from CO2 with a SSA of 423 m2 g-1 (Beaumont et al. 2017) than it is to another 277 

cryogel freeze-dried from H2O with a SSA of 45 m2 g-1 (Suzuki et al. 2014). 278 

This disparity in the preservation of the original cellulose porosity present in the hydrogel, between 279 

the SSAs of cryogels freeze-dried from neat or aq. tBuOH and those freeze-dried from H2O, arises 280 

from the limited capability of the tBuOH bearing systems to grow large crystallites upon freezing. 281 

The binary mixtures of tBuOH/H2O are eutectic systems, where local minima in freezing point and 282 

also minimum in solvent crystal and tBuOH/H2O co-crystal size is reached at tBuOH concentrations 283 

of 20 % and 90 %. (Kasraian & DeLuca 1995) The forming small tBuOH crystallites are less likely 284 

to disturb or template the surrounding polymer matrix, which has straightforward benefits in 285 

preserving the pre-drying cellulose nanostructure and result in higher SSA values. For example, an 286 

increase in SSA from 94 to 220 m2 g-1 was observed when 10 % of tBuOH was added to the aqueous 287 

freeze-drying media, with a further increase to 319 m2 g-1 when the tBuOH concentration was 288 

changed to 20 %. (Nemoto et al. 2015) After this the SSA values keeps stable at ca. 300 m2 g-1 for 289 

compositions of 30-50 % tBuOH, but drops down to 219 m2 g-1 at 60 % tBuOH. In contrast, in a 290 

purely aqueous medium the formation of large H2O crystallites is much more intrusive on the 291 

hydrogel cellulose matrix, which results in high levels of cellulose coalescence during the drying 292 

process. One may expect that SSA and mesopore volume decrease in the order of aerogels > tBuOH-293 

cryogels > H2O-cryogels >> xerogels. This may be confirmed by means of X-ray scattering: e.g. 294 

Porod exponents and characteristic q-shifts reflect increasing consolidation (shift to lower q 295 
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indicates growth of characteristic features). On the other hand, electron and optical microscopy 296 

should visualize pore wall substructures decrease in definition from aerogel to H2O-cryogel to 297 

xerogel as fibrils coalesce and pore walls thicken. 298 

Therefore, in this study four separate methods have been used in drying hydrogel beads prepared 299 

from aqueous regeneration of [DBNH][OAc]/DMSO dope: supercritical drying from CO2, freeze-300 

drying from tBuOH, freeze-drying from H2O, and ambient drying from H2O. As a consequence of 301 

the different drying processes, significant changes are observed in the physical properties and 302 

appearance of the resulting dry materials. The aero- and cryogel beads retain their hydrogel 303 

dimensions and acquire a white opaque colour, while during the ambient-drying process leading 304 

ultimately to xerogel beads, the hydrogel beads will change appearance from whitish opaque to 305 

transparent and shrink to roughly one-third of their original diameter. The intermediate stages of 306 

shrinkage are also intermediate in their change of appearance, turning more and more towards 307 

transparent the smaller the bead gets (Figure 1). 308 

 309 

Fig. 1 A scheme illustrating changes taking place in the general appearance of the cellulose hydrogel 310 

beads during the different drying methods resulting in aerogel, cryogel and xerogel beads. The 311 

transformation of the large whitish opaque hydrogel beads into the smaller transparent xerogel beads 312 

is a gradual process and the changing appearance of the drying beads is indicative of the decreasing 313 

water content. This change in appearance and water content from hydrogel to xerogel correlates with 314 

an increase in density. 315 

 316 

SEM 317 

Low magnification Scanning Electron Microscope (SEM) images of cross-sections of the aerogel, 318 

cryogel and xerogel beads are shown in Figure 2. The internal cellulose matrix of the aerogel and 319 

tBuOH-cryogel beads was more delicate than that of the H2O-cryogel and xerogel beads and less 320 

resistant to the shear induced by the cutting blade of the diamond plane, and hence a more ragged 321 

cross-section was obtained after dissection. As can be observed from the mechanical compression 322 

data later in this article, the hydrogel and cryogel beads are weak, while the xerogel beads are 323 

significantly stronger and tough. 324 
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 325 

Fig. 2 SEM micrographs of the cross-sections of the four different types of dried beads. The internal 326 

structure of the aerogel and tBuOH-cryogel beads was more delicate than that of the H2O-cryogel 327 

and xerogel beads and hence a more ragged cross-section was obtained after bisection. Note the 328 

different scale on the xerogel bead (scalebar 500 µm vs 1.00 mm for the others). 329 

 330 

Under high magnification (Figure 3), the three porous bead types (aerogel and the two cryogels) all 331 

display internal morphology typical of a dried regenerated cellulose matrix, with the solid cellulose 332 

matrix of the pore walls surrounding roughly spherical pores of various sizes (meso- to macropores). 333 

A marked difference can be observed in the internal structure of the xerogel beads in comparison, 334 

the matrix is considerably more compacted and of significantly lower porosity than the other bead 335 

types, albeit a contributing factor to the observed smoothness of the surface is a certain level of 336 

polishing induced by the cutting action of the plane blade during sample preparation. The H2O-337 

cryogel also has distinctly larger pores, thicker pore walls and in general more coarse structure in 338 

comparison to aerogel and tBuOH-cryogel, which are more delicate and in the case of the aerogel, 339 

even fibrous. This is a clear indication of the large differences in the degree of cellulose coalescence 340 

taking place during the different processes used in drying the hydrogel, the degree increasing in the 341 

order aerogel → tBuOH-cryogel → H2O-cryogel → xerogel. 342 
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 343 

Fig. 3 High magnification SEM micrographs of the cross-sections of the four types of beads. The 344 

xerogel beads exhibit significantly more compacted and less porous internal structure compared to 345 

the other bead types. 346 

 347 

Analysis of porosity and pore size distribution 348 

Determination of the specific surface area (SSA) with the BET (Brunauer-Emmett-Teller) gas 349 

adsorption method and the pore size distribution and pore volume via the BJH (Barrett-Joyner-350 

Halenda) method are often utilized in characterizing porous cellulose materials. In comparative 351 

terms the values can be also used to assess the impact of the regeneration and drying methods, as 352 

well as the effect of possible pre- and post-treatments. A series of solvent, regeneration and drying 353 

method, SSA, average pore size, and bulk density values for various cellulosic materials reported in 354 

the scientific literature is collected in Table 1. 355 

Table 1.   Reported values for specific surface area (SSA with BET), average pore size (with 

BJH) and bulk density for cellulose materials regenerated from a wide range of solvent systems 

and using various regeneration and drying methods. 

