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Summary  

Nanofibrillated cellulose (NFC) is a renewable nanofibrous material of natural origin ob-

tained from cellulose fibers through a water assisted disintegration process, known as fibril-

lation. This material gained interest some decades ago, when its potential application as rhe-

ological modifier and additive in food industry was highlighted. Thereafter, other 

exploitations were foreseen for NFC spanning from packaging materials, to reinforcing 

agent for polymeric composites, from basis for sorbent and insulating materials to substrate 

for lab-on-chip electronics. 

NFC attracted attention as constituent or matrix of porous substrates suitable for a 

wide variety of functional applications. This thesis addresses this field from a trilateral per-

spective: studying the porosity, mastering the porosity and exploiting the porosity to devel-

op functional materials 

First, we critically evaluated common characterization methods for the porosity of dense 

and porous NFC films and foams, such as gas adsoption, mercury intrusion and thermopo-

rometry. We accentuated the impact of the hygroscopicity of cellulose on the results derived 

from such techniques and proposed guidelines of good practice for those techniques.  

Further, we focused on the use of NFC for the preparation of membranes with enhanced 

permeance. We successfully proposed the use of a templating approach to increase the over-

all porosity of the membranes and cope with the problem of their reduced flux and non-

competitive performances with industrial polyolefin-based membranes. The permeance of 

water was increased from a few decades of L/hm2MPa to 300 L/hm2MPa. 

Finally, the wettability of dense and porous NFC substrates functional materials was 

changed based on organochlorosilane chemistry to produce hydrophobic and superhydro-

phobic NFC. In this framework, polysiloxane nanofilaments were grown on NFC by a solu-

tion method, combining together the topographic features they achieve with the roughness 

of NFC. We prepared superhydrophobic liquid-infused self-cleaning surfaces (SLIPS), filters 

for separation of nebulized mixtures of hydrocarbon/water, foams as sorbent material for 

hydrocarbon recovery and powders as separation granulates for hydrocarbon/water biphasic 

feeds. 
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Sommario  

La cellulosa nanofibrillata (NFC) o nanocellulosa è un materiale rinnovabile di origine 

naturale costituito da nanofibre di cellulosa, ottenuto da un processo di disintegrazione noto 

come fibrillazione. 

Da alcuni decenni la nanocellulosa genera interesse nel suo potenziale uso come agente 

in grado di modificare la reologia di un liquido e come additivo nell’industria alimentare. 

Inoltre altre possibilità prevedono l’utilizzo della nanocellulosa in materiali per imballaggio, 

come agente di rinforzo di compositi a matrice polimerica, come base per materiali assorben-

ti e isolanti, e come substrato per elettronica nei cosiddetti lab-on-chip. 

Questa tesi si concentra sull’utilizzo della NFC come costituente o matrice per substrati 

porosi dedicati ad una varietà di applicazioni funzionali, trattando il tema con una prospetti-

va trilaterale: lo studio della porosità, il controllo della porosità ed infine lo sfruttamento del-

la NFC per la preparazione di materiali funzionali. 

Nalla prima parte del lavoro, abbiamo dimostrato l’importanza della corretta caratteriz-

zazione della la porosità di film densi di NFC e di schiume, usando comuni tecniche di poro-

simetria tra cui adsorbimento di gas, intrusione al mercurio e termoporosimetria. Abbiamo 

approfondito l’impatto che l’igroscopicità della cellulosa ha sui risultati ottenuti con queste 

tecniche e proposto delle linee guida per un corretto uso ed interpretazione dei risultati. 

Nella seconda parte ci siamo concentrati sull’uso di NFC per la preparazione di mem-

brane con elevata permeazione. Ho proposto con successo un approccio basato sul cosiddetto 

“template”, per aumentare la porosità complessiva delle membrane e risolvere il problema di 

flussi non competitivi con membrane industriali a base di poliolefine. La permeazione è stata 

aumentata di un ordine di grandezza, da poche decine di L/hm2MPa fino a 300 L/hm2MPa. 

Infine, abbiamo mostrato come cambiando la bagnabilità di substrati di NFC densi e po-

rosi si possano ottenere materiali funzionali, basandosi sulla chimica dei clorosilani per pro-

durre NFC idrofobica e superidrofobica. In questo quadro, sono stati prodotti nanofilamenti 

di polisilossano in soluzione sulla NFC, combinando così la topografia dei polisilossani con 

quella della NFC. Abbiamo preparato superfici superidrofobiche per varie applicazioni, che 

includono superfici autopulenti infuse con idrocarburi (note in letteratura come superfici 

SLIPS o LIS), filtri per la separazione di miscele bifase di idrocarburi/acqua, schiume come 

materiali assorbenti per il recupero di idrocarburi e polveri granulari per la separazione di 

miscele bifase di idrocarburi/acqua.  
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1. Introduction  

1.1 Motivation and structure of the thesis  

Nanofibrillated cellulose (NFC) has gained interest in the last three decades as novel 

multifunctional biodegradable polymeric material1,2. Comprehensive studies have been pub-

lished about its behavior during assembly and drying and its mechanical-, thermal-, physi-

cal- and chemical properties.2–6 Moreover, its use in various fields has been successfully es-

tablished, spanning from additive or filler for the packaging industry,7–10 as reinforcing 

agent for polymer matrices,3,11,12 wood facades protection formulations,13 as rheology modi-

fier13,14 in food and paint15 to buildings insulation16 and filler in cement industry17,18.  

On the other hand, nanofibrillated cellulose can also be employed as building block 

element19 for the fabrication of dense and porous materials; nanopapers, films, foams and 

membranes are product frequently developed based on NFC. Lately, many works addressed 

the potential use of nanofibrillated cellulose as main constituent of porous materials to be 

exploited for environmental remediation.20–25 Further, nanofibrillated cellulose filters for 

solvents26 or waste water streams purification21,27 and sponges for absorption of contami-

nants23 have been developed.  

This thesis deals with porous materials on the basis of nanofibrillated cellulose. Alt-

hough a number of studies on porous NFC has been performed, the basis for the develop-

ment of porous materials, a comprehensive understanding of porosity and its characteriza-

tion in nanocellulose, is still lacking. Therefore, after a section (Chapter 2) on the evaluation 

of the preparation method for nanofibrillated cellulose from different pristine or waste re-

sources, the basic aspects in characterizing NFC porosity are addressed in detail (Chapter 

3). Since common NFC films provide a highly dense material not suitable in filtration opera-

tions (low flux and permeance), a simple solution for increasing the permeance was subse-

quently developed, and its implications in separation of suspended solids and concentration 

of fluids in the food industry are addressed (Chapter 4). Finally, porous superhydrophobic 

NFC was prepared by chemical treatments, with a view to promote the absorption of hydro-

carbons from water and propose products available for environmental remediation and self-

cleaning surfaces (Chapter 5).  
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1.2 State of art  of cellulosic nanomaterials  

Cellulose, n anocelluloses and their preparation 

Cellulose is a polysaccharide consisting of D-anhydrous glucopyranose units (AGU 

units) linked by ��-1,4-glucosidic bonds forming a linear homopolymer (Figure 1-1). The 

annual production of cellulose as biopolymer amounts to 1.5 million tons per year1,28 and it 

is mainly employed in paper and textile industry. It is primarily produced by plants and 

crops and secondarily by bacteria, marine animals, fungi and algae.29 In plants, cellulose 

amounts approximately to half the total components, where also hemicelluloses, lignin, pol-

yoses, wood extractive and inorganic matter are present.  

 

Figure 1-1 Cellulose structure 

 

Cellulose fibers can be found in wood within the secondary cell wall, where they are 

embedded into a lignin matrix. They display a mechanical function essential for the wood 

self-standing ability.30 Three hydroxyl groups per glucose unit distributed along the cellu-

lose chain regulate the macromolecular arrangement throughout the formation of intra- and 

intermolecular hydrogen bonds. Each fiber is composed of subunit named macrofibrils, in 

turn formed of microfibrils. Hydrogen bonding is responsible for the arrangement along the 

fibrils into highly oriented crystalline domains, alternated with disordered amorphous re-

gions.30–32 A schematic depicting the hierarchical structure of plant cellulose fibers and its 

subunits is shown in Figure 1-2.  

 

Figure 1-2 Organization of cellulose within the wood cell wall, macrofibrils and nanofibrillar sub u-
nits.33  
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Nanocelluloses are nanosized materials synthesized by natural cellulose sources, 

such as bacteria, algae and plants, occurring in a fiber-like or whisker-like form and ob-

tained by different extraction processes.34 Typically, nanocellulose has diameters in the na-

nometer range (5 nm -100 nm) and lengths in the nano- or micrometer range. 

When nanocellulose is synthesized by bacteria as product of their primary metabo-

lism, it is named bacterial cellulose (BC). Differences for BCs can be observed by changing 

the culture conditions, such as type of bacteria, carbon source, feed concentration, agitation, 

oxygen rate, pH and temperature. Main peculiarities of BC are chemical purity, high crys-

tallinity index (> 60%) and availability in various degree of polymerization, between 2000 

and 20000.28,35–38 Compared to cellulosic nanofibers of plant origin, BC does not contain ad-

ditional compounds such as hemicelluloses and lignin, normally needed to be removed for 

some applications. However, compared to plant cellulose, BC lacks at present of large scale 

production facilities and has a main disadvantage in a low volumetric yield.38 This results in 

a considerable price earmarking BC mostly for healthcare applications. A typical BC struc-

ture is shown in Figure 1-3a: single elongated spun nanofibers owing high aspect ratio can 

be observed. 

A second type of nanocellulose known as cellulose nanocrystals (CNC) or cellulose 

whiskers is derived from the acidic dissolution of the amorphous regions of cellulose 

fibers.2,38–40 CNCs present a needle-like shape (Figure 1-3b) and consist of rods of crystal-

line cellulose. Most commonly highly concentrated aq. solutions of HCl, H2SO4 or HNO3 

are used for the extraction.38 Various cellulose sources were employed to isolate CNC38,41–44, 

leading to whiskers with different final properties. Due to their high surface area-to-volume 

ratio and their exceptional mechanical properties,38 CNCs were extensively utilized as rein-

forcement in polymer composites. 

Finally, a third type of nanocellulose is nanofibrillated cellulose (NFC) or cellulose 

nanofibers (CNF), a fibrillar material able to arrange in a network structure as result of Van 

der Waals interactions (Figure 1-3c).3,5,6,45 NFC is produced through fibrillation of cellulose 

fibers by mechanical disintegration processes and it corresponds to aggregates of fibrillar 

units of cellulose fibers. The smallest units achievable have diameters of about 1.5-3 nm.38 

Although unique values of lengths and diameter cannot be provided as they change with the 

cellulose source and the preparation methods, lengths are normally in the micrometer range 

and diameters in the nanometer range. NFC has been prepared both from pristine and waste 

cellulose pulps, leading to materials with different aspect ratios and mechanical properties. 

The material can be obtained not only from a mechanical process but also from a chemical 

and enzymatic treatment or from their combinations.46,47  



 

4 
 

 

Figure 1-3 Types of nanocelluloses: a) Bacterial cellulose (BC); b) cellulose Nanocrystals (CNC), cour-
tesy of Dr. G. Siqueira, EMPA and c) nanofibrillated Cellulose (NFC) 

 

The preparation of NFC involves highly energy-demanding processes to disrupt the 

hierarchical arrangement and break the hydrogen bonds between fibrils. Thus, to fibrillate 

the cellulose structure, intensive shear forces have to be applied in the longitudinal direction 

of the fibers. In order to loosen the cellulose structure and facilitate the fibrillation, water 

swollen cellulose pulps or oxidation pretreatments (such as tempo- and periodate oxidation) 

are preferred.  

The most common mechanical methods used for NFC preparation are grinding pro-

cesses, microfluidization and high-pressure homogenization.38,48–50  

For the purpose of this Ph.D. thesis the grinding approach and the high-shear mi-

crofluidization were employed jointly for the production of highly fibrillated NFC utilized 

throughout all chapters. More details on the preparation can be found in Chapter 2. 

Dense and porous nanofibrillated cellulose materials  

Nanofibrillated cellulose suspensions can be processed by different drying methods51 

to achieve dense and porous materials. Upon dispersant removal, cellulose nanofibrils are 

subjected to intense hydrogen bonding acting between the hydroxyl groups, causing the fi-

brils to collapse and form a stiff and highly packed material. Such phenomenon is known as 

“hornification process”. Hornification in unmodified fibers is a non-reversible process, re-

ducing the swelling capacity over drying cycles. Thus, NFC cannot be redispersed after 

drying, else is differently chemically treated.52  

Typically, hornification takes place when NFC films are prepared from aqueous sus-

pension and water undergoes liquid �o vapor thermodynamic transition. Suspensions of 

NFC can be poured into molds and solvent-casted, filtered with a paper-making approach or 

spin-coated to obtain plain film, referred to as nanopapers or NFC films. At room conditions 
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a slow evaporation process occurs, generating highly defected films, normally subjected to 

shrinkage and inhomogeneity. By applying a fast vacuum filtration47 and drying by hot-

pressing (paper-making approach), a reduction in shape instability and inhomogeneity dur-

ing film formation are observed. A highly-dense films is formed (Figure 1-4a). It is also pos-

sible to sublimate the water exploiting the solid �o vapor thermodynamic transition for the 

dispersant removal; in such case freeze-drying is applicable. Aqueous NFC suspensions at 

typical concentrations between 0.5-2.5 wt%, are frozen in contact with liquid nitrogen and 

subsequently vacuum-dried at room temperature. While solidifying, water forms ice crys-

tals segregating nanofibrillated cellulose at their periphery,53 thus acting as a polyhedral 

template for NFC. At complete water removal, a lightweight self-standing porous structure 

is obtained with porosity P% above 90 % (0.9 v/v) and pore sizes from hundreds of nanome-

ters to hundreds of microns.54,55 This material is named foam or more generally aerogel 

(Figure 1-4b), a structure in which a liquid was replaced by air after drying.51,56–59 

 

 

Figure 1-4 NFC dense and porous materials: a) Top view of a NFC film or nanopaper produced by 
vacuum drying and hot-pressing; b) NFC foam obtained by freeze-drying; c) NFC aerogel after 
supercritical drying. 

