Surface properties and porosity of highly porous, nanostructured cellulose II particles
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Experimental
TENCEL®[footnoteRef:1] gel was provided as purified suspension in water by Lenzing AG (solid content of approx. 4%) and was stored at 8°C. tBuOH (p.a.) was obtained from Carl Roth, and absolute EtOH (denaturated, ≥98%) was purchased from Sigma-Aldrich.  [1:  TENCEL® is a registered trademark of Lenzing AG.] 


Materials and Methods
Solvent-exchange and freeze-drying of TENCEL® gel (FD / tBuOH)
TENCEL® gel (4 wt%) was concentrated by centrifugation at 4000 RCF for 5min. The supernatant was removed and a 10-fold volume of tBuOH was added. The mixture was shaken overnight at room temperature. This procedure was repeated once. The lyogel was stored at 30°C to prevent freezing of tBuOH and was added dropwise into liquid N2. The frozen gel was transferred into the lyophilizer (Christ Beta 1-8 LDplus, T = ‑56°C, p = 0.01 mbar) and freeze-dried for 3 days.
Solvent-exchange and supercritical drying of TENCEL® gel (scCO2 / EtOH)
A similar procedure as described above was applied for the solvent-exchange to EtOH with the difference than in case of EtOH the procedure was repeated twice. The resulting alcogel was concentrated by centrifugation (5 min at 4000 RCF) and transferred into a small filter bag (Melitta® Filtertüten Original, 1x2). The upper site of the bag was closed with a stapler and placed into a 300 mL autoclave equipped with a separator for CO2 recycling (SF-1, Separex, France). A constant flow of supercritical CO2 (40 g/min) at 10 MPa and 40°C was applied and after 2.5 h, the system was depressurized at a rate of <0.1 MPa/min.

Nitrogen sorption experiments
Nitrogen sorption measurements were performed at 77 K on Micromeritics ASAP 2020 and TriStar II 3020 instruments. The surface area was calculated according to Brunauer, Emmett and Teller (BET) theory, and the pore size distribution according to Barrett, Joyner and Halenda (BJH), applied on adsorption and desorption branches of the BET isotherm. The samples were degassed under vacuum at 60°C overnight.

Thermoporosimetry
Thermoporosimetry which is based on the Gibbs–Thomson equation (Thomson 1871; Gibbs 1928) and quantifies the shift of melting points of a liquid confined within a porous structure was applied to determine the pore size distribution. Crystallization curves of o-xylene resembling the probe liquid filing the samples pores were recorded by DSC measurements. About 50 mg of respective dried powdery cellulose sample was placed in an aluminum DSC pan and o-xylene was added in excess. A Mettler-Toledo DSC 823e apparatus equipped with and intracooler was then used to record the thermograms (see Figure S3 and S4). Following temperature program was applied:
1. Cooling for 25 °C to -85 °C at 1 K min-1 followed by a isothermal step for 5 minutes at -85 °C
2. Heating from -85 °C to -25.5 °C at 1 K min-1 followed by a isothermal step for 10 minutes at -25.5 °C
3. Cooling for -25.5 °C to -85 °C at 1 K min-1
[bookmark: _GoBack]The first cooling cycle presenting super cooling is used to crystalize the entire o-xylene. The heating to -25.5 °C afterwards melts the solvent confined in the pores while the bulk solvent remains solid. The second cooling cycle yields crystallization at depressed temperatures for the confined solvent and was used to calculate the pore size distribution. O-xylene as probe solvent was chosen due to its good calibration over a wide range of pore sizes by employing both mesoporous and macroporous silica gels by Dessources et al.(Dessources et al. 2012). The subsequent equation describing the relationship between pore radius, thickness of solvent layer remaining adsorbed on the surface of pores and temperature shift caused by confinement was applied (Billamboz et al. 2004; Dessources et al. 2012).
, with t = 1.4919 nm (thickness of solvent layer remaining adsorbed on the surface of the pores) and c = 0.03706 °C-1.
The mean pore diameter (DPore) was calculated from the pore range of 0 to 200 nm using OriginPro 9. 

Inverse gas chromatography
All analyses were carried out on an iGC Surface Energy Analyzer (Surface Measurement Systems Ltd, UK). The data were analyzed using the advanced SEA Analysis Software. 
The samples (about 5 mg) were packed into individual iGC silanized glass columns, and run at a series of surface coverage with alkanes and polar probe molecules to determine the dispersive surface energy () as well as the acid-base free energy of adsorption (). The sample column was pre-conditioned for 2 hour at 30 °C and 0% RH with 10 ml/min helium carrier gas. The experiment was conducted at 30 °C at a 10 ml/min total flow rate of helium and methane was used to determine the dead volume of the system. 