Cellulose 

material 

Solvent 

system 

Processing

/regene-

ration 

method 

Drying 

method 

SSA, 

m2/g, 

BET 

Average 

pore size, 

nm, BJH 

Bulk 

density, 

mg/cm3 

Ref. 
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Aerogel [TMGH][OAc] 
Antisolvent 
regeneration 

(EtOH) 

Supercritical
-drying 
(CO2) 

396 - 
633 

- 15 - 80 
Plappert 

2018 

Aerogel - 
TEMPO-
oxidation 

Supercritical
-drying 
(CO2) 

500 - 
600 

- - 
Kobayashi 

2014 

Aerogel [bmim]Cl 

Antisolvent 
regeneration 
(aq. EtOH, 

90 %) 

Supercritical
-drying 
(CO2) 

539 - - 

Aaltonen 
& 

Jauhiainen 
2009 

Aerogel 
aq. NaOH/urea 

& aq. LiOH/urea 

Antisolvent 
regeneration 

(EtOH) 

Supercritical
-drying 
(CO2) 

260 - 
485 

8 - 39 - Cai 2008 

Aerogel aq. NaOH/urea 

Antisolvent 
regeneration 
(aq. HNO3 or 

aq. NaCl) 

Supercritical
-drying 
(CO2) 

340 - 
470 

- - 
Trygg 
2013 

Aerogel - 

Mechanical 
refining 

(230-34 000 
kWh ton-1) 

Supercritical
-drying 
(EtOH) 

199 - 
430 

- - 
Moser 
2016 

Aerogel [bmim]Cl 

Thermal 
gelling + 

EtOH 
washes 

Supercritical
-drying 
(CO2) 

336 - 
426 

13 - 28 16 - 55 
Lin & 

Jana 2021 

Aerogel NMMO·H2O 

Workup 
(aq.) + high-

pressure 
homogenizat

ion 

Supercritical
-drying 
(CO2) 

423 35 - 
Beaumont 

2017 

Aerogel [bmim]Cl 
Antisolvent 
regeneration 

(H2O) 

Supercritical
-drying 
(CO2) 

382 34 - Zeng 2020 

Aerogel [bmim][OAc] 
Antisolvent 
regeneration 

(EtOH) 

Supercritical
-drying 
(CO2) 

348 34 - Zeng 2020 

Aerogel 
TBAF/DMSO 

17:83 

Antisolvent 
regeneration 

(EtOH) 

Supercritical
-drying 
(CO2) 

328 - 70 
Pircher 
2016 

Aerogel [bmim][OAc] 
Antisolvent 
regeneration 

(H2O) 

Supercritical
-drying 
(CO2) 

306 14 - Zeng 2020 

Aerogel Ca(SCN)2·4H2O 

Antisolvent 
regeneration 

(EtOH or 
iPrOH) 

Supercritical
-drying 
(CO2) 

287 - 
303 

- - 
Ganesan 

2016 

Aerogel [DBNH][CO2Et] 

Antisolvent 
regeneration 
(H2O, EtOH 
or iPrOH) 

Supercritical
-drying 
(CO2) 

238 - 
302 

- - 
Druel 
2018 

Aerogel aq. NaOH 
Thermal 

gelling + aq. 
washes 

Supercritical
-drying 
(CO2) 

200 - 
300 

- 60 - 300 

Gavillon 
& 

Budtova 
2008 

Aerogel NMMO·H2O 

Antisolvent 
regeneration 

(H2O or 
EtOH) 

Supercritical
-drying 
(CO2) 

172 - 
284 

11 - 13 50 - 260 
Liebner 

2008 
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Aerogel NMMO·H2O 
Antisolvent 
regeneration 

(EtOH) 

Supercritical
-drying 
(CO2) 

250 - 60 
Pircher 
2016 

Aerogel 
[emim][OAc]: 
DMSO 30:70 

Antisolvent 
regeneration 

(EtOH) 

Supercritical
-drying 
(CO2) 

246 - 40 - 60 
Pircher 
2016 

Aerogel [amim]Cl 

Antisolvent 
regeneration 

(aq. 
[amim]Cl) 

Supercritical
-drying 
(CO2) 

176 - 
244 

23 - 26 24 - 30 Mi 2016 

Aerogel [emim][OAc] 
Antisolvent 
regeneration 

(H2O) 

Supercritical
-drying 
(CO2) 

130 - 
230 

10 - 15 - 
Sescousse 

2011 

Aerogel 
Ca(SCN)2·8H2O/

LiCl 

Antisolvent 
regeneration 

(EtOH) 

Supercritical
-drying 
(CO2) 

190 - 30 - 50 
Pircher 
2016 

Cryogel aq. LiBr 
Thermal 

gelling + aq. 
washes 

Freeze-
drying 

(tBuOH) 

221 - 
400 

7 - 8 5 - 120 Liao 2019 

Cryogel - 

Mechanical 
refining + 
aq. HCl 
gelling 

Freeze-
drying 

(tBuOH) 

338 - 
349 

- 5 Saito 2011 

Cryogel aq. LiOH/urea 
Antisolvent 
regeneration 

(EtOH) 

Freeze-
drying 

(H2O/tBuOH 
mixture)* 

332 - - Cai 2008 

Cryogel - 

Mechanical 
refining +  
TEMPO-
oxidation 

Freeze-
drying 

(H2O/tBuOH 
mixture)* 

219 - 
319 

- - 
Nemoto 

2015 

Cryogel NMMO·H2O 

Workup 
(aq.) + high-

pressure 
homogenizat

ion 

Freeze-
drying 

(tBuOH) 
298 - - 

Beaumont 
2016 

Cryogel - 

TEMPO-
oxidation 

and/or 
mechanical 

refining 

Freeze-
drying 

(H2O/tBuOH 
mixture)* 

153 - 
284 

11 - 16 - 
Sehaqui 

2011 

Cryogel Ca(SCN)2·4H2O 
Antisolvent 
regeneration 

(MeOH) 

Freeze-
drying 

(tBuOH) 

160 - 
190 

- - Jin 2004 

Cryogel [bmim]Cl 
Antisolvent 
regeneration 

(H2O) 

Freeze-
drying 

(tBuOH) 
181 - - 

Deng 
2009 

Cryogel aq. LiOH/urea 
Antisolvent 
regeneration 

(EtOH) 

Freeze-
drying (H2O) 