 

Besides chemical modification such as carboxymethylation,52 physical methods for 

preventing hornification have been identified; exchange to less polar dispersants than water 

is required to minimize the fibrils contact and obtain looser structures. Several dispersants 

were tested, such as methanol,47,60 ethanol,47,57 acetone,47,60 and tert-butanol53,57,61 resulting 

in different porosity values. A critical step in the exchange is the diffusion of the replacing 

solvent, this is a time-dependent and size-dependent phenomenon related to the gel body to 

be exchanged. Solvent casting, vacuum filtration and in some cases freeze-drying can be ap-

plied for the aforementioned suspensions after solvent exchange, too.62 Exchange to liquid 

carbon dioxide requires the use of a high-pressure thermostated vessel where the supercriti-

cal phase transition liquid �o supercritical gas can occur at low temperature (e.g 1000 bar, 
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31 °C). Low pressure and high-temperature (e.g. 50-80 bar, 250 °C) supercritical transition 

are not applicable to cellulose, due to its limited thermal stability. The end product is an 

aerogel with finer pores than the one achievable by freeze-drying, however it lacks of me-

chanical stability (Figure 1-4c).57,58 

Increase in specific surface area and porosity is observed upon solvent exchange.53 

When using the same solvent, the drying method also reveals higher specific surfaces pro-

ceeding from solvent casting/vacuum filtering > freeze-drying > supercritical drying.53  

Besides these established methods, new routes were proposed to minimize the ener-

gy requirement for drying. This is achieved by promoting ambient drying, becoming effec-

tive only jointly to chemical stabilization of NFC; Cervin et al.63 and Madani et al.64 investi-

gated, respectively, the use of octylamine and of surfactants to stabilize the nanofibers in a 

cellular fashion arrangement.  

 

1.3 Porosity characterization  

The characterization of porosity is a topic often recurring in researches dealing with 

nanofibrillated cellulose.  

Porosity P is defined as the volume fraction of voids VV in the total volume VT of a 

sample. It assumes values between 0 and 1.65 When expressed as percentage, the porosity 

values are P% between 0 -100 %.  

Several techniques,65,66 from more readily available ones to more uncommon ones, 

exist. Among those, some techniques are based on microscopy and image analysis while 

others are based on the use of probing fluids such as gas adsorption, bubble point, mercury 

intrusion, and thermoporometry. Some less readily available characterization methods 

based on spectroscopy and radiation scattering are applicable, such as proton annihilation67 

and X-ray microtomography.68 All those techniques have different pore sizes evaluation 

domains, often only partially overlapping among each other. Directly related to the estima-

tion of porosity is the density, an intrinsic property of the material. When performing NFC-

based materials characterization two often under-evaluated aspects are the presence of equi-

librium moisture69,70 on cellulose and its interaction with the probing fluid and the need of 

characterizing the porous material in the same conditions as its working conditions (e.g. at 

the dry or wet state). For instance, NFC membrane supposed to work in a wet environment 

at the swollen state cannot be evaluated by a technique requiring a high degree of drying. 
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In the following paragraphs, the theoretical background of the most common porosi-

ty techniques is presented. 

Density  

Different types of densities can be determined for porous materials, depending on the 

volume used for calculations. The American Society for Testing and Materials (ASTM) 

classifies them as following:71 the theoretical density is derived from the true volume (vol-

ume of the solid excluding closed, blind and open pores) of the material, the envelop density 

from the envelop volume (volume obtained by drawing the contour of a discrete piece of ma-

terial), the skeletal density is derived from the skeletal volume (volume of the solid and the 

closed and blind pores it may contain) and the bulk density from the bulk volume (volume 

occupied by the solid particles, including all pores and also the interparticle voids). The bulk 

density changes with the compaction of the material, where the interparticle void space may 

rearrange by handling the product. 

Mercury intrusion  

The mercury intrusion technique applies to the characterization of pores in the so-

called meso and macro range, i.e., between 3 nm and 350 ��m.72 It is based on the use of liq-

uid mercury to probe pores of solids and largely incompressible substrates. As the liquid 

mercury is non-wetting, a pressure is needed to force its penetration into the pores. The 

theoretical development is therefore based on solid/liquid interactions, the physical proper-

ties of mercury - such as surface tension (���� and contact angle (���� - and on mechanical equi-

libria at the curved interface between the resistive force to penetration of a pore aperture of 

radius (rp) and the incremental pressure applied for the intrusion (�ûP).73 The relationship is 

summarized in the Washburn’s equation (1),73 based on the assumption of a cylindrical pore 

shape and derived from a modified Young-Laplace’s equation. 

�¿�2=  
2 �Û �?�K�O�à

�N�ã�â�å�Ø
 (1) 

The pressure needed for the Hg to penetrate the pores apertures is inversely propor-

tional to the pore radii. By increasing the pressure up to 350 MPa, from the formula we can 

estimate that pores down to ca. 3.0 nm can be investigated. In a typical mercury porosime-

try experiment, volumes of mercury intruded at each incremental pressure are recorded, 

while the pore radii accessed are calculated through equation (1). The technique provides 

not only information about the voids present in the substrate (pores) but also about in-
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terparticle voids present between discrete pieces of the substrate.72 For determining the po-

rosity, the skeletal density measured by helium pycnometry should be known prior to the 

measurements. Information on the bulk density can be derived after the measurements and 

further used for determining the porosity of the sample. A hysteresis behavior is normally 

observed between intrusion (along pressure increase) and extrusion processes (along pres-

sure decrease) due to the pore shape, the tortuosity of the pores and to the substrate surface 

chemistry.71,74,75 As impurities might interfere with the wetting behavior, samples must be 

dried or outgassed prior to the measurements. 

Gas adsorption  

Physical gas adsorption, known as physisorption, is often used to probe surface areas 

and pores. It relies on the enrichment of a gas (adsorptive) on a solid substrate (adsorbent). 

Van der Waals interactions determine the physisorption phenomenon controlling intermo-

lecular forces between the adsorptive and the adsorbent as well as binary interactions 

among adsorptive molecules. The mathematical formulation of the adsorption process in 

multimolecular layers applied to porosity, and known as BET model, was first derived by 

Brunauer, Emmett and Teller in 1938.76 In a typical gas adsorption experiment, an adsorp-

tion isotherm is generated by measuring the amount of gas adsorbed onto the solid at in-

creasing adsorptive pressure and at constant temperature. By decreasing the pressure, the 

desorption process can be evaluated. In order to avoid interference with the adsorption pro-

cess and free all the available adsorption spots at the surface, meticulous cleanings of the 

samples from any external impurity have to be guaranteed. Normally the samples undergo 

severe outgassing protocols in high temperature and reduced pressure. The adsorption iso-

therms have been classified by the International Union of Pure and Applied Chemistry (IU-

PAC) into six different types,77 corresponding to different adsorptive/adsorbent interaction 

strength and different surface features.  

Equation (2) combined with (3) are used to calculate the specific surface area (SSA):76  

�L
�J�Ô (�L�4
F �L)

=  
1

�J�à
�Ô�%

+
(�%
F1)

�J�à
�Ô�%

 
�L
�L�4

 (2) 

SSA(�$�'�6) = �J�à
�Ô�. �=�à / �I  (3) 

where na is the quantity of adsorptive adsorbed at the relative pressure p/p0, na
m is the 

quantity of the adsorptive needed to cover the adsorbate with one monolayer, and C is a 
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constant varying according to the isotherm shape. The BET specific surface area (SSA) is 

then calculated as in equation (3), where L is the Avogadro constant, am is the molecular 

cross-section area of the adsorptive and m is the mass of the adsorbent. Several gases are 

available for the adsorption, such as nitrogen (N2), argon (Ar), krypton (Kr) and carbon di-

oxide (CO2). In the case of N2 am has a value of 16.2 Å2 and the isotherm is generated at the 

boiling temperature of N2, 77 K. In the range of relative pressures 0.05< p/p0 <0.30, the 

measured adsorption points should result in a straight line in order to satisfy the BET equa-

tion (2). However, in some cases the linearity does not extend up to 0.30 p/p0 for samples 

with homogeneous surfaces of higher energy: in this case, Sing77 advises to report the cor-

rect range of linearity. The constant C appearing in both in the intercept and in the slope of 

the equation depends on the difference between the heat of adsorption of the first monolayer 

E1, the heat of liquefaction EL, the Boltzmann constant R and the absolute temperature T.  

EL is employed as the theory makes the hypothesis that the evaporation-

condensation behavior of any additional molecular layer after the first one can be assumed 

equal to those of the liquid state.76  

�%~  �A(�¾�-�?�¾�½) (�Ë�Í)�¤  (4) 

The parameters appearing in equation (4) suggest that caution has to be paid for sys-

tems in which particularly weak or strong interactions occur between adsorbent and ad-

sorptive, since the packing behavior of the adsorptive might be altered while generating the 

multilayer. According to Rouquerol,78 in the case of low values of C,  reliable values of na
m 

are obtained if the knee of the isotherm is relatively sharp (i.e., the BET constant C is below 

~100). A very low value of C (C<20) refers to a mixture of monolayer and multilayer ad-

sorption and therefore the BET analysis does not provide reliable values. Krypton adsorp-

tion has to be employed for samples with small specific surface areas (i.e., <2 m2/g) 77,78 since 

its precise detection is more reliable than N2 for low gas volume adsorbed. 

The BET theory fails not only for systems with weak adsorbent/adsorbate interac-

tions, but also for systems containing micropores (<2 nm), as they are filled before comple-

tion of the multilayer formation. A qualitative assessment of the micropore presence is giv-

en by the t-plot method,77,79,80 where the adsorbed gas volume is plotted against the 

theoretical thickness of the molecular adsorbed multilayer t, and compared to the ideal case 

of a non-microporous substrate (pores >2 nm). Such samples have a zero intercept. Accord-

ingly, the presence of a positive intercept for the tested sample provides an indication of the 

existence of micropores.  
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A possible determination of pore volume and pore size distribution from N2 desorp-

tion isotherms in the mesoporous range was derived by Barrett, Joyner and Halenda81 in 

1951 and is known as BJH method. Gas adsorption is performed until the relative pressure 

reaches 1; the understanding of the adsorbate condensation process inside pores allows for 

the characterization of the adsorbent pore size distribution. This method assumes that ideal 

cylindrical pores are progressively emptied upon relative pressure decrements; exploiting 

the Kelvin radius rKn for the condensation of vapors inside mesoporous cavities, the thickness 

reduction �ûtn of the adsorbate upon pore emptying and the areas Ac of the pores from where 

emptying occurs. The pore size distribution Vpn can be derived by (5).  

�8�ã�á= 
l
�N�ã�á

�N�Ä𝐾𝐾+  �¿�P𝑛𝑛 2�¤

p

�6

 �L�¿�8𝑛𝑛 
F �¿�P𝑛𝑛 
Í �#𝐴𝐴�Ý

�Ý�@𝑛𝑛

�Ý�@�5

�M (5) 

The BJH method is commonly used in literature for several materials and we use it 

to evaluate the PSD in NFC membranes up to ~100 nm. 

Thermoporometry  

Thermoporometry is a technique that analyzes porous materials in the wet state. 

The sample is soaked with a probing liquid, e.g. water, which undergoes a shift in freezing 

and melting temperature (�ûT) when confined in pores with diameters in the sub-micron 

range. The physical phenomena is explained by the Gibbs-Thomson effect82,83 and allows to 

associate �ûT with the pore radius (rp).  Brun et al.84 correlated those temperature-phase 

transition shifts, evident in differential scanning calorimetry (DSC) measurements, to the 

size and shape of pores. Measuring in excess of the probing liquid produces the formation of 

two enthalpy peaks in typical melting or freezing DSC thermograms. One peak is attributed 

to the excess free water on the surface of the sample (FW) undergoing a phase-transition at 

about 273.15 K and other peaks at lower temperature are related to water confined or bound 

within pores (BW). The aforementioned �ûT corresponds to the difference between the peak 

position of free and bound water and is related to the pore radius. The derivation made by 

Brun limits the applicability of the thermoporometry to the mesoporous range. Micropores 

(<2 nm) cannot be probed as the liquid is prevented to freeze in such pores due to the added 

contribution of surface energy. Generally, the non-freezable water (NFW) covers a thick-

ness �/ of two to three molecular layers in pores of inorganic materials, thus amounting to a 

thickness of ca. 0.8 nm. For organic materials, however, the values of �/ have to be deter-

mined. In addition, also macropores are excluded from the characterization because the cal-
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orimetric peaks related to the transitions shifts of the water in the pores cannot be well sep-

arated from the free water melting at 273.15 K. After determining several binary surface 

tensions of liquids on solids (��sl), Brun and coworkers84 derived a semi-empirical correlation 

(6) for probing inorganic materials under the assumption of cylindrical pores: 

�N�ã =  A 
F
B

�¿T
 (6) 

A (nm) and B (nm K) are numerical coefficients that change with the probe liquid 

employed and with the phase transition occurring (melting/freezing). According to Brun, in 

the case of water melting and under the assumption of cylindrical pores, the A and B coeffi-

cients assume the following values: 0.68 nm and 32.33 nmK respectively and the validity of 

(6) is limited to values of �ûT between –40 °C and 0 °C. However, for �ûT>–2 °C, the rela-

tionship assumes an asymptotic behavior with respect to the pore radius rp, making the de-

rived PSD questionable.  Hay and Laity85  showed a dependency of the peaks position with 

the scanning speed; as a consequence, the maximum pore size detectable can change accord-

ingly. Based on the correlation of Brun between �ûT and rp (�@(�¿𝑇𝑇) �@𝑑𝑑�ã�¤ ), Landry et al.86 pro-

vided an equation (7) to transform the heat flow signal of the DSC thermogram (�@�3�@𝑑𝑑�¤ ) in-

to pore size distributions (�@𝑑𝑑�ã �@𝑑𝑑�ã�¤ ). Other parameters were also taken into account such as 

the sensitivity of the instruments, through the scanning rate employed (�@(�¿𝑇𝑇) �@𝑑𝑑�¤ ), the sol-

id mass of the dry sample m, the physical parameters of the liquid such as its density �!(T) 

and its specific melting enthalpy (�ûHf(T)).  

�@𝑑𝑑�ã

�@𝑑𝑑�ã
=  

�@�3
�@𝑑𝑑

�@𝑑𝑑
�@(�¿𝑇𝑇) 

�@(�¿𝑇𝑇)
�@𝑑𝑑�ã

 
1

�I  ��H�Ù(T) �é(T) 
 (7) 

Water has been widely utilized as probing liquid on hydrophilic materials such mes-

oporous silicas87,88 and cellulose89–91 and for the evaluation of membrane pore structures.92,93  

Porosity characterization on cellulose and nanocellulose  

Celluloses and nanocelluloses are frequently characterized by porosity techniques, 

especially with gas adsorption methods. However, when reading about the samples pre-

cleaning protocols (namely, outgassing) before measurements, often incoherent treatments 

are encountered in the terms of temperature and reduced pressures. Moreover, no criteria 

are given for choosing applied values. A major issue arises with dense nanocellulose prod-

ucts, where adsorbates removal is hindered by a packed nanofibrillar structure rendering 
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desorption of pollutants more complicated. Table 1-1 summarizes a list of studies in which 

sample outgassing was carried out arbitrarily, showing the wide variety of possibilities. 