The dispersive surface energy () analysis was performed by measuring the net retention volume VN (measured retention volume minus dead volume) for a series of alkane eluents (in this case: hexane, heptane, octane and nonane). The Dorris and Gray method was applied during the analysis: a plot of RTln(VN) versus the alkane carbon number at a certain surface coverage produces a linear correlation. The dispersive component of the solid sample can be determined from the slope of the line according to the following equation:

,


where  is the dispersive component of the solid surface energy, is the cross sectional area of a methylene group and NA is Avogadro constant.






The specific contribution to the total surface energy () was obtained by first measuring the specific free energies of desorption for different polar probe molecules, ΔGSP. These values were determined by measuring the retention volume of polar probe molecules (acetone, chloroform, ethyl acetate, toluene and dichloromethane) on the samples. Polar probe points are located above the alkane straight line in the RTln(VN) versus PD plot. The vertical distance to the straight line is equal to the specific component of the free energy of desorption, ΔGSP. From the ΔGSP values based on the van Oss approach, the specific surface energy () of the samples were calculated. The specific contribution is subdivided into an acid  and a base  parameter of the surface energy. In this approach, the Della Volpe scale was employed, with a pair of mono-functional acidic and basic probe molecules (dichloromethane,  = 124.58 mJ/m2 and ethyl acetate,  = 475.67 mJ/m2). The surface chemistry of the samples was assessed using the Gutmann acid (KA) and base (KB) numbers, determined based on the Gutmann approach using the following polar probes: dichloromethane, ethyl acetate, acetone, chloroform. KA and KB values of the samples were calculated using the ΔGSP values of polar probes at that particular surface coverage. 






In order to represent the heterogeneity of the samples in a more illustrative manner, the surface energy distributions are obtained by a point-by-point integration of the surface energy profiles, resulting in plots of,  and  surface energy versus percentage of surface (area increment), as shown in Figures 2 and 3. The medians,  and  are defined as the surface energy where half of the population lies below this value. 
The total work of cohesion was determined according to geometric mean method using the surface energy components of the samples:
WCohesiontotal = 2[(sD * sD)½ + (s+ * s-)½ +(s- * s+)½].

Scanning electron microscopy (SEM) 
The samples were sputtered (Leica EM SCD005 sputter coater) with a gold layer of 8 nm and analyzed on a FEI INSPECT S50 instrument (Hillsboro, Oregon, USA). Micrographs were obtained in high vacuum mode at 30 kV. The particle size distribution was extracted from the SEM micrographs using the software ImageJ(Schneider et al. 2012) by analyzing at least 300 particles of each sample. The particle size histograms of the FD / tBuOH and scCO2 / EtOH samples were fitted with a lognormal fit in OriginPro 9. The respective fits are compared with the particle size distribution of never-dried gel from the literature (Beaumont et al. 2016) in Figure S1.

2. supporting Figures and tables
Table S1: Overview of surface energetics and Gutmann acid and base constants of related cellulose substrates.
	
	
	
	/
mJ∙m-2
	/ mJ∙m-2
	/
mJ∙m-2
	

	FD tBuOH*
	0.16
	0.48
	52.2 (30°C)
	6.94
	59.18
	

	scCO2 EtOH
	0.17
	0.43
	49.6 (30°C)
	6.12
	55.81
	

	TO-CNF§
	
	
	46.2 (40°C)
	
	
	(Gamelas et al. 2015)

	CNF#*
	
	
	51.5 (40°C
	
	
	(Gamelas et al. 2015)

	CNF* 
	0.40
	0.58
	44.3 (30°C)
	
	
	(Peng et al. 2013)

	Cotton
	
	
	44.6 (30°C)
	6.9 (30°C)
	51.6 (30°C)
	(Kondor et al. 2015)

	Lyocell fiber 
	0.31
	0.55
	44.3 (35°C)
	
	
	(Tze et al. 2006)

	BC
	0.11
	0.41
	61.0 (30°C)
	
	
	(Pommet et al. 2008)


CNF = cellulose nanofibrils, TO-CNF = TEMPO-oxidized CNF, BC = bacterial cellulose. #Enzymatically pre-treated CNF. *Freeze-dried samples. §Freeze-dried and milled sample. iGC results from this manuscript are shaded in orange.
[image: ]
Figure S1: Particle size distribution of the dried samples (from SEM micrographs) and the never-dried gel (from laser diffraction size analysis), cf. Beaumont et al. 2016.

[image: ]
Figure S2: Comparison of the micrographs of the aerogels at 20000x magnification showing the porous morphology of the gels.
[image: C:\Users\admin\Documents\PhD\Paper\iGC\TPM\Thermogramm MB TBA FD.tif]
Figure S3: Thermogram of the thermoporosimetry measurement of FD / tBuOH sample.
[image: C:\Users\admin\Documents\PhD\Paper\iGC\TPM\Thermogramm MB TG scCO2.tif]
Figure S4: Thermogram of the thermoporosimetry measurement of scCO2 / EtOH sample.
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