142 - - Cai 2008 

Cryogel aq. NaOH/urea 

Antisolvent 
regeneration 
(aq. HCl + 
CaCl2) + 
TEMPO 

Freeze-
drying (H2O) 

59 - 
132 

- - Lin 2017 

Cryogel - 
NaOH & 
NaClO2 
washes 

Freeze-
drying 

(tBuOH) 
130 - - 

Ishida 
2004 
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* In some reports, eutectic H2O/tBuOH mixtures were used in freeze-drying. Authors propose that, 356 

e.g., 10/90 composition is optimal mixture for freeze-drying and produces the smallest crystal size 357 

upon freezing. (Kasraian & DeLuca 1995) 358 

 359 

As can be clearly observed in Table 1, the three different drying methods and their corresponding 360 

end materials can be distinguished from each other based on their BET SSA values. Supercritically 361 

dried aerogels occupy a range of high SSA values between 630 and 130 m2 g-1 based on experimental 362 

and treatment history, with common values between 450 and 250 m2 g-1. On the other hand, cryogels 363 

occupy a lower range of values between 400 and 25 m2 g-1, where cryogels freeze-dried from neat 364 

or aq. tBuOH reside in the higher end 400 to 150 m2 g-1, while those freeze-dried from H2O reside 365 

in the lower end 142 to 25 m2 g-1. When both tBuOH-cryogels and H2O-cryogels were analysed 366 

within the same study, the SSA of the H2O-cryogels were found to be between 19 % and 55 % of 367 

the corresponding tBuOH-cryogel: 25 m2 g-1 vs 130 m2 g-1 (Ishida et al. 2004), 70-120 m2 g-1 to 160-368 

190 m2 g-1 (Jin et al. 2004) and 142 m2 g-1 to 332 m2 g-1 (Cai et al. 2008). Clearly separate from the 369 

other two types of dried materials, xerogels exhibit a distinctly low SSA value characteristic of their 370 

practically non-porous nature, the singular example listed here having a meagre surface area of 0.4 371 

m2 g-1. These various types of dry materials mostly occupy discrete SSA value ranges, with the most 372 

significant overlap being present at the lower range of aerogels and the higher range of the tBuOH 373 

cryogels. This broad spread of values clearly demonstrates that the SSA of a dry cellulose material 374 

is exceedingly determined by the treatment history of the sample rather than by possible differences 375 

in the chemical substitution or degree of polymerization of the polymer itself. Analysis of this data 376 

allows one to summarize SSA value ranges for aerogels as 130-630 m2 g−1, for tBuOH-cryogels as 377 

150-400 m2 g−1, for H2O-cryogels as 25-142 m2 g−1, and for xerogels as ~0-1 m2 g−1. Our data are 378 

consistant with Table 1 values. 379 

Besides the distinctly different drying methods and choice of drying solvent, other physical factors 380 

and process parameters can also have an effect on the SSA value of a dry cellulose material. One 381 

very apparent yet particularly influential factor is the number of cellulose molecules present at a 382 

given unit volume of dry material, which in the case of regeneration by addition of antisolvent is 383 

usually directly correlated with cellulose concentration in the dope. Higher dope concentration leads 384 

to higher number of molecules in any given volume, and inversely as lesser number of non-cellulose 385 

molecules (eventually pores). Additionally, a higher volume concentration of cellulose during the 386 

drying process leads to more pronounced fibre coalescence, further limiting SSA. A 37 % drop in 387 

SSA from 633 to 396 m2 g-1 was observed when cellulose concentration in [TMGH][OAc] was 388 

increased from 1 to 3 wt-%, (Plappert et al. 2018) while a 43 % drop from 230 to 130 m2 g-1 was 389 

Cryogel Ca(SCN)2·4H2O 
Antisolvent 
regeneration 

(MeOH) 

Freeze-
drying (H2O) 

70 - 
120 

- - Jin 2004 

Cryogel - 
TEMPO-
oxidation 

Freeze-
drying (H2O) 

94 - - 
Nemoto 

2015 

Cryogel [bmim]Cl/DMF 

Emulsificati
on (hexane/ 
surfactant) + 

washes 

Freeze-
drying (H2O) 

45 - - 
Suzuki 
2014 

Cryogel - 
NaOH & 
NaClO2 
washes 

Freeze-
drying (H2O) 

25 - - 
Ishida 
2004 

Cryogel 
[emim][OAc]: 
DMSO 30:70 

Antisolvent 
regeneration 
(MeOH or 

H2O) 

Freeze-
drying (H2O) 

- - 17 - 22 
Johns 
2017 

Xerogel [bmim]Cl/DMF 

Emulsificati
on (hexane/ 
surfactant) + 

washes 

Ambient-
drying (H2O) 

0.4 -  
Suzuki 
2014 

Xerogel LiCl/DMAc 
Antisolvent 
regeneration 

(EtOH) 

Ambient-
drying (H2O) 

- - 1400 Li 2020 
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observed when cellulose concentration in [emim][OAc] was increased from 3 to 15 wt-%. 390 

(Sescousse et al. 2011) Similarly, the average BJH mesopore size decreased from 15 to 10 nm when 391 

the cellulose concentration increased from 5 to 10 wt-%. (Sescousse et al. 2011) When a drying 392 

method requiring a solvent exchange step is employed, the number of solvent exchange steps can 393 

have a marked effect on the resulting SSA. This was observed when the number of steps in the H2O 394 

to tBuOH solvent exchange was increased from 1 to 6, resulting in a 12 % increase in SSA for 395 

TEMPO-oxidized cellulose (254 to 284 m2 g-1) and a significant 63 % increase for unmodified 396 

cellulose (153 to 249 m2 g-1). (Sehaqui et al. 2011) 397 

A common strategy, for avoiding the strong capillary forces water applies on a cellulose structure 398 

during evaporation, has been to use solvent exchange before drying. Drastic pore closure during 399 

evaporative drying of both wood and paper fibres from water leads to very low porosities (<0.002 400 

cm3 g-1) and surface areas (1 m2 g-1), but when water is exchanged to pentane via methanol and the 401 

fibres were dried evaporatively, the values of two different fibres, wood and paper, differed to a very 402 

large degree as a result: the porosity and surface area of the paper fibres (0.4 cm3 g-1, 230 m2 g-1) 403 

were 50 to 70 times higher than those of the wood fibres (0.006 cm3 g-1, 5 m2 g-1). (Stone & Scallan 404 