 

Table 1-1 Outgassing protocols of cellulose and NFC samples before porosimetry techniques 

Material  Technique T  P  remarks  source 

Aerogels 1N2 ads - - Unknown T and P  Liebner et al.94 

Aerogels 1N2 ads 117 °C <10-5 mmHg -  Cervin et al.95 

Aerogels 1N2 ads 100 °C <10-5 mmHg -  Kettunen et al.96 

Aerogels 1N2 ads - - Unknown T and P  Zhang et al.23  

Aerogels 1N2 ads Room T vacuum Unknown P  Mulyadi et al.97 

Aerogels 1N2 ads 105 °C - Under gas flow, for 18 h  Zhang et al.  

Aerogels 1N2 ads 115 °C - For 4 h  Sehaqui et al.55 

Aerogels 1N2 ads - - Unknown T and P  Sehaqui et al.98 

Films 1N2 ads 105 °C - For 1 h  Sehaqui et al.99 

Films 1N2 ads 115 °C - For 4 h  Sehaqui et al.61  

Membranes 1N2 ads 115 °C - For 1 h  Sehaqui et al.100  

Membranes 1N2 ads - - Unknown T and P  Metreveli et al.101 

Membranes 1N2 ads - - Unknown T and P  Mautner et al.21  

Membranes 1N2 ads 100 °C - For 24 h  Karim et al.102 

Membranes 2Hg Int - - Unknown T and P  Sehaqui et al.100  

Membranes 2Hg Int - - Unknown T and P  Ferraz et al.103 
1N2 ads, nitrogen adsoprtion 
2Hg Int, mercury intrusion 

 
Table 1-1 displays the inconsistency of outgassing conditions in various publica-

tions. In the view of carefully comparing the obtained results by gas adsorption and mercu-

ry intrusion, one should consider to harmonize the outgassing protocols. This topic will be 

treated in Chapter 3 of this thesis, where we will also propose guidelines for the good use of 

other porosity techniques. 
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1.4 Enhancing porosity with templating approaches  

Templating a phase with another corresponds to disperse in a main phase a soft or 

hard extra-phase, the template, that undergoes removal at a later stage leaving behind pores 

or channels not originally achievable.104,105 Since the template is not present in the final ma-

terials but only supplies a temporary role before its dissolution, it is often referred to as 

“sacrificial” template. The template impresses on the system its negative shape, thus various 

geometry can be exploited, such as spherical, cylindrical or polyhedral. The secret for the 

final material success lays in the homogeneity of the template dispersion. Clustering or local 

segregation in the bulk phase could trigger the templating approach to fail.  

Typical soft templates are based on the formation of micelles acting as a substrate or 

skeleton for another phase. Notorious soft templates of scientific relevance are tri-block co-

polymers of poly(propylene oxide) (PPO) and poly(ethylene oxide) (PEO) that unlock the 

synthesis of hexagonal-arranged mesoporous silicas (i.e. MSU-H, MCM41 and SBA-15),106 

removed by carbonization at high temperature.  

A mixture of solid nano- and microparticles also attracted interest for their fast dis-

solution ability offered by a combination of aspect ratio and chemistry. Polymer beads of 

polystyrene, poly(methyl metacrylate) or other polymers recur as soft templates for materi-

als other including polymers,107,108 ceramics109 and metals.110 

Templating is often utilized in membrane science to introduce pores in a membrane 

continuous phase. A recent example reported the use of limestone nanoparticles for templat-

ing of polystyrene membranes.111 Limestone enables the introduction of small pores and a 

fast dissolution by acidic media. 

Templated NFC -membran es 

At present, there is no investigation of the potential of hard- and soft templating ap-

proaches during nanocellulose assembly. Contrary, the inverse was attempted that is tem-

plating other system constituents with nanocellulose.112–116  

Templating approaches on nanocellulose could allow for formation of more open po-

pore structure after template removal, which is described in Chapter 4. 
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1.5 Materials for environmental remediation and self -cleaning  

Materials suitable for environmental cleaning are of scientific interest because of in-

creasing pollution remediation activities. When considering all possibilities for materials 

developed for environmental remediation, long lists of products with diverse features are 

found. The properties of those materials change with their functions, however, one can find 

a common feature in the need of high porosity and high specific surface area.117 Among the 

materials owing such properties, jointly with impressive mechanical properties, carbon 

nanotubes were strongly boosted from the scientific community. However, carbon nano-

tubes show a main drawback related to their synthesis. Nature offers, instead, abundant cel-

lulose fibers that can be deconstructed to nanofibrillated cellulose (NFC), also owing rele-

vant mechanical properties and allowing for high porosity and high specific surface area. 

These properties are fundamental for boosting sorption phenomena, both adsorption and 

absorption, and to guarantee convenient fluid processing rate. The potential of nanocellulo-

sic materials in sorption activities has been highlighted in some publications.24,25 While po-

rous membranes and foams are applied in waste water treatment and oil-absorption, denser 

films are needed for liquid infused self-cleaning surfaces.  

Membranes for separation  operations  

Membranes separation processes rose as solution for high separation efficiencies of 

multicomponent streams at low energy costs, mostly for substituting or assisting tradition-

al thermal separation processes (i.e. distillation).118 The separation between two phases is 

achieved by means of a porous solid phase (viz. interphase membrane) that is able to reject 

preferentially one compound of the multicomponent stream fed to the membrane module. 

The separation mechanism is thus a kinetic process and not an equilibrium process. The op-

erations are carried out at room temperature and considerable low pressure.118  

The main characteristic guaranteeing selectivity towards one component is the 

membrane pore size, rejecting molecules and particles whose size exceeds the membrane 

pore size. Such types of membranes are named size exclusion membranes, and are divided 

into reverse osmosis membranes (pore dimeter <2 nm), nanofiltration (1-10 nm), ultrafiltra-

tion (2-100 nm) and microfiltration membranes (100 nm - 1 µm).118,119 

Selectivity can also be achieved by enhancing the affinity of the component (i.e. pol-

lutants) for the membrane phase by surface modifications.120,121 For instance, when affinity 

for ions is requested, modification of the membrane with counter-ions is envisaged.121  
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Independently on the selectivity mechanisms, membranes are requested to have high 

flux rates or permeances to abate the operating and processing time. The smaller the size of 

the solute to be removed, the smaller the pore size of the membrane, the higher the pressure 

applied to enhance the permeance. When pressure is the driving force of the separation, it is 

clear that the mechanical stability of the membrane plays a major role. 

Overall, the performances of a membrane system rely on pore size, porosity and sta-

bility of the membrane towards the working environment (i.e. in presence of solvents, aque-

ous systems, pH, bacterial degradation and possible fouling). 

Membranes are produced from different classes of materials.119 Ceramic and metal 

membranes exist for specific applications (i.e. when processes need to be held at higher tem-

perature or in harsh conditions) and are less common. Mostly polymers are utilized due to 

their versatility in terms of processing routes and tunability of porosity.119,122 All common 

soluble polymers such as polyolefins (polyethylene, polypropylene, perfluorpolymers, poly-

sulfone, polyeetheretherketone, polyethersulfone, polypyrrol),119,123 or natural derived pol-

ymers such as regenerate cellulose and cellulose derivatives,93,119,124 are industrially pro-

cessed for making membranes. Also fibrous materials, such as polystyrene fibers, various 

electrospun nanofibers and cellulose hollow fibers can be utilized for membrane applica-

tions.125–127  

Recurrently those membrane systems are bilayer structures, referred to as caulked 

membranes: the top layer supplies the rejection or absorption function towards the pollu-

tant or solute (viz. active layer) and the bottom layer assures mechanical stability to the ac-

tive layer (viz. support layer). 

Among the main drawbacks of membranes, there is a reduction of the membrane 

performance due to formation of deposits on the membrane surface in operation. This de-

posit is known as fouling. Fouling can be reduced by the operating conditions (flux rate and 

module configuration) and by specifically developed surface modifications hindering fou-

lants adhesion.128 

Membranes characterization passes through the assessment of porosity and filtration 

performance (viz. mechanical failures, water permeability, separation efficiency).129 The use 

of porosity techniques mentioned in section “porosity characterization” are also of common 

practice. 
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NFC-based membranes 

Given their natural origin, remarkable mechanical properties, high specific surface 

area and possibility for chemical functionalization, nanocelluloses have been recently con-

sidered to prepare membranes. The first publication is nonetheless quite recent, showing 

that this research field is not mature yet and there is wide room for improvement.  

Preliminary studies ascribable to nanocellulose in membrane science are from Ma et 

al.130–132 They utilized NFC as active and selective layer deposited on polyolefin substrates 

(polyacrylonitrile and poly(ethylene terephthalate)). At that time they were not aware of the 

possibility of producing unsupported NFC membranes. The first unsupported NFC mem-

brane was produced by Mautner et al.:26 depending on the membrane grammage, extremely 

low fluxes (e.g. below 40 L/hm2)133 and highly packed assembly of the cellulose nanofibers 

allowed only for solvents purification applications. By functionalizing the nanocellulose sur-

face with specific binding compounds, heavy metal ions134–137 such as silver, copper and iron, 

humic acid27,100 and nitrates21 were successfully removed from contaminated waste water. 

Nanocellulose was also utilized in biofiltration for removal of viruses,101,137 removal of bac-

teria,137 hemodialysis103 and extraction of DNA.138  

Although applications for smaller size-exclusion domains were developed, at present 

a major issue corresponds to enhancing the flux of the membranes to make them competi-

tive with commercial products. Sehaqui et al.100 proposed the use of membrane obtained by 

freeze-drying and hot-pressing of NFC to manufacture absorbers with high-flux. However, 

due to the intrinsic nature of micrometer-sized pores, such membranes lack of size selectivi-

ty. Another solution to enhance the flux is to overlap a cellulosic substrate with CNC active 

layers136 but in this case the advantage of fabrication in a one-step filtration is lost. 

To cope with the problem of low fluxes, in Chapter 4 we will propose a novel one-

step fabrication approach to increase membrane fluxes without losing mechanical proper-

ties, based on a templated approach  

Materials for hydrocarbons - and oil -absorption 

In the specific case of hydrocarbons- and oil-spills, some products enhance the dis-

persion139 of pollutants, relying on biodegradation140 by metabolization. Other solutions are 

instead meant for confinement141 of highly polluted areas, such as in basins and sea-water, 

followed by recovering pollutants by mechanical removal (e.g. skimmers for oil-spills) or by 

absorption in porous materials.142,143  
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Absorbents can be classified by their nature (synthetic or natural) or by their ap-

pearance (powders, flakes, chips, cubes, chunks, pillow, bags, blankets, foams etc.).142 Basic 

requirements for the absorbents are high oil-absorption, mechanical stability and reusabil-

ity.144,145 Sinking is a major problem for absorbents, since this occurrence would require ad-

ditional recovery operation from deep water. Lightweight floating materials are thus pre-

ferred.  

The fundamental absorption mechanism is based on capillarity. The contaminant 

needs to be trapped into the absorbent capillaries and must not be released before reaching 

the recovery area. Thus, at the basis of the absorption phenomenon it lays the size distribu-

tion of the absorbent pores, the specific surface area and the interfacial tension given by sur-

face chemistry. Looking specifically at the case of oil absorbent, by exploiting hydrophobic 

interactions water-repellency is also favored, increasing the efficiency of the absorbent or 

absorption capacity (viz. grams of oil taken up per gram of substrate). 

Most organic synthetic products are based on polyolefins, such as polystyrene fibers 

and foams,125,144,146 sometimes modified with polytetrafluoroethylene (PTFE),147 polyeth-

ylene (PE), polypropylene (PP),148 polyethyleneterephtalate (PET),148 polyacrylonitrile 

(PAN),148–150 polyurethane foams151 due to their intrinsic affinity for oil-phases, mechanical 

stability, abundancy and low-cost.  

Other materials, intrinsically non-oleophilic can be optimized for sorption of specific 

compounds by surface chemical modifications, for instance, by esterifications and silaniza-

tion,142,152,153 Also solely-based polydimethylsiloxane (PDMS) sponges were developed for 

selective absorption of oil from water.154 

Inorganic products are also of common use in oil sorption, for instance sand, clays, 

vermiculite, granular activated carbon, perlite and silica aerogels.145,155–160 

The use of biobased and natural materials in environmental remediation as bark and 

wood chips or fibers, peat moss, bird feathers and vegetable fibers is also spread.142,148,161–164 

In general, efforts have been made by the scientific community to substitute polyolefin-

based materials with naturally occurring ones, to reduce the overall impact and profit of 

abundant renewable (in some cases waste) resources. Cellulose fibers were often employed 

in oil absorption. Some factors affecting the oil uptake, such as size, refinement and chemical 

modification, were investigated by Payne et al.165  
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NFC oil -absorber 

Often, chemical modification of cellulose is imparted to tailor the surface properties 

for different uses and to reduce the water uptake.165 In fact, exploiting cellulose reactivity 

due to the hydroxyl groups at the surface, many chemical reactions can be applied: oxida-

tion of the cellulose,166,167 carboxymethylation,168 grafting techniques such as atomic trans-

fer radical polymerization (ATRP)169,170 or conversion with diisocyanates,171,172 esterifica-

tion,165,171,173–176 and silylation.23,177–182 The last two types endow the material with a 

hydrophobic modification. Nanocellulose has been object of investigation for uses as oil ab-

sorber. To reduce the water uptake and maximize the oil uptake, various hydrophobization 

protocols and deposition methods were considered. A summary of the main strategies and 

the resulting adsorption capacities is reported in Table 1-2. 