1965) These disparate values highlight the dramatic impact the high surface tension of water as a 405 

drying solvent has on cellulose pore collapse during drying, and evidence the space filling effect the 406 

non-cellulose components in wood have on the overall structure and porosity. These differences in 407 

surface area and mesoporosity suggest distinct nanoscale organizations, which we probed by SAXS. 408 

 409 

BET and BJH 410 

The specific surface area (SSA), pore size distribution and pore volume of the cellulose beads 411 

prepared in this study were determined by nitrogen adsorption-desorption analysis via the BET 412 

(Brunauer-Emmett-Teller) and BJH (Barrett-Joyner-Halenda) methods. The adsorption and 413 

desorption isotherms and the pore volume analysis of the aerogel and cryogel beads are shown in 414 

Figure 4. The isotherm data for the practically non-porous xerogel beads is not shown due to 415 

extremely low SSA value (0.036 m2 g-1), while all of the other three types of beads exhibit type II 416 

adsorption-desorption isotherms with type H3 hysteresis loops according to IUPAC classifications 417 

(Thommes et al. 2015), characteristic of an adsorbent comprised of both meso- and macropores. The 418 

isotherm type for the H2O-cryogel beads is difficult to discern from the graph due to very low 419 

adsorption quantity. However, when viewn separately, the isotherm shape is similar to the other two 420 

shown (type II). A gently curving inflection point B is visible in the isotherm of the aerogel beads 421 

(red isotherm) at a value of 0.02-0.03 p/p°, corresponding to a significant overlap in monolayer 422 

completion and onset of multilayer adsorption. 423 

 424 

 425 

Fig. 4 a) BET adsorption (solid right facing arrow heads) and desorption isotherm data (open left 426 

facing arrow heads) for the aerogel and cryogel beads. Xerogel beads (not pictures) were shown to 427 

be practically non-porous. Aerogel and cryogels exhibit type II isotherms with H3 hysteresis loops. 428 
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(Thommes et al. 2015) b) BJH pore volume analysis of the adsorption and desorption isotherm of 429 

aerogel and cryogel beads. An adsorption average mean mesopore diameter of 17.5 nm for the 430 

aerogel and 15.2 nm for the tBuOH-cryogel is calculated from the isotherm data. The pore diameter 431 

with the largest contribution to the total mesopore volume is indicated by the peak maximum and is 432 

found at ca. 21 nm for both aerogel and tBuOH-cryogel. H2O-cryogel has an adsorption average 433 

mesopore diameter of 9.1 nm but does not exhibit a clear peak maximum. 434 

 435 

Values of specific surface area (SSA), mesopore volume and average mesopore diameter measured 436 

from the adsorption branch of the nitrogen isotherm data of the various cellulose beads are shown 437 

in Table 2. The disparity in surface area between the different cellulose beads is very pronounced: 438 

the aerogel beads with a SSA of 450 m2 g-1 having roughly four times the surface area of the tBuOH-439 

cryogel beads (123 m2 g-1) and 16 times that of the H2O-cryogels beads (29 m2 g-1). The SSA of the 440 

xerogel beads at a value of 0.04 m2 g-1 is more than 700 times smaller than even the H2O-cryogels 441 

beads, which makes the xerogel beads essentially non-porous in this context. Comparison of typical 442 

SSA ranges for regenerated cellulose after different drying routes (Table 1, literature ranges) and 443 

values for this work demonstrates: i) aerogels (supercritical CO2): 130-630 m2 g−1 (typical 250-450), 444 

this work: 450 m2 g−1; ii) cryogels (tBuOH freeze-drying): 150-400 m2 g−1, this work: 123 m2 g−1; 445 

iii) cryogels (H2O freeze-drying): 25-142 m2 g−1, this work: 29 m2 g−1; 4) xerogels (ambient 446 

evaporation): ~0-1 m2 g−1, this work: 0.04 m2 g−1. In comparison to materials prepared in other 447 

studies, the SSA of the aerogel beads represent a high-average value for supercritically dried 448 

cellulose, while the SSA of the tBuOH-cryogel beads represents a low-average value for tBuOH-449 

freeze-dried materials. One must note that SSA depends strongly on polymer concentration in the 450 

dope, regeneration and solvent exchange protocols, and drying history. For further comparison, the 451 

SSA of a MD simulated 24-chain cellulose microfibril is 870 m2 g-1, while that of a bundle composed 452 

of four microfibrils is somewhat lower at 520-630 m2 g-1 (dynamic).(Paajanen et al. 2019) 453 

Similarly to the surface area, the pore volume data highligths the relative difference in the surface 454 

texture of the different dry beads. While the total mesopore volume of the aerogel (1.98 cm3 g-1) is 455 

much larger than the cryogels (0.45 cm3 g-1 for tBuOH-cryogel and 0.06 cm3 g-1 for H2O-cryogel), 456 

both the aerogel and tBuOH-cryogel have a broad distribution of mesopores between 4 and 50 nm, 457 

with an adsorption average mesopore diameter at 17.5 nm and 15.2 nm respectively. Also, the pore 458 

diameter with the largest contribution to total mesopore volume is indicated by the peak maximum, 459 

which is ca. 21 nm for both aerogel and tBuOH-cryogel. While the adsorption isotherm of the H2O-460 

cryogel gives an adsorption average mesopore diameter of 9.1 nm, the distribution of the mesopores 461 

does not indicate a single peak maximum. However, it should be noted that the BJH method is only 462 

capable of effectively determining the nano- and mesoporosity of a sample matrix (<200 nm pore 463 

size, here shown between 2 and 80 nm), which leaves a major and often the largest contributor to 464 

cellulose aerogel porosity and pore volume, the macropores, outside of many considerations. 465 

(Robitzer et al. 2011) 466 

 467 

Table 2.  BET specific surface area (SSA) and BJH mesopore volume (MV) for the various 

types of cellulose beads. Peak mesopore diameter (PMD) refers to BJH adsorption branch. 