 

Table 1-2 Hydrophobization protocols encountered in literature for NFC in oil -adsorption applica-
tions 

Material  Technique Modifying agent   Ads. Capacity   CA source 

aerogels 1CVD Octylthrichloro silane  49 (g/g)  150 ° Cervin et al.95 

aerogels Suspensions Metyltrimethoxy silane  50 (g/g)  > 105 ° Zhang et al.23 

aerogels Suspensions Metyltrimethoxy silane  18-20 (g/g)  120-130 ° Nguyen et al.183 

aerogels Suspension Alkyl ketene dimer  140 (g/g)  120 ° Tarrés et al.184 

aerogels Suspension Stearoyl chloride  -  124 ° Granström et al.185 

aerogels Suspension Polyamide-epichlorohydrin  10-30 (g/g)  - Mulyadi et al.97 

aerogels 2ALD TiO2  30 (g/g)  > 90 ° Korhonen et al.186 

aerogels 1CVD TiO2  -  140 ° Kettunen et al.187 

aerogels 1CVD Methyltrichloro silane  44-96 (g/g)  150 ° Zheng et al.188 

aerogels 1CVD Methyltrichloro silane  53-93 (g/g)  151-155 ° Jiao et al.189 
1CVD, chemical vapour deposition  
2ALD, atomic layer deposition 

Self -cleaning surfaces and the case of slippery liquid infused porous surface 

(SLIPS) 

Self-cleaning surfaces are highly-engineered surfaces with special wettability proper-

ty that promote self-cleaning mechanisms. They are mainly devoted to applications in 

house-hold-commodity sector and the high-tech field of biotechnology.190,191 Anti -fogging 

properties, anti-icing, anticorrosion, anti-scratching, antireflection and self-cleaning textiles 

are the most highlighted properties that can be achieved with self-cleaning surface.191,192 
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They can be based on high wettability (i.e. superhydrophilicity in case of water) or on high 

repellency (i.e. superhydrophobicity in case of water).  

In the superhydrophilicity case, the self-cleaning mechanisms are induced by a film 

flow.190 In superhydrophobicity, self-cleaning effects are reached by minimizing the contact 

area of fluids with the surface,190 by exploiting nanostructured architectures in which air 

can be trapped, thus preventing the penetration of a fluid in it. The most usual wettability 

models related to the prediction of contact angle with surface roughness are the Wenzel 

model and the Cassie-Baxter model.193,194 A major factor for achieving superhydrophobicity 

is, therefore not only the surface chemistry but also the surface roughness.194 Strategies for 

inducing nanofeatures are atomic transfer radical polymerization (ATRP), chemical etching, 

chemical vapor deposition, electrospinning and hydrothermal approaches.192,193 

In nature superhydrophobicity is found in some insects, birds and plants.193 Synthet-

ic pathways can also lead to superhydrophobicity.193 The first highly-performing synthetic 

superhydrophobic surface was produced by Gao and McCarty.195 This surface was treated 

with methyltrichlorosilanes by a solution process method, after which advancing and reced-

ing contact angles of almost 180 ° were found. The success of the experiment was due to the 

formation of polysiloxane nanofilaments on the substrates, formed in presence of a con-

trolled humidity environment.196 

Porous networks can also exhibit high-liquid repellency: substrates can be produced 

by assembly of particles obtained by wet-chemistry of various monomer together with hy-

drophobizing chemicals.197  

Slippery liquid infused porous surfaces (SLIPS)198 are effective in self-cleaning due to 

the fact that a liquid 1 (typically an oil) penetrates the porosity of the substrate and an in-

coming liquid 2 (typically aqueous liquids) of complete different chemical nature rolls off the 

surface due to chemical incompatibility. The SLIPS concept was first presented by the 

group of Aizenberg, by infusing perfluorinated liquids into fibrous membrane of Teflon.199 

The working concept of SLIPS could find application in membrane science to retard fouling 

and bioactivity200 and to promote condensation and reduce droplet pinning.201,202  

 

Nanocellulose, (super)- hydrophobicity and SLIPS 

Regarding self-cleaning surfaces, chemical modifications were imparted to cellulose 

and nanocellulose. Superhydrophobic and superoleophobic surfaces have been prepared 
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from nanocellulose aerogels by fluorination with (tridecafluoro-1,2,2,2-tetrahydrooctyl) tri-

chlorosilane.96,203 

Among those modifications however, rarely superhydrophobicity was achieved ex-

cept for the case of chemical vapor deposition of methytrichlorosilane.180,182,204,205   

While one work was reported for producing SLIPS from cellulose laurylester 

films,206 at present no work has been yet reported producing NFC-based SLIPS. 

The efforts in this are also concentrated on obtaining superhydrophobic NFC-based 

materials that could serve as membranes, oil-absorber and SLIPS as described in Chapter 5. 
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2.1 Introduction  

Nanofibrillated cellulose (NFC) can be isolated from various cellulose resources. Available 

feedstocks are, for instance, wood fibers, agricultural crops (grasses, leaves and seeds), food 

residues, biomasses from biorefinery and algae.1–6  

The main target of NFC isolation is to achieve high fibrillation of the fibers at limited 

degradation of cellulose and limited reduction of fiber length.   

Mechanical disintegration processes of cellulose pulps have been developed in the last 

decades: high-shear homogenization such as microfluidization and ultrafine grinding pro-

cesses are most widely utilized.5,7 The reasons for their widespread application are based on 

the high fibrillation degree achievable with homogenization, compared to mechanical disin-

tegration, and on the easier handling of larger feed volumes in the case of grinding. Alterna-

tive NFC extraction methods with capacity on the laboratory scale were also explored for 

producing NFC, such as crushing, cryocrushing, ultrasonication, steam explosion and twin-

screw extrusion.5,7–11  

At our laboratories at Empa, we are specialized in NFC disintegration processes 

through ultrafine grinding with a Masuko supermass colloider (Figure 2-1a) and through 

microfluidization with a Microfluidizer (Figure 2-1b). In the case of grinding processes, cel-

lulose pulp aqueous suspensions, generally with low consistency (ca. 2 wt%), are fed to the 

grinder chamber, and shear forces are induced on them by rotation of a silicon carbide rotor. 

This moves at high revolving speed (e.g. 1500 rpm) relative to a stator positioned at a few 

micrometer clearance, while the suspension passes through. Though large volumes can be 

processed (with capacity range of decades of L/min), the fibrillation degree might not be 

complete, due to inhomogeneous flow of the cellulose suspension inside the chamber. On the 

contrary, microfluidization in our laboratory has a treating capacity of approx. hundreds of 

mL/min scale but allows for higher, if not complete, fibrillation. The core unit of the micro-

fluidizer consists of two interaction chambers with micrometer-sized channels (400 ��m, 200 

��m, 100 ��m and 75 ��m) where the cellulosic suspensions are forced to pass through by a 

pneumatic system that can reach pressures above 1000 bars. Shear forces are in this case 

maximized at chamber wall and by diameter variations. This technology guarantees high 

yield of fibrillation; however, main drawbacks are low processing capacity and operation is-

sues often encountered due to clogging of the interaction chambers. Generally, mechanical 

processes are highly energy demanding and thus some expedient is required to minimize the 

consumption. On cellulosic pulps enzymatic-, mechanical- or chemical pretreatments, in the 
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latter case such as oxidation, are often applied to precondition cellulose pulps, to loosen their 

structure and facilitate the fibers structural breakdown.5,7,12  

 

 

Figure 2-1 Equipment for nanofibrillated cellulose (NFC) isolation: a) Masuko Supermass colloider 
MKZA 10 -20J (Masuko Sangyo Co. Ltd., Japan) and b) Microfluidizer (Microfluidics Inc., USA). 

 

The fibrillation yield or fibrillation degree at present cannot be assessed in a quantita-

tive way due to the nature of NFC itself: nanofibers and micrometer-sized fibers coexist in 

the same sample requiring techniques valid in the nanometer- and micrometer-sized domain. 

Moreover, nanofibers cluster to form aggregates due to van der Waals forces and steric en-

tanglement. Indirect evaluations of the fibrillation yield are possible instead.5 Optical mi-

croscopy, scanning-, electron- and atomic force microscopy (SEM, TEM and AFM) are used 

to disclose the structure of the fibrils. The fibrillated materials expose more hydroxyl groups 

per dry mass of cellulose per unit surface area. The amount of hydroxyl groups has a direct 

relationship with the water binding ability and the formation of a gel at the end of the fibril-

lation. Thus, often the behavior of NFC in suspension is evaluated in the wet state by rheo-

logical measurements and by the determination of the water retention value (WRV), typical-

ly applied on pulps.13,14 Determination of the fibrillation degree based on turbidity 

measurements15 and specific surface area16 is also possible although affected by material 

sampling. 

The amount of hydroxyl groups per mass of NFC is also accountable for the strength 

of dry NFC, as they promote a tight contact of the fibrils among each other through van der 

Waals interactions. As a consequence, an indirect method to estimate the fibrillation degree 

is to determine the mechanical properties of films or nanopapers in the dry state.2 As term of 
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comparison, tensile strength (�1) and elastic modulus (E) of NFC films are used to link the 

progress of fibrillation to the number of disintegration cycles.  

In this chapter, three raw materials of different origin were considered and the feasibil-

ity of NFC production from water-based suspensions evaluated. No mechanical or chemical 

pre-treatments were applied on the cellulose pulps. The aim of this evaluation was to identi-

fy the most suitable cellulose source for the investigations performed in this thesis. The re-

quirements we considered for the feedstock selection at the end were: constant chemical 

composition, viscosity of the nanofibrillated cellulose derived thereof and mechanical 

strength, which are parameters that are of relevance for the applications developed in this 

Ph.D. thesis.  

 

2.2 Material s and methods 

Waste wheat straw pulp (WS) was provided by CIMV Biorefinery (France) as residue 

of a biorefinery process for bioethanol production, containing 0.1-0.3 wt% residual silica af-

ter treatment.17 Recycled newspaper (NS) was provided by EcoPulp Oy (Finland), and is 

mainly composed of waste thermomechanical pulp fibers. Elemental chlorine free softwood 

pulp (ECF) was provided by Zellstoff Stendal (Germany) and is composed of 30-40 % pine 

and 70-60 % spruce fibers. ECF grade has a residual chlorine content below100 ppm. All 

pulps were never-dried. Copper(II)ethylenediamine complex 1 M solution (Copper 0.95-1.05 

mol/L  and ethylenediamine 12.0-12.5 mol/L), commonly referred to as cupriethylene dia-

mine (CED) was purchased from VWR (Switzerland). Safranin-o (basic red 2) and Astra 

Blue (Basic Blue 140) were purchased from Sigma Aldrich (Switzerland). 

Sugar analysis , ash content and degradation t emperature 

The sugar analysis of cellulosic pulps was carried out at the University of Hamburg, 

Zentrum Holzwirtschaft. The celluloses were submitted to total hydrolysis with sulfuric ac-

id, the hydrolysed carbohydrates were separated by borate complex ion exchange chroma-

tography, and detected photometrically with copper-2,2-bicinchonate reagent according to 

Uremovic et al.18 The ash content was assessed with combustion at 525 °C for 1 h according 

to TAPPI T211 standards.19 Finally, the thermal behavior of cellulose pulps was investigat-

ed by thermogravimetric analysis (TGA) by using a TG 2o9 F1 instrument from Netzsch 

(Germany). Heating from 30 to 800 °C was performed under N2 at a scanning rate of 20 

°C/min. 
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Fibrillation p rocess 

The cellulosic pulps ECF, NS and WS were mechanically dispersed at 5000 rpm with a 

T25 instrument (IKA, Germany) in 20 L deionized water at a dry matter content of 2 wt%, 

and swelling was allowed for 24 h at room temperature. The pulp suspensions were ground 

10 times through an ultrafine grinder Masuko Supermass Colloider MKZA 10-20J (Masuko 

Sangyo Co. Ltd, Japan), at a nominal velocity of 1500 rpm and motor load of 15 kW. At the 

beginning of the process the rotor and stator were initially set at close contact, to prevent fi-

bers/water phase separation and water depletion effects. At subsequent passes, the flow rate 

was adjusted at ca. 5 L/min. Two aliquots of 50 mL were collected at each pass to evaluate 

the fibrillation degree. 

Optical and scanning electron m icroscopy 

The fibrillation process evolution was monitored by optical and scanning electron mi-

croscopy. Therefore, aliquots of 250 mL of starting pulp fibers and NFC suspension were 

collected at different grinding passes and analyzed. For optical microscopy samples prepara-

tion, a drop of a ca. 0.1 wt% aq. fiber suspension was deposited on a glass slide and dried in 

an oven at 105 °C for 10 min allowing for subsequent staining. Staining by means of a 1 % 

water:ethanolic (vol/vol of 50:50) solution of Safranin-o  and a 1 % aq. solution of Astra Blue 

was applied on the oven-dried slides, allowing the contact with the deposited fibers for 15 

min for fixation. Stains excess was removed by purging the samples with deionized water 

and ethanol, and eventually dried at ambient conditions. Samples for scanning electron mi-

croscopy (SEM) were prepared by depositing a drop of ca. 0.1 wt% aq. suspension on a mica 

platelet  and sputtered with 8 nm Pt layer (BAL-TEC 020 Modular High Vacuum Coating 

Systems, BAL-TEC AG, Liechtenstein). SEM micrographs were acquired at 5 keV using a 

Fei Nova NanoSem 230 (FEI, USA). 

Degree of polymerization  

ECF, NS and WS pulps were freeze-dried from water suspension at a starting concen-

tration of 1 wt%. To remove residual water moisture, the resulting dry products were dried 

in an oven at 50 °C for 5 h. Ca. 200 mg of dry materials were dispersed in 12.5 mL of deion-

ized water and later mixed with 12.5 mL of 1 M Copper(II)ethylenediamine complex solu-

tion for 20 min under constant stirring at 520 rpm. When complete cellulose dissolution oc-

curred, the  limiting viscosity was measured according to established protocols.20 A capillary 
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Ubbelohde viscometer with diameter of 0.84 mm, model 501-13 (Schott, Switzerland) was 

employed and the solution kept at 25 °C with a thermostat. Results were correlated with the 

degree of polymerization (DP)21 before grinding and after 10 passes. 

Rheological characterization  

Rheological characterization was carried out at 25 °C by means of a Rheolab Q500 C-

LTD80/QC  instrument (Anton Paar, Germany), with a coaxial cylinder geometry (diameter 

38.728 mm, length 60.001 mm). A shear rate between 0.1 s-1 and 1000 s-1 was applied for 

four ramps and performed from low to high shear rate and backward. Results of viscosity 

were plotted for ramp 4, under increasing shear rate. Ramp 1 results were not considered, 

since they were affected by sample handling, sample self-assembly history and presence of 

trapped air bubbles. The dry matter content of the suspensions sampled at passes n° 8, 9 and 

10 were determined and adjusted to 2 wt%. The samples below 8 passes were not consid-

ered, as the unfibrillated fibers strongly affect the apparent viscosity. 

Mechanical t ests 

The NFC suspensions obtained at various grinding passes were used for the preparation 

of films in duplicates (9 cm diameter) through vacuum-filtration over a metal mesh (5 ��m 

aperture). Before drying the wet films were embedded into two layers of metal mesh and felt 

and hot-pressed at 120 °C and 1000 N/cm2 of applied pressure. For tensile testing, 12 

standard dog-bone specimens (length 50 mm, diameter of the active section 4 mm and total 

surface area of 330 mm2) were obtained per film and stored at 23 °C and 50 % relative hu-

midity prior the measurement. A Zwick Z010/TH2A instrument (Zwick, Germany) was 

used with 0.2 N cell load and 2 mm/min testing speed. Young’s modulus (E) and tensile 

strength (�1) were determined. 

 

2.3 Results 

Pulp  characterization  

Sugar analysis provides information about the amount of cellulose and hemicelluloses in 

pulps. Lignin and inorganic compounds are not directly determined by this evaluation; how-

ever, their insoluble fractions contribute to the residue of hydrolysis. For the pulps in con-

sideration, the sugar fractions, hydrolysis residue and ash content are reported in Table 2-1.  
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Table 2-1 Sugar fractions, hydrolysis residue and ashes for each pulp: for elemental chlorine free pulp 
(ECF), for wheat straw (WS) and recycled newspaper (RN). 

 

The sugar analysis revealed that both, elemental chlorine free pulp (ECF) and wheat 

straw pulp (WS), possessed the highest glucose content (> 80 %), while it was below 50 % in 

recycled newspaper (NS). In all samples, hemicelluloses - expressed as sum of pentoses (xy-

lose, arabinose) and hexoses (mannose, galactose, rhamnose) - were present in different rati-

os. NS presented the highest values of hydrolysis residue (28.1 %), ashes (10.3 %) and resi-

due of degradation (16.1 %), representing not only lignin but also various impurities of the 

pulp present at the recycling stage. Reasonably, inks, organic compounds, textile fibers and 

suspended solids contaminated NS and adulterated the sugar analysis, whose results were 

calculated referred to the total dry mass. Although WS had superior glucose content, it pre-

sented higher hydrolysis residues and degradation temperature (Td) than ECF. This might 

be due to an abundant amount of residual silica as inorganic constituent and residual lignin. 

The mass loss and mass loss rate over temperature is visualized in Figure 2-2. Td was simi-

lar in all cases. Decomposition temperature and residue for the three pulps are reported in 

Table 2-1. 

                                                 
1 Glu, Glucose 
2 Xyl, Xylose 
3 Ara, Arabinose 
4 Man, Mannose 
5 Gal, Galactose 
6 Ram, Ramnose 
7 H Res, Hydrolysis Residue 
8 Td, decomposition temperature 
9 Res TGA, Residue determined by thermogravimetric analysis 

Pulp Glu 1  
% 

Xyl 2 
%  

Ara 3  
% 

Man4  
% 

Gal5  
% 

Rham6  
% 

H Res7 
% 

Ashes 
(%)  

Td
8 

(°C) 

Res9  
TGA 
(%)  

ECF 81.3 6.8  0.7  4.7  0.3  - 1.7  0.3  357.6 5.6 

WS 83.1 4.9  0.2  0.2  0.1  - 5.9  4.6  368.1 8.8 

NS 47.3 5.6  1.1  10.5  1.6  0.1  28.1  10.3  379.6 16.1 
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Figure 2-2 Thermal analysis for elemental chlorine free pulp (ECF, green curve), recycled newspaper 
(NS, red curve) and wheat straw (WS, black curve). Continuous lines represent the mass loss (%) while 
dashed lines represent the mass loss rate (%/min) upon temperature increase. 

Morphological c haracterization  

Photographs of the starting pulps and nanofibrillated celluloses obtained after ten pass-

es in the ultrafine grinder are shown in Figure 2-3. ECF is a bleached material, thus it has a 

white color; NS clearly showed a grey color due to the presence of inks and WS has a brown 

color indicating presence of various components such as lignin. 

 

 

Figure 2-3 Photographs of elemental chlorine free pulp ECF, recycled newspaper NS and wheat straw 
WS pulp before fibrillation (a 1-b1-c1) and after 10 passes in the ultrafine grinder (a2-b2-c2), at 2 wt% 
consistency. The diameter of the Petri dishes amounts to 5 cm. 
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 NFC obtained from ECF had, at first sight, more defined gel-like behavior compared to 

NS and WS nanofibers suspensions. The differential staining technique, with safranin-o and 

astra blue, coupled with optical microscopy was applied on pulp fibers and on NFC of vari-

ous grades to disclose respectively lignin impurities and cellulosic and hemicellulosic do-

mains.22,23 It is known23 that astra blue (phthalocyanine dye) can be adsorbed and later in-

corporated into cellulose and hemicellulose, while safranin-o preferentially binds to lignin 

domains independently from the cellulose presence. Figure 2-4 depicts the evolution of ul-

trafine grinding for the considered pulps. At first sight, a qualitative evaluation of the stains 

revealed a majority of blue stain in ECF (Figure 2-4a1), corresponding to a higher cellulose-

to-lignin content. Opposite to this, NS (Figure 2-4b1) and WS (Figure 2-4c1) were predomi-

nantly stained in red. This observation is probably due to the presence of residual lignin. 

Upon grinding, fibrillation of ECF along the main cellulose fiber length takes place (Figure 

2-4a2), until almost all starting fibers are broken down at pass 10 (Figure 2-4a3). On the con-

trary, for NS and WS not only fibrillation occurs, but also chopping and reduction of the 

main fiber length (Figure 2-4b2-b3 and c2-c3), hindering fibrillation at the given supplied en-

ergy. Moreover, many unfibrillated fibers are visible at 10 passes for NS and WS.  

Scanning electron microscopy (SEM) was also employed to evaluate the grinding evolu-

tion (Figure 2-5). Pristine fibers from ECF as received (Figure 2-5a1) had diameters in the 

order of 30 ��m and lengths up to several millimeters. The action of the ultrafine grinder re-

duced their size significantly already after 5 passes (Figure 2-5a2) and nanofibers were ob-

tained at 10 passes (Figure 2-5a3). Recycled newspaper (NS) as received presented already a 

certain extent of fibrillation (Figure 2-5b1) most probably induced from the preliminary 

pulping process it was subjected to. The primary size of pulp fibers was comparable with 

ECF. By proceeding with grinding, the structural breakdown of the fibers progressed until 

NFC was obtained at pass 10 (Figure 2-5b3). Wheat straw pulp (WS) was instead composed 

of starting fibers of various sizes and aspect ratios distinctive of the fractions the wheat 

straw is composed of: stems, leaves, spikes and bran (Figure 2-5c1). Such assorted shape 

composition might influence also the structure of nanofibers achievable from this resource; 

however, this cannot be quantified. In all samples, unfibrillated fibers were still visible. 

Overall the ECF at 10 passes (ECF 10) presented finer structure than newspaper at 10 pass-

es (NS 10) and wheat straw at 10 passes (WS 10). NS and WS might require further fibrilla-

tion steps to completely disrupt the hierarchical structure of their starting fibers. Yet one 

should be conscious not to reduce the fiber lengths by increasing the grinding cycles.  
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Figure 2-4 Optical  micrographs showing the evolution of ultrafine grinding for e lemental chlorine 
free pulp (EFC), recycled newspaper (NS) and wheat straw (WS), from left to right. Respectively, a1, b1, 
c1) show the pulp as received, before grinding; a2, b2, c2) show the pulp after 7 passes of grinding; a3, b3, 
c3) show the pulp after 10 passes of grinding. 
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Figure 2-5 SEM micrographs showing the evolution of ultrafine grinding for e lemental chlorine free 
pulp (EFC), recycled newspaper (NS) and wheat straw (WS), from left to right. Respectively, a1, b1, c1) 
show the pulp as received, before grinding, scale bar 200 ��m; a2, b2, c2) show the pulp after 5 passes 
grinding, scale bar 50 ��m; a3, b3, c3) show the pulp after 10 passes grinding, scale bar 25 ��m.  

 

Rheological characterization  

The viscosity of NFC suspensions was largely studied with rheological measurements in 

various geometrical configurations.24–28 Viscosity is known to increase with increasing disin-

tegration of cellulose pulps, since the ratio of length and diameter (Einstein coefficient)8 in-

creases, too. Above critical concentrations (typically 2 wt%),8  the NFC suspensions present 

a gelation point, due to the formation of three-dimensional fibrillar networks. The viscoelas-

tic properties of NFC under flow are influenced by solvent, suspension concentration28 and 
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dimension, ionic strength, degree of fibrillation (determining the amount of OH groups 

available at the cellulose surface) and surface properties.26 In this evaluation, apparent vis-

cosity was assessed for the NFC obtained at various passes through the grinder (pass 8, 9 

and 10) at a constant concentration of 2 wt% (Figure 2-6). 

Typical reduction of apparent viscosity with increasing shear rate (shear thinning be-

havior) was observed in two regions (region I below 2 s-1 and region III above 10 s-1).  

 

 
Figure 2-6 Apparent viscosity (�Á) plotted against shear rate (s-1) for NFC produced from elemental 

chlorine free pulp (ECF), wheat straw (WS) and recycled newspaper (NS) at various passes through the 
grinder (pass 8, 9 and 10).  

 

An intermediate behavior can be observed in region II (between 2 and 10 s-1), where 

structural changes28 occur in the samples whose nature is still object of investigations. 

By increasing the number of passes, an increase in apparent viscosity was observed es-

pecially for WS. This behavior is consistent with the literature.25,27,28 For ECF and NS, in-

stead, at pass 8 the suspensions returned a higher value of viscosity: this unexpected phe-

nomenon can be explained with the theory of flocculation due to the presence of unfibrillated 

fibers.27,28 By comparing the curves at pass 10 for all feedstocks, we conclude that ECF re-

sulted into higher apparent viscosity (57.3 Pa s at 0.1 s-1) and, thus, higher fibrillation than 

WS (9.8 Pa s at 0.1 s-1) and NS (32.4 Pa s at 0.1 s-1). 
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Properties before and after fibrillation  

The degree of polymerization (DP) is defined as average number of monomer units per 

chain and is obtained when dissolving cellulosic fibers into Copper(II)ethylenediamine com-

plex solution. It is directly calculated from measured values of limiting viscosity with the 

Gruber and Gruber method and correlated with the Mark-Houwink equation.21,29 A reduc-

tion of DP is normally observed upon increasing fibrillation.30 Moreover Shinoda et al.31 

demonstrated that a direct relationship exists between the fiber lengths and DP. The DP for 

the starting pulp (DP0) decreased for NFC after ten passes (DP10) as shown in Table 2-2. 

Overall at 10 passes DP10 for ECF value (1620) was higher than for WS (1418), as expected 

from the starting length of the fibers observed by optical and scanning electron microscopy. 

For NS the DP was not evaluated, as the sample evaluation would be altered by the dissolu-

tion or suspension of its impurities affecting the limiting viscosity outcome. 

 

Table 2-2 Degree of polymerization DP measured at 0 and 10 passes through the ultrafine grinder 
(DP0 and DP10), decomposition temperature and residue determined by TGA and mechanical proper-
ties of NFC films  

Pulp DP0 DP10 
E0  

(GPa) 
E6  

(GPa) 
E10  

(GPa) 
�10  

(MPa) 
�16  

(MPa) 
�110  

(MPa) 

ECF 1620 ± 36 1442 ± 25 3.8 ± 0.4 8.6 ± 0.3 8.0 ± 0.1 30.4 ± 3 91.8 ± 8 88.8 ± 12 

NS -1 -1 5.2 ± 0.6 7.4 ± 0.2 8.1 ± 0.3 40.3 ± 5 142.8 ± 2 78.3 ± 2 

WS 1418 ± 5 1320 ± 6 1.5 ± 0.3 5.3 ± 0.2 6.0 ± 0.2 7.3 ± 1 36.5 ± 1 45.7 ± 3 

              1 Not reliable measurement due to impurities (inks, suspended solids) 

 

An indirect way to assess the fibrillation efficiency is to evaluate the mechanical strength 

of NFC films: longer fibrils and smaller diameters allow the formation of stronger and stiffer 

fibrils networks.2 Mechanical properties such as Young’s modulus (E) and tensile strength 

(�1) for the different feedstocks are listed in Table 2-2 before grinding at pass 0, after 6 passes 

and at 10 passes. The results revealed that the properties were maximized between 6 and 10 

passes for ECF and WS, while NS reached maximum values of E6 and �16 at 6 passes, and de-

creasing at following passes. The latter result for NS can be explained as follows: when the 

fiber length shortens, the properties can degrade.2 Overall ECF performed better also in 

terms of mechanical properties with an E10 of 8.0 ± 0.1 GPa and �110 of 88.8 ± 12 MPa. Val-

ues are in agreement with typical numbers obtained for not chemically modified NFC 

films.2,8 
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2.4 Conclusions  

 

Based on the characterization of the starting cellulose pulps under analysis, we conclud-

ed that elemental chlorine free pulp (ECF) is the preferred feedstock source for the prepara-

tion of all substrates under study in this thesis. ECF has higher chemical purity and is sup-

plied in constant grade. Further, there was evidence for production of higher quality NFC 

by SEM and from rheological properties. The high purity of the ECF was of major interest 

because it safeguards the reproducibility of chemical modifications, minimizing the interac-

tions of reagents with side-products and pollutants. The higher mechanical properties of 

ECF, instead, will guarantee better performance when handling NFC-based dry products. 

In all pulps, at 10 grinding cycles unfibrillated fibers of starting size were still present. 

This is normally encountered in isolation methods based on grinding approach due to the 

size of treated pulp volumes. Partial hold-up of flowing fluids inside the grinding chamber 

can occur at each cycle, reducing the fibrillation performances. To overcome the presence of 

unfibrillated fibers the complementary use of microfluidization has to be foreseen in the next 

sections of this thesis. 

Beside the preferential use of ECF for the aforementioned reasons, two other cellulosic 

pulps (NS and WS) showed potential for nanofibrillated cellulose production; however, they 

should be intended for minor added-value applications, where less purity is required. 

Especially for WS that is an agricultural feedstock, uneven pulps are obtained in the 

frame of the same supply, both due to differences in regional and seasonal crops and for the 

not constant handling conditions in the refinery plant, as demonstrated in Figure 2-7. 