Sample SSA, m²/g MV, cm3/g PMD, nm 

Aerogel 450 1.98 21 

tBuOH-Cryogel 123 0.45 21 

H2O-Cryogel 29 0.06 - 

Xerogel 0.036 - - 
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Effect of drying on cellulose pore morphology, regeneration-derived 468 

spherical substructures  469 

To better understand how the hydrogel’s demixing-derived mesostructure survives drying, we 470 

examined regeneration-derived spherical substructures across beads and linked them to SAXS 471 

features. Even though nucleation-based phase separation mechanisms should generally become 472 

dominant only in very polymer-rich or polymer-poor systems undergoing slow compositional 473 

changes, in some instances cellulose regenerating via presumably fast spinodal decomposition 474 

assembles itself in the shape of roughly spherical substructures, such as was the case with antisolvent 475 

induced regeneration from molten NMMO·H2O, (Gavillon & Budtova 2008) [emim][OAc], 476 

(Sescousse et al. 2011) or [emim][OAc]/DMSO (Pircher et al. 2016). While these substructures have 477 

been previously attributed to spinodal decomposition, (Gavillon & Budtova 2008) similar structures 478 

were formed from the same [emim][OAc]/DMSO system also upon cooling, solidifying or just 479 

standing, which would imply either an inherently unstable system, significantly reduced demixing 480 

rate or a phase separation mechanism based on a slower nucleation derived process.  481 

At certain places within the dry beads prepared in this study, spherical cellulose morphology can be 482 

observed (Figure 5). This morphology is most apparent in the aerogel, but similar structures are also 483 

observed in the tBuOH-cryogel and xerogel materials, while they seem to be absent in the H2O-484 

cryogel. Found in groups, in the aerogel these 500-700 nm structures (average diameter 570 nm) 485 

resemble a jumble of stacked spheres and their surface appears pilose. In comparison, in the tBuOH-486 

cryogel the analogue structures, slightly smaller at 400-600 nm (average diameter 530 nm), resemble 487 

a more node-like assemblage of spheres connected by struts and their surface appears distinctly more 488 

prickly, i.e. roughened fibrillar protrusions of ~35-60 nm. Even though the corresponding spherical 489 

structures are not easily observed on the xerogel cross-section due to surface polishing taking place 490 

during dissection, groups of smooth 20-30 nm diameter (average 27 nm) spheres can be found on 491 

the inside walls of some of the very few larger porous defects present in the otherwise dense and 492 

non-porous matrix. In other words, we interpret the ∼0.5-0.7 µm clustered spherical domains in 493 

aerogels as preserved blobs arising during liquid-liquid demixing (spinodal-like) during antisolvent 494 

ingress in [DBNH][OAc]/DMSO systems, consistent with [Sescousse et al. 2011; Gavillon & 495 

Budtova 2008; Pircher et al. 2016]. While our data does not support the slower nucleation-and-496 

growth -derived mechanism in SBIL/OES systems, we propose it may contribute depending on local 497 

composition, kinetics, and type of regeneration (antisolvent vs thermal). 498 

During drying, the relatively unfused cellulose structures (such as fibril ends) found in the hydrogel 499 

are forced together into larger bundles and a more condensed form by a range of processes such as 500 

capillary forces and formation of solvent crystals. The SEM micrographs succeed in illustrating the 501 

varying degree of such structural alteration imparted on the cellulose framework depending on the 502 

drying method. The degree can be observed to increase in the order aerogel → tBuOH-cryogel → 503 

H2O-cryogel → xerogel. In particular, the transformation of the pilose spherical substructures found 504 

in aerogel, first into the prickly nodes in tBuOH-cryogel and finally into tightly fused flat pore walls 505 

in H2O-cryogel, clearly demonstrates the increasing degree of consolidation taking place during the 506 

freeze-drying methods. For example, the fibril ends making up the pilose rough surface of the 507 

aerogel substructures are on average 35 nm in diameter, whereas the analogue fibrils in the tBuOH-508 

cryogel are already 60 nm in diameter and no comparative structures can be found in the H2O-509 

cryogel. This trend of increasing consolidation is taken to its natural extreme by the xerogel material, 510 

being composed solely of a dense, non-porous mass of cellulose with no apparent signs of the 511 

formerly porous matrix.  512 

For comparison, the calculated cross-sectional area of a single cellulose chain is 0.32 nm2 (Zhao et 513 

al. 2013) and the measured average diameter of the chain is 0.6 nm (0.40.83 nm) (Song et al. 2020). 514 

The diameter of larger cellulose structures such as a cellulose I microfibril in higher plants is in the 515 

order of 3-4 nm, depending somewhat on the biological source and function. The exact number of 516 

cellulose chains in the microfibril is not exactly known, but a model containing either 18 or 24 517 

cellulose chains per fibril seems to best fit available data.(Fernandes et al. 2011, Paajanen et al. 518 

2019, Allen et al. 2021) However, these microfibrils often aggregate together into larger bundles 519 

sometimes up to 50 nm wide,(Song et al. 2020) whereas very narrow microfibrils down to 1 nm can 520 

also be found, when the biological function of the fibril is not to provide strength and rigidity, such 521 

as in fruit tissue.(Niimura et al. 2010) Therefore, a common range of diameter of 3-4 nm for 522 

individual fibrils to few tens of nm for fibril bundles can be expected for cellulose I sourced from 523 
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higher plants. In general, lower plants, bacteria, and tunicates biosynthesize considerably thicker 524 

microfibrils in the range of 10-50 nm.(Niimura et al. 2010)  525 

 526 

Fig. 5 SEM micrographs of the cross sections of the four types of beads. Inset in the top corner of 527 

each micrograph depicts the prevailing shape of the cellulose matrix observed (in case of xerogel 528 

inset a). Roughly spherical substructures can be found in the aerogel, tBuOH-cryogel and xerogel, 529 

while no clear indication of such structures can be found in H2O-cryogel.  Xerogel inset b depicts a 530 

zoomed-in portion of the micrograph, with visible microstructure inside the porous defect in the 531 

otherwise non-porous matrix. Note the different scale in xerogel. 532 

 533 

The formation of the spherical cellulose substructures within regenerating solutions seems to require 534 

a certain level of cellulose mobility, as none have been observed to form in already solidified 535 

(NMMO·H2O) or gelled (NaOH) mixtures. In the case of these solidified and gelled mixtures, 536 

cellulose movement has been restricted by either a partial (NMMO·H2O) (Gavillon & Budtova 537 

2008) or full phase separation (NaOH) (Demilecamps et al. 2014). This confinement into a separate 538 

and much less voluminous phase necessitates that the cellulose chains adopt a much more spatially 539 

compact packing, which results in a partly pre-determined matrix structure for cellulose even before 540 

the terminal regeneration by antisolvent. However, when a single-step phase separation occurs in a 541 

true cellulose solution, the spatially even but random distribution of cellulose chains enables the 542 

formation of “random” low-density spheres. However, mobility is not the only factor controlling the 543 

formation of these spheres, as most alkali hydroxide solutions of cellulose do not form them even 544 

when the mixture is not allowed to gel before regeneration (Budtova 2019). 545 

 546 
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Small-angle X-ray scattering, SAXS 547 

Small Angle X-ray Scattering (SAXS) was used to study the nanoscale organization and interfacial 548 

morphology of crystalline and amorphous cellulose in the beads after different drying routes.  549 

A study on cellulose regeneration (Nishiyama et al. 2019) from both [DBNH][OAc] and 550 

NMMO·H2O dopes by in situ monitoring via simultaneous scanning SAXS-WAXS instrument 551 

provides a glimpse on how the different characteristics of these two solvents (outlined in section 552 

Regeneration of cellulose) manifest as distinct nano-scale structures during regeneration in bulk 553 

objects. Before any antisolvent (H2O) has been added, NMMO·H2O/cellulose dope scattering 554 

intensity in SAXS follows a power law exponent -3 at q ≤ 0.008 Å-1, which implies that a certain 555 

level of inhomogeneity already existed in the dope even before regeneration. This inhomogeneity 556 

could arise from possible presence of microcavities in the dope or from crystalline domains observed 557 

in the WAXS range. During regeneration these crystalline domains recede at roughly 5 % H2O while 558 

diffraction peaks (d-spacings 4.5 Å and 4.2 Å) resembling cellulose II (110 = 4.4 Å and 020 = 4.0 559 

Å) emerge starting at 10-15 % H2O. This is later followed by the emergence of diffraction peak at 560 

1.4 Å-1 alongside SAXS characteristic of cellulose nanofibrils clearly separate from the solvent 561 

(power law for scattering between q = 0.1-0.2 Å-1 is almost -4). In a range q = 0.01 - 0.06 Å-1, the 562 

scattering follows a -2 power law, which together with high directionality of the crystallization 563 

indicated the presence of flat structures. A simulated scattering of a ribbon with dimensions of 200 564 

 40  2 nm resembled the scattering profile of the experimental sample to a very high degree, 565 

especially at q ≤ 0.07 Å-1.(Nishiyama et al. 2019) 566 

On the other hand, unregenerated [DBNH][OAc] dope did not exhibit the same structural 567 

inhomogeneity as the NMMO·H2O and the scattering intensity below q = 0.04 Å-1 followed a power 568 

law exponent of -1. Also differing from NMMO·H2O, regeneration from [DBNH][OAc] resulted in 569 

significant intensity increase below q = 0.1 Å-1, the process beginning with the appearance of a 570 

feature around 0.015 Å-1 (density fluctuation with a ca. 40 nm periodicity) at 5 % H2O. The process 571 

appeared to have finishing at 15 % H2O, as no increase in small angle scattering intensity was 572 

observed after that. It was suggested that these density fluctuations were most likely arising from 573 

phase separation of the system via spinodal decomposition. Also noteworthy was that no noticeable 574 

crystalline peaks appeared in the WAXS range during the whole process, which is in contrast with 575 

previous results of fibre spinning from [DBNH][OAc] dopes, where a crystallinity of between 28-576 

36 % was obtained depending on the draw ratio. (Sixta et al. 2015, Hauru et al. 2016) This implies 577 

that the cellulose crystallinity observed in fibres spun from [DBNH][OAc] can be mostly attributed 578 

to the draw-induced shear in the air gap, instead of it being an inherent outcome of regeneration. 579 

Additionally, some crystallinity of the end product likely arises from cellulose reorganisation during 580 

the washing and possible drying processes, which were not observable in the Nishiyama et al. study  581 

as the sample was not washed or dried during the measurement.(Nishiyama et al. 2019) 582 

Plappert et al. (Plappert et al. 2018) prepared large scale cellulose objects by placing hot 583 

cellulose/[TMGH][OAc] dope inside EtOH-soaked cylindrical moulds and regenerating the contents 584 

in place via further addition of EtOH. The resulting material was studied using SAXS and it was 585 

found that the nanofibrous cellulose matrix had a cross-sectional Guinier radius (Rg) of 2.5 nm in 586 

the interior of the object, while a slightly larger 3.0 nm was observed in the 1 mm outer skin (cylinder 587 

radius 22 mm). This larger value in the skin was attributed to rapid initial cellulose coagulation 588 

around the mould edges during immersion. 589 

During drying, SAXS analysis revealed markedly different structural evolution pathways for 590 

cellulose hydrogels and alcogels. Hydrogel beads underwent a three-stage evolution, whereas 591 

alcogel beads exhibited only gradual changes between the initial and final states. Guinier–Porod 592 

analysis identified two characteristic scattering features (Rg1 ≈ 0.5–1.2 nm and Rg2 ≈ 2.2–14.5 nm), 593 

corresponding approximately to cellulose monomers and their elongated aggregates. The initial 594 

nanostructure of both materials consisted of a lamellar-like network of cellulose chains containing 595 

these aggregates. During hydrogel drying, this network underwent slight initial consolidation, rapid 596 

transformation into spherical aggregates, and subsequent formation of rod-like structures within 597 

larger aggregates, whereas the size and morphology of the scattering features remained largely 598 

unchanged in alcogels. These results demonstrate that drying induced consolidation is accompanied 599 

by extensive nanostructural reorganization in hydrogels but only minor structural changes in 600 

alcogels (Li et al. 2020). 601 



19 

Our results do not contradict to the previously published observations and correspond to the fully 602 

dried cellulose particles. All dried samples showed power-law regimes in the SAXS profiles, with 603 

Porod exponents reflecting interfacial roughness and consolidation, see Figure 6. Aerogels exhibited 604 

PE ≈ 3.5-3.8 in the range 0.01 < q/Å−1 < 0.2, indicative of relatively rough interfaces consistent with 605 

an open, fibrillar mesoporous network. The tBuOH cryogels showed intermediate behavior (PE ≈ 606 