 

 

Figure 2-7 Wheat straw (WS) pulp supplied from the same bio-refinery company: uneven composition 
can be visualized, as commonly observed for feedstocks of natural origin.  
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Part of the results of these sections contributed to a study dealing with the estimate of 

the energy consumption needed for the isolation of NFC from different sources, however 

this topic is not considered in this thesis.32 In this PhD work sources of cellulose produced 

from bacteria were not considered. The reason for this is the cellulose pulp feedstocks abun-

dancy from plants and often as residues of other industrial transformation. The high renew-

ability in the first case and the need of adding value to such waste materials fostered re-

search to find applications for such plant and crop feedstocks. Bacterial cellulose is 

synthesized with extremely high purity, but in low production. Thus, it should be rather ad-

dress to niche applications for instance in the biomedical field. 
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3.         Characterization of pores in dense nanopapers 

and nanofibrillated cellulose membranes: a critical a s-

sessment of established methods  
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3.1 Abstract  

The present study is devoted to a critical investigation of porosity, pore volume, specific 

surface area and pore size distribution of dry and wet NFC nanopapers, also known as mem-

branes, with various established techniques, such as electron microscopy, helium pyc-

nometry, mercury intrusion, gas adsorption (N2 and Kr) and thermoporometry. Although 

these techniques can be successfully applied to inorganic materials (e.g., mesoporous silica), 

it is necessary to appraise them for organic and hydrophilic products such as NFC mem-

branes. This is due to different phenomena occurring at the materials interphases with the 

probing fluids. Mercury intrusion and gas adsorption are often used for the characterization 

of porosity-related properties; nevertheless, both techniques characterize materials in the 

dry state. In parallel, thermoporometry was employed to monitor the structure changes up-

on swelling and water permeance tests were run to show the accessibility of the membranes 

to fluids. For the first time the methods were systematically screened and we highlighted the 

need of uniform sample treatments prior to the measurements (i.e., sample cutting and out-

gassing protocols) in order to harmonize results from the literature. The need of revising 

the applicability range of mercury intrusion and the inappropriateness of nitrogen adsorp-

tion were pointed out. We finally present a table for selecting the most appropriate method 

to determine a desired property and propose guidelines for results interpretation that future 

users could profit from.   

3.2 Introduction  

Like cellulose, NFC is insoluble in water but undergoes swelling.1,2 A challenging issue that 

we address in our work is the characterization of porosity-related properties of NFC nano-

papers or membranes in the swollen state compared to the dry state. For this purpose, sev-

eral methods based on different working principles were employed on NFC substrates so far. 

Permporometry allows for the determination of active pores by forcing different probing flu-

ids through the membranes: e.g. based on liquid displacement, water-3,4 and gas permeabil-

ity5–7 and bubble point measurements. Spectroscopic methods (i.e. proton annihilation8) and 

scattering methods (i.e. x-ray microtomography9) are also available. In parallel, methods 

typically employed in membrane science were applied for the characterization of NFC mem-

branes in the swollen state, such as water or solvents flux, permeance and the molecular 

weight cut off (MWCO), corresponding to the molecular weight of known compounds re-

jected by 90 % through a membrane.10,11  
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In the present work we critically assess different established techniques regularly em-

ployed for characterizing other porous NFC-based templates (i.e. foams or aerogels), also 

suitable for fast industrial quality assessment: electron microscopy, helium pycnometry, 

mercury intrusion, gas adsorption and thermoporometry were considered, respectively. Alt-

hough they are successfully used for other hydrophilic materials such as silica, we analyze 

under which circumstances they partially fail for NFC membranes due to their more pro-

nounced hydrophilicity, compact structure and surface chemistry and because of different ac-

cessibility and wettability of probing fluids (e.g., Hg, N2, Kr and H2O). 

We provide here information on the density, specific surface area, total pore volume, 

pore size distribution and porosity of the NFC based membranes and compare dry and swol-

len state. In order to validate the correct use of the aforementioned techniques, we assess 

them against inorganic porous silicas used as reference materials with known pore sizes. 

 

3.3 Experimental Section  

Materials  

Never-dried cellulose fibers were provided as elemental chlorine free pulp (ECF), water con-

tent of 70 wt% (Zellstoff Stendal, Germany). Silica Gel 60 of 230-400 mesh, SSA ~450-540 

m2/g, pore size of 6 nm and pore volume of 800 mm3/g was purchased from Merck (Germa-

ny). Davisil, grade 646 with 35-60 mesh, SSA ~300 m2/g, pore size of 15 nm and pore vol-

ume of 1150 mm3/g and mesostructured Silica MSU-H with pores of 7.1 nm size, SSA ~750 

m2/g and pore volume of 910 mm3/g, were purchased from Sigma-Aldrich (Germany). For 

the synthesis of SBA-15, hydrochloric acid (37 %) and Pluronic P-123 were purchased from 

Sigma-Aldrich (Germany). Tetraethoxysilane was obtained from Evonik Industries (Ger-

�P�D�Q�\�������/�L�T�X�L�G���P�H�U�F�X�U�\���•���������������������Z�D�V���S�X�U�F�K�D�V�H�G���I�U�R�P��Sigma-Aldrich (Germany). 

Nanofibrillated cellulose (NFC) production  

ECF pulp was swollen in deionized water for 48 h at room temperature, at 2 wt% dry 

matter. A mechanical pre-treatment was applied for 15 min by an Ultra Turrax T50 dispers-

er (Ika, Germany). The isolation of NFC was carried out using a semi-industrial scale grind-

er (Masuko Sangyo Co., Ltd, Japan) as reported elsewhere.2 The system was slightly diluted 

while grinding, giving a final concentration of 1.9 wt%. The suspension was recirculated 

four times through the system to get white viscous slurry. The fibrillation was continued in 
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a high-shear homogenizer (Microfluidizer, Microfluidics, USA): the slurry was passed seven 

times through a series of two micrometer-sized Z- or Y-shaped interaction chambers with 

reducing channel diameter (from 400 to 75 ��m) at a pressure of 450 kPa. Due to a viscosity 

increase during processing, the slurry was diluted with deionized water resulting in a final 

NFC concentration of 1.3 wt%.  

NFC membranes and NFC foams preparation  

For preparing the membranes, 0.75 g dry matter NFC were diluted in deionized (con-

ductivity of 5.2 ��S/cm at 22 °C) water to a final volume of 400 ml. The suspension was 

stirred at 10,000 rpm for 1 min with a Digital Ultra Turrax T25 (Ika, Germany) and later 

outgassed under vacuum for 20 min to remove air bubbles. The suspension was poured onto 

a standard filtration apparatus, filtered by vacuum to obtain a wet cake of NFC and finally 

hot-pressed for 20 min at 1,000 N/mm2, 120 °C. During the vacuum filtration of the suspen-

sion, an additional stainless steel metal filter (mesh 325 x 2300, warp x weft 0.035 x 0.025 

mm) was added onto the glass filter to retain the fines. After filtration, the wet NFC cake ob-

tained was placed between two layers of metal mesh, carton (2 mm thick) and felt (0.5 cm 

thick) to proceed with hot-pressing. The membrane thickness was measured as average of 10 

membranes (10 measurements per membrane). Membranes with grammage of 150 g/m2 and 

thickness of 110 ± 0.07 ��m were produced. In order to produce NFC foams, the NFC sus-

pension was diluted to 1 wt% and processed by freeze-drying as reported elsewhere by 

Zhang et al.12  

Synthesis of  cylindrical mesostructured silica SBA -15 

SBA-15 was synthesized according to the method previously reported by Zhao et al.1 In 

the protocol, 1 g of Pluronic P-123 was dissolved in 31.25 ml 1.9 M solution of HCl at room 

temperature. The system was heated to 40 °C and 8.6 g of tetraethoxysilane were added. Af-

ter a stirring time of 20 h, a hydrothermal aging was conducted at 100 °C for 24 h in a teflon 

autoclave. The P-123 acts as a template for the silicon precursor assembly in a two-

dimensional hexagonal fashion. The product was separated by filtration, rinsed with 25 ml 

deionized water for three times and dried at ambient conditions. Finally, P-123 was removed 

by calcination at 550 °C for 5 h, to obtain a white powder of SBA-15.  
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Methods  

Scanning and transmission electron m icroscopy  

Scanning Electron Microscopy (SEM) was executed using a FEI Nova NanoSEM 230 

Instrument (Fei, USA), at an accelerating voltage of 5 kV to investigate the NFC after fibril-

lation. A 0.1 %wt in milliQ water suspension was prepared and a drop of sample deposited 

on a mica substrate and subjected to a pressure below 10-2 mbar to sputter a layer of 7 nm 

Pt. NFC membranes were cut by cracking in liquid N2. A sputtering layer was applied (2 nm 

for top-view, 7 nm platinum for the cross section). Pores in the cross-sections were analyzed 

by three different users by a manual contour-line tool in Image J (blue). Pore areas were es-

timated by the software and the diameter of an equivalent circular pore calculated. Averaged 

results were plotted as counts (#) per diameter (dp) classes. 

A Transmission Electron Microscope (TEM) Jeol JEM-2200FS (Jeol USA Inc., USA) 

with field emission was utilized at 200 kV to observe Davisil, Silica Gel 60, MSU-H and 

SBA-15. Silica powders were dispersed in ethanol and sonicated for 5 minutes. A drop of 

suspension was deposited on a Cu-C grid, air-dried and imaged by TEM microscopy. Pore 

sizes of tubular reference materials MSU-H and SBA-15 were determined from TEM mi-

crographs by means of Image J. Several counts of tube cross-sections and circular pore radii 

were acquired and averaged. 

Thermal gravimetric a nalysis (TGA)   

TGA experiments were conducted using a TGA 7 (Perkin Elmer, USA). The TGA 

analysis was employed to estimate in which temperature range the outgassing should be 

performed for gas adsorption.  First the degradation temperature was assessed: 4.3 g of ECF 

pulp was heated up to 900 °C with a scanning speed of 20 °C/min under helium. In a second 

experiment, the dehydration of the NFC membranes was evaluated since it might differ from 

the pulp due to their compact structure. For a better understanding of their dehydration 

process, an isothermal TGA experiment was envisaged: 5.6 g of NFC membrane was heated 

to 90 °C under helium at a scanning rate of 20 °C/min and kept at this temperature for 48 h 

and the mass loss recorded.  
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Skeletal density by helium displacement pycnometry and envelop density  

Helium pycnometry measurements were conducted using an AccuPyc II, 1340 (Mi-

cromeritics Inc., USA). The skeletal density of the materials was evaluated at 20 °C. NFC 

membranes were cut in irregular pieces (size: mm by mm), subsequently dried at 90 °C for 1 

h and kept in a desiccator. They were later inserted into an empty cylindrical Al cell (volume 

of 11.683 cm3) and the inert gas flow was allowed to determine the samples skeletal volume. 

Membranes density was calculated as ratio between their mass m and their determined 

volume. For this purpose, circular pieces (diameter D = 5 cm, grammage 150 g/m2) of NFC 

membranes were punched out of the original membranes, weighted, and their envelop densi-

ty determined as mass-to-volume Venv ratios after drying at 90°C for 60 min. The average 

thickness t was 110 ± 0.07 ��m (10 points per membrane, on 10 membranes). The volume 

was determined as Venv=�› (D/2) 2t. 

Mercury i ntrusion  

Pascal 140 and Pascal 440 mercury porosimeters (Thermo Fisher, Germany) were uti-

lized to perform the measurements at low intrusion pressure (up to 120 kPa) and high intru-

sion pressure (up to 350 MPa), at room temperature. Eventually, data were combined with 

the software SOL.I.D. Silicas and NFC membranes were dried at 90 °C for 1 h and kept in a 

desiccator. Sample masses between 1.40 and 1.70 g were employed. The density of Hg was 

automatically corrected at room temperature, while the advancing contact angle and the sur-

face tension were defined as 140 ° and 0.48 N/m, respectively. A maximum vacuum of 0.3 

kPa was reached during outgassing of the samples. 

Gas adsorption  

An Autosorb iQ2 (Quantachrome, USA) was employed for N2 and Kr gas adsorption 

experiments. Inorganic materials (Davisil, Silica Gel 60, MSU-H and SBA-15) were out-

gassed for 16 h at 150 °C with ultimate vacuum of 5·10-7 Pa,13 reached with a turbomolecular 

drag-pump. NFC membranes were blade-cut in small pieces (size: mm by mm) to fill the 

measuring cells, without compromising the nature of the membrane system as a whole. In 

order to see the effect of moisture on NFC membranes, different cleaning protocols in terms 

of temperature and time were performed: protocol i) 30 °C for 15 h, protocol ii) 90 °C for 15 

h and protocol iii) 90 °C for 45 h. Other samples were conditioned at 20 °C at different rela-

tive humidities (RH): 35, 65 and 85 %, until a constant mass was registered. For these sam-
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ples, the measuring cells were filled, weighted, sealed in the conditioning room and connect-

ed to the machine rapidly. The latter were not subjected to any outgassing procedure. Kr ad-

sorption was performed, outgassing the samples at 90 °C for 45 h, as well. NFC foams were 

outgassed at 90 °C for 45 h for determination of SSA, pore volume and pore size distribu-

tion.  

Thermoporometry  

Thermoporometry was performed with a differential scanning calorimeter (DSC) Met-

tler DSC822e (Mettler-Toledo Intl. Inc. Instrument, USA). The samples were first equili-

brated at  

-40  C and afterwards heated up with a rate of 0.25 °C/min under N2. Three to four repli-

cates were run and the enthalpy data averaged with respect to the temperature. The machine 

was calibrated with indium, as reported in the standard procedure from Mettler-Toledo. 

Separate blank scans were acquired for the deionized water employed in the measurements.  

NFC disks of 4 mm in diameter were punched out of the membranes and allowed to 

swell in deionized water (conductivity of 7 ��S/cm at 22 °C) for different swelling times: 5, 

24 and 200 h, respectively. For each swelling time, 3 membranes were prepared and 4 repli-

cas were measured for each membrane. The disks were removed from the swelling medium, 

the excess of water dried on a clean tissue and sealed inside 40 ��L aluminum pans (Netzsch, 

Germany). MSU-H, SBA-15, Silica Gel 60 and Davisil in powder form were inserted into the 

aluminum pans and put in contact with a water drop. The masses of the samples were rec-

orded before and after the measurements in order to ensure that the Al pans remained sealed 

during the scanning. After the measurements, the crucibles were punched twice with a nee-

dle (diameter 1 mm) and dried in an oven at 105 °C to evaluate the total mass of water taken 

up by the samples.  

Script in m athematica for analyzing porosity data  

Mercury intrusion, gas adsorption and thermoporometry results needed an additional data 

treatment to calculate the relative pore volumes and average pore diameters in a definite 

range of pore sizes. For this purpose, a script in Mathematica®10 in Wolfram code was writ-

ten. For the first two techniques, pore size distributions obtained from any measurement 

technique were plotted as relative pore volume over the pore diameter. Data points were in-

terpolated using the Mathematica build-in function f(i) “Interpolation”. The total pore vol-
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ume, VP, in the range a to b was obtained by integration according to the Equation (1) be-

low: 

�³� 
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The weighted average diameter, dP, was calculated according to Equation (2): 
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With g(i) being the interpolated function Equation (3) of relative pore volume Vi and pore 

diameter di, data: 

ii dVig � )(  (3) 

The transformation of heat flow data into pore size distribution for thermoporometry was 

also implemented into a Mathematica®10 script. The script consists of the following steps: 1) 

import heat flow raw data for deionized water and determination of free-water peak position; 

2) import of heat flow raw data for samples (silicas and NFC membranes); 3) baseline correc-

tion of heat flow data; 4) determination of free-water and bound-water peaks positions; 5) da-

ta cutting at �ûT=-2 °C; 6) transformation of heat-flow data into volumetric data by exploit-

ing Hay and Laity’s equation; 7) generation of distribution of relative pore volumes (mm3/g) 

of probing fluid versus pore diameters (nm). 

Water-permeance tests 

Water-permeance tests were carried out for NFC membranes after swelling in deionized wa-

ter for 5 days at room temperature. The membranes were placed in a high-pressure cell 

HP4750 (Sterlitech, USA). The cell was loaded with 250 mL deionized water and subjected 

to incremental nitrogen pressure from 0 to 4 bars over time. Membranes with grammages 

30, 50, 100, 150 and 200 g/m2 were tested. The permeated water mass was recorded over 

time through a precise balance (Sartorius, Germany). 

3.4 Results and Discussion 

The morphology of the materials was evaluated by electron microscopy. Thereafter, 

densities of silicas and NFC membranes were characterized by helium pycnometry and 
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mass-to-volume ratios, mercury intrusion, gas adsorption and thermoporometry, respective-

ly. A final section with specific attention on the results reproducibility was added.  

Morphology and average diameter ( dp) of mesoporous references and NFC 

membranes 

TEM microscopy was employed to characterize porous silicas. The dp for Davisil and 

Silica Gel 60 could not be clearly determined, due to their non-defined structure and irregu-

lar nature of their voids originated from spherical-shaped granulates (Figure 3-1a-b and c-

d). MSU-H (Figure 3-1e-h) and SBA-15 (Figure 3-1l-o) presented a tubular structure ar-

rangement; longitudinal channels with a dp of 5.7±1.0 nm (MSU-H) and with dp of 5.2±0.9 

nm (SBA-15) were visible. Pore sizes were in agreement with manufacturers’ data and the 

literature.14,15 In both cases, the evaluation might be affected by a differential illumination of 

samples.  

SEM images of NFC (Figure 3-2a) showed a typical network structure with nanofibers 

of polydisperse diameters below 100 nm and lengths of several micrometers (precise deter-

mination is not possible).5 In Figure 3-2b the surface of a NFC membrane with a few voids 

and randomly arranged fibrillar aggregates can be visualized. The highly porous cross-

sections that were mainly composed of interconnected random-in-plane NFC sheets, inter-

posed with spherical voids and longitudinal cracks with no defined shape. Meso- and 

macropores were both present (Figure 3-3). Although, the fibrous nature of NFC generates 

pores whose structure cannot be ascribed to any simple geometrical shape, the assumption of 

cylindrical pores was made for the other characterization techniques considered in this work. 

This structural anisotropy originated from the self-assembly process of NFC upon water 

removal. The pores present in the cross-section were evaluated using Image J by taking the 

pore contour by three different users (Figure 3-3, column 1, 2 and 3) and deriving the pore 

diameter. The contours were highlighted in blue.  

The resulting histogram is displayed in Figure 3-2c. Abundancy of pores in the range 

between 40 and 300 nm was found. Pores below 40 nm were underestimated with the 

achieved magnification of 50000 times, invalidating the counts of pores at the border of this 

�U�D�Q�J�H���� �:�H�� �W�K�X�V�� �D�V�V�X�P�H���W�K�D�W���D�� �E�L�J�� �I�U�D�F�W�L�R�Q�� �R�I�� �S�R�U�H�V�� �”������ �Q�P�� �F�R�X�O�G�� �Q�R�W���E�H�� �Y�L�V�X�D�O�L�]�H�G���� �3�R�U�H�V��

above 400 nm were suspected to be the longitudinal cracks mentioned before, which might 

not belong to the original membrane architecture. SEM micrographs were acquired in high 

vacuum (~10-5-10-6 mbar) under reduced moisture contents, thus no swelling accounted to 

the structure. 
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Figure 3-1 TEM micrographs of reference materials: a-b) Davisil, c-d) Silica Gel 60, e-h) MSU-H and l-o) SBA-15, respectively.



 
 
 

60 
 

Sizes were reduced due to the sputtering layer (7 nm for cross-section micrographs, 2 

nm for top-views) that should be taken into account, too. SEM can be used as a qualitative 

but not quantitative tool for pore characterization. 

 

 

  

Figure 3-2 SEM micrographs of (a) NFC (b) NFC membrane top view (c) pore size distribution of 
pores in the cross section based on Figure 3, error bars representing the Gaussian deviation.  

 

Evaluation of NFC membranes densities  

The density of the reference materials and NFC membranes were first determined by 

helium pycnometry in order to calculate the porosity of the materials, after drying at 90 °C 

for 60 min. Values between 2.15 and 2.25 g/cm3 were measured for the skeletal density, con-

sistently to the literature.16 For NFC membranes, a value of 1.506 ± 0.002 g/cm3 was ob-

tained, which does not differ drastically from the theoretical density of cellulose (1.54-1.56 

g/cm3 for cotton fibers)17 and is in agreement with the values reported elsewhere for pressed 

NFC films.18,19 This indicates that a negligible portion of closed pores was present. The en-

velop density of the membranes was also determined by weight-to-volume ratios after dry-

ing at 90 °C, 60min, resulting in a value of 1.44 ± 0.03 g/cm3. Compared to the skeletal den-

sity, the envelop density value was underestimated by roughly ~0.06 g/cm3 due to an 

overestimation of the sample volume. 
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User 1  User 2 User 3 

   

   

   

   

Figure 3-3 SEM micrographs of NFC membrane cross-sections. Pore contours (light blue lines) were 
analyzed by three users by means of Image J (user 1 for the left column, user 2 for the middle column 
and user 3 for the right column). Micrographs scale bar is 2 ��m. 
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In fact, when measuring the thickness by means of a caliper the maximum thickness ac-

counts to the maximum roughness values. The porosity (P%) of the samples was calculated 

as follows, Equation (4): 

 �2% =
(�é�æ�Þ𝑠𝑠�ß
F �é𝑒𝑒𝑒𝑒�é)

�é�æ�Þ𝑠𝑠�ß
 × 100 (4) 

where �!skel and �!env are skeletal and envelop densities, respectively. From a skeletal density 

of 1.44, in agreement with the density value of solvent casted NFC films from Minelli et al,10 

a value of porosity ~4.65 % was obtained, as summarized in Table 5. Qing et al.20 deter-

mined the envelop density and porosity of NFC films prepared from different cellulose 

sources and obtained results between 1.32-1.38 g/cm3 and porosities between 8.5-12 %. 

Lower density values, and consequently higher porosity, are achieved for vacuum-dried na-

nopapers, solvent-exchanged nanopaper or supercritically dried nanopapers. The higher 

compaction we achieved might be related to the presence of a considerable amount of small 

nanofibrils.40  

Pore volume (V p), pore size distribution (PSD), average pore diameter (d p) and 

porosity ( P%) by mercury intrusion  

Prior to the measurement a mild outgassing of the sample is generally performed (max-

imum vacuum reached is normally 0.3 kPa). In these conditions it was not possible to esti-

mate the amount of removed adsorbates. In a typical experiment, the Hg volume uptake is 

reported against the intrusion and extrusion pressure. For silica materials, S-shaped curves 

(Figure 3-4b) were obtained. As expected, a steep increase of Hg uptake occurred at high 

pressure (~40 MPa) corresponding to the filling of pores smaller than ~35 nm, while a typi-

cal hysteresis loop appears due to the irreversibility of the intrusion-extrusion process. Some 

differences in the curve shapes of disordered mesoporous silicas (viz. Davisil and Silica Gel 

60) and cylindrical silicas (viz. MSU-H and SBA-15) were visible, due to the phenomenon 

dependency on the pore structure as explained by Coasne et al.41 For NFC membranes 

(Figure 3-4a) the volumetric data showed an initial steep filling of the intermembrane voids, 

followed by a plateau in the range of 0.05 and 20 MPa. A second increase in Hg uptake was 

observed above 20 MPa and was attributed to filling of the pores. The hysteresis loop was 

narrower for NFC membranes compared with the silica materials, but almost constant along 

all radii domains suggesting that the extrusion process was less irreversible for membranes 

than for reference materials. According to Wardlaw et al.42 this result might suggest that 

the pathways that the Hg had to take to extrude the samples were shorter in the NFC mem-
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branes than in the silicas, due to smaller pore-throats to pore-cavity ratios. By employing 

Washburn’s equation,43 Equation (5): 

�¿�2=  
2 �Û �?�K�O�à

�N�ã�â�å�Ø
 (5) 

the PSD can be derived as shown in Figure 3-4c and d. MSU-H and SBA-15 presented 

narrower distributions as compared to the Davisil and Silica Gel 60, with pore volumes of 

hundreds mm3/g as reported in Table 3-1 and in agreement with the manufacturers’ specifi-

cations. Concerning NFC membranes replicates, their PSD overlaid - confirming their high 

reproducibility- and pore volumes were in the order of a few mm3/g.  

By integrating the area below the PSD curve, the pore volume can be calculated. These 

PSD are cut at 100 nm for the reasons explained in the upcoming paragraph. 

The original full PSDs are shown in Figure 3-5. The distributions display a second peak 

above 1 ��m for silicas (Figure 3-5a). These peaks do not imply the pores but the space be-

tween particles (interparticle voids); their contribution to the total pore volume has to be 

neglected. With regard to the membranes, at low pressure the first mercury uptake corre-

sponds to filling the intermembrane spaces between discrete pieces of NFC films. At high 

pressure, the higher mercury uptake occurs in a range corresponding to mesopores filling. 

Also in this case, a PSD distribution with two main peaks is generated (Figure 3-5b): one in 

the mesoporous range extending up to 100 nm and one above 1 ��m. In analogy to the refer-

ence materials, one should be able to exclude the effect of interspaces between the membrane 

pieces. In order to correctly integrate the curves, a script in Mathematica® 10 (Wolfram), 

was employed. To exclude the interparticle void contribution in the membranes, a double in-

trusion experiment was carried out. The PSD derived from the double intrusion are shown 

in Figure 3-6. Run 1 and Run 2 curves correspond respectively to the first intrusion process 

and to the second intrusion process. It can be seen that at void sizes above 5000 nm, a 

change in the distribution occurs. A possible interpretation is the rearrangement of discrete 

pieces of membranes inside the dilatometer that causes a redistribution of the interparticle 

voids which do not affect the pores of the membrane.3 In the mesoporous range the shape of 

the PSD does not change, showing the limited compressibility of the membranes, but seems 

slightly reduced in terms of relative volumes. After the Run 1, a hold-up of mercury oc-

curred, as illustrated in Figure 3-7a.  
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Figure 3-4 a) Hg intrusion volumetric data for silica reference materials and b) for four replicates of NFC membranes, respectively; c) pore size distribution dete r-
mined converting the volumetric data through Washburn’s equation of reference materials and for d) NFC membranes. 
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Figure 3-5 PSD curves over the full range of investigation by mercury intrusion for a) silica reference 
materials and b) NFC membrane replicates. 

 

It is commonly observed that after the pressure release not all the mercury can be ex-

truded. Normally the reasons for trapping of Hg can be found in the pore-to-through ratio, 

throat–to-pore coordination number or connectivity and the presence of heterogeneity in the 

systems, as it was discussed by Wardlaw et al.4 In the NFC membrane’s case one could visu-

alize this phenomenon in the mercury retention inside macrocavities formed by blade-

cutting during the sample preparation, as it appears in Figure 3-7b. Those cavities are not 

originally belonging to the membrane porosity. 
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Figure 3-6 PSD derived by a double mercury intrusion experiment. Run 1(dashed line) corresponds to 
the first intrusion process and Run 2 (continuous line) to the second intrusion. 

 

 

Figure 3-7 a) Discrete pieces of NFC membranes after Run 1 from the mercury intrusion experiment 
(size mm x mm, irregular sizes). The Hg hold-up at the membrane’s border is visible in grey. b) Cross-
section of NFC membrane after sample’s metal-blade cutting: the membrane undergoes a clear delam-
ination along the longitudinal plane. Macrocavities not belonging to the original membrane’s porosity 
are formed (scale bar 100 µm). 

 

The total pore volume (Vp) and the average pore diameter (dp) were calculated from the 

cut PSD curves in a definite pore size range to exclude the contribution of Hg uptake by in-

terparticle voids. By integrating the area below the PSD curve, the pore volume can be cal-

culated. Silica Gel 60, MSU-H and SBA-15 were integrated up to 10 nm while the Davisil 

curve was integrated up to 50 nm, as its PSD extends over 10 nm. NFC membranes data 

were averaged for four measurements and integrated up to 100 nm. The values obtained are 

reported in Table 3-1. 

 

a b
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Table 3-1 Results on reference materials and NFC membranes of skeletal density determined by heli-
um pycnometry and envelop density, followed by bulk density, accessible porosity, pore volume (Vp) 
and average pore diameter (dp) determined from mercury intrusion porosimetry.  

 Davisil Silica Gel 60 MSU-H SBA-15 NFC mem 

Skeletal Density (g/cm3) 2.15 2.17 2.25 2.24 1.51±0.002 

Envelop Density (g/cm3) - - - - 1.44±0.03 

Pa (%) - - - - 4.65 

Determination by Hg intrusion  

Bulk Density (g/cm3) 0.58 0.47 0.21 0.18 1.36±0.01 

Pb (%) 86 81 94 -c 13.3 ± 0.5 

Pd (%) 63.0 38.9 57.7 64.0 5.5 

Pe (%) 73.1 78.3 90.6 92.0 9.8 ± 1.1 

Vp (mm3/g)  791 293 607 795 38.4 ± 1.8 

dp (nm) 13.3 5.7 5.2 6.0 28.6 ± 2.3 

a Porosity calculated by Equation (4), after drying at 90 °C, 60 min 
b Value determined by S.O.L.I.D. software, including artifacts and intermembrane voids 
c Value not consistent  
d Porosity calculated by Equation (6), Pore Volume taken between 1-100 nm 
e Porosity calculated by Equation (7) 

 

The dp of silica materials matched the expected values, for NFC membrane dp was 28.6 nm 

with a peak at about 5 nm, when integrating the PSD until 100 nm, including fully the mes-

oporous range. As pores below 3.7 nm were not measured and pores above 100 nm were ex-

cluded, their contributions to the total pore volume and to the PSD were not considered. 