3.7-3.9 over similar q), while H2O cryogels approached a near-Porod regime (PE ≈ 3.9-4.0), 607 

consistent with smoother, more coalesced interfaces and thicker pore walls. Xerogels displayed a 608 

diminished small-angle intensity and an extended q−4 regime (PE ≈ 3.9-4.0), in agreement with their 609 

dense, essentially non-porous character from gas sorption. 610 

Subtle slope changes were detected near q ≈ 0.021 Å-1 and q ≈ 0.010 Å-1, corresponding to real-611 

space length scales d ≈ 2π/q ≈ 30 nm and ≈ 63 nm, respectively, see Figure 6. Features at ~30 nm 612 

were evident in aerogels and tBuOH cryogels and persisted, albeit modified, in xerogels. A roughly 613 

similar sized feature is possibly also present in the never-dried and freeze-dried tBuOH-cryogel 614 

beads.  However, whether this feature is of same origin in the three bead types is questionable, as 615 

the air-dried beads have undergone severe dimensional shrinkage and reordering of cellulose chains 616 

in comparison to the never-dried and freeze-dried tBuOH beads. In contrast, the H2O cryogel 617 

emphasized the ~63 nm scale. We attribute these to characteristic periodicities of consolidated 618 

domains and/or inter-domain spacings that emerge during drying-induced coalescence. The shift 619 

toward larger characteristic length (~63 nm) in H2O cryogels is consistent with ice templating and 620 

extensive matrix reorganization during freezing, whereas supercritical drying preserves smaller 621 

length scales formed during antisolvent demixing. The ambient-dried xerogel beads show a certain 622 

level of anisotropy, whereas the other beads are generally isotropic. Note the shift of the inflection 623 

point in the slopes from shorter to longer dimension when going from aerogel, to tBuOH-cryogel, 624 

to cryogel. This indicates an increase in the dimension of some characteristic scattering feature, 625 

when the beads are dried using a drying method causing increased consolidation of the cellulose 626 

matrix.  627 

These trends align with prior SAXS observations in cellulose systems. During regeneration from 628 

[DBNH][OAc], in situ SAXS has revealed growth of low-q intensity and ~tens-of-nanometers 629 

density fluctuations consistent with spinodal-like demixing, whereas NMMO·H2O dopes show 630 

distinct behavior and early crystalline ordering without draw (Nishiyama et al. 2019). Nishiyama et 631 

al. observed marked low-q intensity increases and emergence of ~40 nm density fluctuations during 632 

regeneration from [DBNH][OAc], consistent with spinodal-like phase separation. In 633 

[TMGH][OAc]-derived aerogels, nanofibrillar radii (Rg ≈ 2.5-3.0 nm) are preserved (Plappert et al. 634 

2018), supporting the view that benign drying routes maintain fine features. Our aerogel data 635 

similarly show elevated low-q intensity with intermediate PE values, while the H2O cryogel and 636 

xerogel approach q−4 behavior as interfaces smooth under consolidation. 637 

The special value of Figure 6 is the direct, side-by-side comparison of SAXS across identical 638 

precursor hydrogels subjected to four drying routes in an SBIL/OES system. By quantifying both 639 

Porod regimes and characteristic length scales (~30 and ~63 nm), these data connect macroscopic 640 

drying histories to nanoscale interfacial morphology, complementing SEM and gas sorption and 641 

providing a basis for choosing drying conditions to target specific mesostructures. 642 
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 643 

Fig. 6 Small angle X-ray scattering (SAXS) diffractogram of the different types of beads: hydrogel, 644 

aerogel, tBuOH-cryogel, H2O-cryogel and xerogel beads. Solid lines show linear fits in log-log 645 

representation, yielding Porod exponents (PE) from I(q) ~ q(-PE); rounded -PE values are indicated. 646 

The two vertical dashed lines mark q ≈ 0.010 and 0.021 Å⁻¹, corresponding to real‑space length 647 

scales d ≈ 63 and 30 nm (d = 2π/q), where changes in slope appear. Aerogel and tBuOH cryogel 648 

emphasize ~30 nm features, whereas H2O cryogel emphasizes ~63 nm, consistent with increased 649 

consolidation and ice-templated reorganization. Xerogel exhibits reduced low-q intensity and 650 

extended q−4 behavior, in agreement with its dense, near non-porous structure.  651 

 652 

Compression testing, DMA 653 

Deformation of a porous cellular polymer network under compressive stress can usually be divided 654 

into three types: elastic bending, elastic buckling and plastic collapse. (Gibson & Ashby 1982) At 655 

low strain values stress-strain correlation is linear and the material compresses elastically, which is 656 

represented by the materials Young’s modulus. Initially the cell walls buckle elastically but under 657 

increasing strain the deformation inevitably turns plastic. At intermediate strain values the yield 658 

point is reached, after which the linear behaviour ends and buckling of cell walls takes over. This 659 

portion of the curve following the yield point is often called the stress plateau, where very minor 660 

increases in stress lead to major increases in strain. Finally at high strain values opposite walls of 661 

collapsed pores start to touch and wall material starts to compress: the stress plateau transforming 662 

into a steepening stress-strain curve. Resilience is a term used to describe the ability of a material to 663 

absorb and release applied energy elastically, pertaining to the applied stress and induced strain 664 

before the yield point. Toughness is also a term used to describe a materials ability to absorb and 665 

release applied energy, but in contrast to resilience, it encompasses the plastic deformation and 666 

therefore is a measure of a materials total ability to absorb energy via deformation. However, in 667 

some cases no appreciable yield point can be detected, implying that the material does not exhibit 668 

elastic deformation. 669 
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While the above-mentioned scenario describes the ideal case, correspondingly similar behaviour are 670 

also observed in practise during compression testing of cellulose materials. For example when 671 

aerogels, derived from antisolvent regenerated dopes of cotton linters dissolved in either 672 

TBAF/DMSO or Ca(SCN)2·8H2O/LiCl, were subjected to compression testing, an initial elastic 673 

bending at low values of compressive stress was observed. (Pircher et al. 2016) This was followed 674 

by a notable plateau region in the stress/strain curve (increased strain under very little additional 675 

stress) originating from elastic cell buckling in a range from 15 to 40 % strain. Eventually the plateau 676 

steepened when plastic collapse became dominant. On the other hand, similar aerogels from 677 

NMMO·H2O or [emim][OAc] dopes showed very little or no sign of cell buckling, transitioning 678 

gently from elastic bending to plastic collapse over a wide range in stress. The specific modulus of 679 

the samples ranged from 76 MPa cm3 g-1 for TBAF/DMSO (3 wt-% cellulose) to 68 MPa cm3 g-1 680 

for NMMO·H2O (3 wt-%) and Ca(SCN)2·8H2O/LiCl (2 wt-%) to 20 MPa cm3 g-1 for [emim][OAc], 681 

with the TBAF/DMSO sample being notably rigid and brittle and the [emim][OAc] sample being 682 

very ductile. 683 

The density of a cellulose matrix has a straightforward positive correlation with the degree of 684 

resilience expressed by the materials, such as NFC foams and aerogels. (Sehaqui et al. 2010, Sehaqui 685 

et al. 2011) An increase in density from 7 mg/cm3 to 103 mg/cm3 (foam) and from 14 mg/cm3 to 105 686 

mg/cm3 (aerogel) yielded a significant increase in Young’s modulus (56 kPa to 5310 kPa for foam, 687 

35 kPa to 2800 kPa for aerogel) and yield stress (8 kPa to 516 kPa for foam, 3 kPa to 238 kPa for 688 

aerogel) under compressive testing. A similar relationship was observed in aerogels derived from 689 

[emim][OAc]-cellulose dope regenerated in H2O (Sescousse et al. 2011) and [TMGH][OAc]-690 

cellulose dope regenerated in EtOH (Plappert et al. 2018), where under uniaxial compression the 691 

Young’s modulus (E), density-normalized specific modulus and plateau stress of the aerogels were 692 

shown to increase significantly with density. (Plappert et al. 2018) The [TMGH][OAc]-dope derived 693 

aerogels were able to deform elastically up to a yield point of between 6.8 % to 12.3 % strain (in-694 

solution cellulose concentrations of 5 wt-% and 1 wt-% and densities of 80 mg/cm3 and 15 mg/cm3 695 

respectively) and a maximum in resilience was reached at 13.44 mJ/cm3, corresponding to 206.7 696 

mJ/g in the 4 wt-% 65 mg/cm3 aerogel. Furthermore, no buckling or change in the diameter of the 697 

sample cylinder under compressive strain was observed in the [emim][OAc]-dope derived aerogels, 698 

demonstrating that the aerogels Poisson’s ratio was zero. This is perhaps not surprising as many 699 

low-density cellulose II aerogels are irreversibly compressible without breakage up to 80 % strain, 700 

which usually marks the final upturn in the stress-strain curve. (Budtova 2019) 701 

The response of the various cellulose beads to uniaxial compression was measured on a universal 702 

testing machine up to a load of 60 N. All the measurements were done in triplicate and as such the 703 

solid lines represent an average polynomial fit for three beads of each type, individual measurement 704 

points shown as light-coloured dots (Figure 7). The xerogel beads differ considerably in their 705 

toughness in comparison to the other bead types. As can be seen from Figure 7, a compressive stress 706 

of ca. 1000 kPa is recuired to achieve 50 % strain for the two cryogel and hydrogel beads, whereas 707 

a stress of 80 000 kPa is required to achieve similar strain in the xerogel beads. The two different 708 

cryogel and the hydrogel have a largely identical response to compression: very low resilience or 709 

toughness below 60 % strain and a steepening response to stress only at high strain values (> 85 %), 710 

at which point the beads have already been compacted to a very high degree. Hence, the stress 711 

response in these cryogel and hydrogel beads most likely arises from compression of the cell wall 712 

material itself when the majority of pores have totally collapsed, and the cell walls start to touch 713 

each other. The xerogel beads differ from all the other samples in their initial resistance to 714 

deformation, with ca. 20 000 kPa required to achieve a 10 % strain. Between 10 and 20 % strain a 715 

knee can be observed in the stress-strain curve, which is most likely a result of cracking of the beads 716 

due to increasing stress. The knee likely indicates crack initiation, which is consistent with dense 717 

xerogel microstructure. The fact that it takes place at exactly the same value for all the three 718 

individual xerogel beads rules out the possibility of a fluke material defect such as an air bubble. 719 

The yield strength of nanocelluloses has been shown to be highly dependent on the moisture content, 720 

where small amounts of H2O provide beneficial effects on the interfacial strength,(Hou et al. 2021) 721 

but further increases to moisture content leads to decreases in both modulus and yield 722 

strength.(Sinko & Keten 2014, Yang et al. 2021) The small molecule mobile H2O helps in countering 723 

the imperfect fitting between two cellulose crystal lattices by providing broader and more 724 

comprehensive contact between the cellulose fibrils, but at higher quantities the growing H2O layer 725 

lubricating the cellulose interfibril surfaces reduces friction and prevents proper load transfer 726 

between the two.(Hou et al. 2021) The moisture content of the various dry beads in these 727 

measurements is estimated at ca. 5 wt-%, whereas the moisture content of the hydrogel is in large 728 

excess at 92 wt-%. (Leskinen et al. 2024b) 729 
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 730 

 731 

Fig. 7 Percentile deformation (strain) of the different cellulose beads under compressive stress. Each 732 

stress/strain polynomial curve fit is composed of the average of three beads, each compressed 733 

individually. The compressive stress experienced by the xerogel material is presented on the left y-734 

axis (pink), while that experienced by the other bead materials is presented on the right y-axis (blue). 735 

 736 

Conclusions 737 

This work demonstrates, for the first time, a systematic comparison of four drying routes applied to 738 

identical cellulose beads regenerated from a [DBNH][OAc]/DMSO organic electrolyte solution into 739 

water. We show that drying controls mesoporosity and interfacial morphology of the cellulose beads 740 

starting from identical hydrogels, ambient drying, freeze-drying from H2O or tBuOH, and 741 

supercritical CO2 drying yielded xerogels, cryogels, and aerogels with markedly different porosities 742 

and interfacial morphologies. Aerogels exhibited high mesoporosity (SSA 450 m2 g-1, mesopore 743 

volume 1.98 cm3 g-1), tBuOH cryogels showed intermediate porosity (123 m2 g-1, 0.45 cm3 g-1), and 744 

H2O cryogels were less porous (29 m2 g-1, 0.06 cm3 g-1), whereas xerogels were essentially non-745 

porous (0.04 m2 g-1) and visually transparent. SEM revealed regeneration-derived spherical 0.5-0.7 746 

µm substructures in aerogels that progressively consolidated in cryogels and disappeared in 747 

xerogels. SAXS identified characteristic length scales near ~30 and ~63 nm and Porod regimes that 748 

transitioned from rougher interfaces (aerogels, PE ≈ 3.5-3.8) to smoother, near-Porod interfaces 749 

(H2O cryogels/xerogels, PE ≈ 3.9-4.0), directly linking drying severity to nanoscale consolidation. 750 

These findings confirm our hypothesis that drying routes minimizing capillary forces and ice 751 

templating best preserve regeneration-formed mesostructure in SBIL/OES-derived cellulose. The 752 

combined SEM-BET-SAXS evidence provides actionable and practical guidance for selecting 753 

drying protocols to tailor pore architecture for adsorption and related applications. Future work 754 

should employ in situ SAXS during drying to track dynamic evolution of the ~10-100 nm features 755 

and explore how dope concentration and antisolvent exchange kinetics modulate the preserved 756 

length scales. 757 
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