The Vp obtained was 38.4 mm3/g.  

The accessible porosity was computed by the machine S.O.L.I.D. software by comparing 

the bulk density obtained by Hg intrusion to the skeletal density determined by helium pyc-

nometry (Table 3-1). A value of 13.3 ± 0.5 % was found when considering the full pore size 

distribution until the macroporous range. However, this value is higher than the porosity es-

timated by the difference between skeletal and envelop density (4.65 %) due to the overesti-

mation of the total pore volume including macrocracks and intermembrane voids, making 

the values generated by the software not always trustable. By considering the pore volume 

in the range of 3.7-100 nm obtained by the integration (38.4 mm3/g) and the skeletal density 

of the membranes, the porosity in this range can be calculated as in Equation (6): 

�2% =   
�8�ã 

�8�ã +  
1

�é�æ�Þ𝑠𝑠�ß
 
× 100 (6) 
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resulting in a value of 5.5 %. This latter was in closer agreement with the density deter-

mined through Equation (4). Porosity could also be calculated by comparing the bulk densi-

ty to the skeletal density, as in Equation (7): 

�2% =   
�é�æ�Þ𝑠𝑠�ß
F �é�Õ�è𝑏𝑏𝑏𝑏

�é�Ì𝑆𝑆𝑆𝑆𝑆𝑆 
× 100 (7) 

In this case a value of 9.8 % was calculated. All results presented were determined without 

any compressibility correction. Ferraz et al.14 obtained PSD of porous composite nanocellu-

lose films with a dp of 21 nm, comparably with the NFC membranes. 

Specific surface area (SSA), pore size distribution (PSD), total pore volume 

(V p) and average pore diameter (dp) by gas adsorption technique  

In order to validate the gas adsorption technique, measurements were first run on silica 

reference materials. S-shaped type IV isotherms were observed by N2 (Figure 3-8). Adsorp-

tion isotherms were conducted on silica reference materials with outgassing at 150 °C for 16 

h. Davisil and Silica Gel 60 presented an hysteresis type H1, typical of materials obtained by 

the consolidation of spheres.44 MSU-H and SBA-15, exhibited hysteresis between type H1 

and H4 indicating the presence of a network of micro- and mesopores.45  

In a second validation step, the correct operation of the machine was assessed by using 

freeze-dried NFC foams, whose data are widely reported in literature.5-7 Foams were pre-

pared from a water-based suspension of NFC at 1 wt% as reported elsewhere.8 The iso-

therms are of type IV, as classified by IUPAC. The adsorption isotherms, SSA and PSD 

plots are available in Figure 3-9. 

 
Figure 3-8 N2 adsorption isotherms for reference mesoporous silicas SBA-15, MSU-H, Davisil and Sil-

ica 60. 
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Figure 3-9 Nitrogen adsorption results for three replicates of NFC foams produced by freeze-drying: a) adsorption isotherms at 77 K, b) PSD by BJH desorption, c) 
BET evaluation and d) image of NFC foam.  
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The pore size distribution for the three replicates was highly reproducible in terms of 

shape and extension: pores between 3 and 220 nm were observed, with a maximum at about 

3.9 nm. For all samples, the absolute area hold inside the measuring cell exceeded the limit 

of 2 absolute m2, resulting in reliable and reproducible results. Since N2 adsorption results 

were in agreement with the widely available data in the literature for such products,46–48 we 

concluded that the machine was operated properly. Overall, we could state that the nitrogen 

adsorption carried out characterized properly the NFC foams. Before evaluating the gas ad-

sorption on the membranes, their dehydration process was studied by TGA, to investigate 

how the drying progresses. Dehydration of bound water on the ECF pulp occurs at ca. 100 

°C, while the degradation temperature of cellulose pulp was at 368 °C, with an on-set above 

200 °C (Figure 3-10a). With a TGA isothermal experiment in which the samples were kept 

at 90 °C for 48 h, a mass loss of 4.95 % within the first 15 h was recorded, increasing to a 

loss of 5.09 % at 45 h. After 45 h a plateau was reached, indicating no additional water re-

moval (Figure 3-10b).  

 

Figure 3-10 a) TGA analysis of cellulose ECF pulp. Decomposition occurs at 368°C, b) Isothermal 
TGA analysis of NFC membrane at 90 °C for of 48 h. 
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On the basis of these results, the most suitable conditions for the outgassing adsorption 

can be determined. By keeping samples in vacuum at 90 °C for 45 h, the cleaning is per-

formed in conservative conditions. Less strict cleaning (outgassing) conditions, would only 

partially remove the adsorbed water. 

The measurements were then repeated on NFC membranes and, specifically, the impact 

on their PSD of the outgassing conditions and the presence of moisture in the membranes 

were investigated. Adsorption isotherms were recorded with Kr (Figure 3-11) and N2 

(Figure 3-12) at 77 K. For all outgassing conditions and relative humidity, no limited-

adsorption44,45 occurred at high relative pressure (p/po=1) (Figure 3-12). Such a behavior ap-

pears for systems presenting pore ranges extending above the range covered by gas adsorp-

tion, typically of a few hundred nanometers. Due to the non-limited adsorption, the shape of 

the isotherms at low p/po appeared flat; however by magnifying the low relative pressure re-

gion, one could classify them as the type IV. The membranes isotherms, as presented, re-

ferred to the volume of N2 adsorbed per total mass of the sample. In our case, it correspond-

ed either to a sum of cellulose and moisture content (due to unremoved pollutants or to the 

moistening process) or only to cellulose when a valid outgassing was performed. A decrease 

of the maximum volume of N2 per gram of sample was observed at p/po=1 when increasing 

RH, which highlighted that water molecules present at the surface of the nanofibers inter-

fere with the adsorption of N2. We also determined Kr adsorption after performing an out-

gassing at 90 °C for 45 h and highly reproducible isotherms were found (Figure 3-11).  

 

 
Figure 3-11 Kr adsorption isotherms for NFC membranes: 4 replicates are shown. 
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Figure 3-12 Nitrogen adsorption isotherms showing the volume adsorbed at standard conditions (Vol at STD) versus relative pressure (p/p o) for NFC membranes 
treated differently prior the measurement: a) outgassing at 30 °C – 15 h, b) outgassing at 90 °C – 15 h, c) outgassing at 90 °C – 45 h, d) conditioning at 35 %RH, e) 
conditioning at 65 %RH and f) conditioning at 85 %RH.  
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Determination of SSA by nitrogen compared with krypton adsorption 

The adsorption isotherms measured at 77 K with Kr and N2  allowed for the determination 

of SSA, correlation coefficient R2, C constant and the value of the t-plot intercept for refer-

ence silicas and for the NFC membranes are reported in Table 3-2 and Table 3-3, respective-

ly.  

The SSA of the reference materials matched the manufacturers’ values. High values of C 

constant were found (C>50). A positive t-plot intercept was determined for MSU-H 

(111.525) and SBA-15 (48.59) indicating that these samples own micropores (pores <2 nm).  

For NFC membranes the SSA was assessed to be in the range of 0.15 and 0.2 m2/g, 

when measured by means of N2 adsorption. A visible impact of the moisture content on the 

SSA could not be appreciated; moreover, one should notice that the absolute area hold by the 

measuring cell was below 2 m2/g, requiring an additional investigation by Kr. Kr adsorp-

tion, known to give a more precise determination44,49 resulted in lower SSA of 0.095 ± 0.083 

m2/g, with a correlation coefficient of 0.99988. The BET method generated high correlation 

coefficients R2, however, in all cases the C constant remained below 50 independent on the 

outgassing protocol, suggesting the existence of weak interactions between nitrogen and ad-

sorbent.50 In our study, a decrease in C value was observed with increasing the relative hu-

midity, which confirms that water molecules interfere with the adsorption of N2 on the 

sorbent. Values of the t-plot intercept were close to zero for all NFC membranes investigat-

ed, suggesting that no micropores (pores <2 nm) were present.  

 

Table 3-2 Values of SSA, R2, C constant and intercept of t -plot method for reference silica materials 
determined by means of N2 and Kr adsorption with outgassing at 150 °C for 16 h.  

 Davisil  Silica Gel 60 MSU-H SBA-15 

Outgassing  150 °C, 16 h 

Gas ads N2 Kr  N2 Kr  N2 Kr  N2 Kr  

Conditioning - - - - - - - - 

SSA (m2/g)  237.0 293.2 366.09 351.3 835.95 994.9 704.9 637.8 

R2 0.9997 0.9999 0.9999 0.9998 0.9999 0.992 0.9999 0.9998 

C 68.48 29.09 118.67 26.92 164.57 190.73 118.72 34.32 

t-plot intercept -15.7 - -24.9 - 111.5 - 48.6 - 
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Table 3-3 Values of SSA, R2, C constant and intercept of t-plot method for NFC membranes deter-
mined by means of N2 and Kr for different outgassing protocols and RHs conditionings. 

 NFC mem 

Outgassing 30°C,15 h 90°C,15 h 90°C,45 h 90°C,45 h None None None 

Adsorptive N2 N2 N2 Kr  N2 N2 N2 

Conditioning - - - - 35 %RH 65 %RH 85 %RH 

SSA (m2/g)  0.137 ± 
0.014 

0.126  ± 
0.016 

0.199 ± 
0.0268 

0.095 ± 
0.008 

0.138 ± 
0.028 

0.175 ± 
0.016 

0.184 ± 
0.008 

R2 0.9999 0.997 0.9996 0.9999 0.9999 0.9994 0.9923 

C 11.60 12.14 11.05 8.82 14.61 8.33 6.34 

t-plot intercept -0.03 -0.01 -0.03 - -0.006 -0.038 -0.035 

 

Determination of the pore size distribution (PSD) and total pore v olume (V p) 

by ni trogen adsorption  

The PSD for the reference materials and the NFC membranes were derived from N2 ad-

sorption isotherms by means of the BJH method and are presented in Figure 3-13a. The to-

tal pore volume and the average pore diameter are summarized in Table 3-4. The properties 

provided by the product manufacturers and the PSD obtained by Hg intrusion agreed with 

the N2 adsorption results for all references.  In the case of NFC membranes, increasing the 

outgassing temperature from 30 °C to 90 °C for 15 h did not change the PSD significantly 

(Figure 3-13c), which is in agreement with their hysteresis profiles. However, a modification 

of the PSD was noted when the samples were kept at 90 °C for 45 h. Here, a higher fraction 

of pores in the range of 4 to 13 nm could be obtained by applying a longer purging time. 

Apparently the purging treatment removed most of adsorbed species, mainly water mois-

ture, which filled the pores or clogged up their entrances. Seemingly, water moisture at 77 K 

might undergo freezing, reducing the available space for the nitrogen to adsorb. We suppose 

that the nitrogen adsorption did not always proceed through multilayers formation but ra-

ther through a disturbed adsorption in presence of water molecules, which interfered with 

the nitrogen condensation process in the pores. These outgassing conditions (90 °C, 45 h) 

were found to be the most suitable purging parameters through an investigation by an iso-

thermal TGA analysis. As for the PSD, also the total pore volume was influenced by the 

outgassing and the conditioning protocols.  
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Figure 3-13 a) PSD of reference materials b) cross-section of a blade-cut NFC membrane, c) PSDs for NFC membrane samples purged with different outgassing 
conditions and d) PSD of NFC samples conditioned at different RHs. 
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Table 3-4 Total pore volume (Vp) and average pore diameter (dp) for reference materials by nitrogen 
adsorption. 

 Davisil  Silica Gel 60 MSU-H SBA-15 
Outgassing 150 °C, 16 h 

Gas ads N2 N2 N2 N2 
Conditioning  - - - - 

Vp (mm3/g)  1190 796 780 805 
dp (nm) 11.3 6.3 7.4 8.1 

 

 Table 3-5 Porosity (P%), average pore volume (Vp) and average pore diameter (dp) for NFC mem-
branes by nitrogen adsorption performed with different outgassing and conditioning at different RHs. 

 NFC membranes 

Outgassing 30 °C,15 h 90 °C,15 h 90 °C,45 h None None None 

Gas ads N2 N2 N2 N2 N2 N2 

Conditioning  - - - 35 %RH 65 %RH 85 %RH 

P (%) 0.08 0.08 0.10 0.08 0.08 0.04 

Vp (mm3/g)  0.50 0.51 0.66 0.55 0.55 0.27 

dp (nm) 24.3 35.3 24.3 30.6 27.2 30.7 

 

Upon calculation of the porosity through the pore volume obtained by this technique (Table 

3-5), the limitations of nitrogen adsorption on the characterization of NFC membranes were 

strongly highlighted. A maximum value of 0.1 % was found for outgassing protocol iii (90 

°C, 45 h), while the determination of porosity formerly carried out in this work returned 

value of 4.65 % by Equation (4), 5.5 % by Equation (6) and 9.8 % by Equation (7), respective-

ly. The average pore diameter was not very much affected by the different conditions, vary-

ing in the range of 24.3 to 35.3 nm. Despite the averaged values, two peaks of the PSD were 

observed at ~3 nm and between 5.4-12.9 nm. In all samples, longitudinal cracks introduced 

during samples preparation (Figure 3-13b) might correspond to voids where N2 condensa-

tion did not occur, thus causing unlimited adsorption. The PSD between 4 and 100 nm re-

sembled the one obtained by Ferraz et al.14 with N2 adsorption algae nanocellulose mem-

branes, measured after outgassing at 95 °C for at least 24 h. In our case, a more pronounced 

fraction of pores below 4 nm was revealed, which might be due to a more polydisperse dis-

tribution of nanofibrils diameters. We conclude that the outgassing protocols and moisture 

content have a strong impact on the measured properties, thus in order to compare the re-

sults in the literature a good practice would be to harmonize the preparation of samples and 

outgassing protocols before executing the gas adsorption measurements on NFC mem-

branes. 
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Total pore volume (V p), pore size distribution (PSD) and average pore diam e-

ter (dp) by thermoporometry  

Thermoporometry was employed to characterize the materials in the wet state. We 

verified the calibration of the machine by utilizing this method on the reference materials, of 

which average size and pore volume were known from the manufacturer data and from for-

mer investigations in this work. Afterwards, the measurements were carried out on NFC 

membranes. 

The scanning rate was chosen among three different values that were investigated (0.25, 

0.5 and 5 °C/min). We found that the freezable water (FW) and the bound water (BW) 

peaks were better resolved with the lower value. Thus, all DSC scans in heating mode were 

acquired at 0.25 °C/min scanning rate. First scans of only deionized water were acquired 

and used for calibration. The samples employed owned different masses varying from ca. 1 

mg to 24 mg. First, pure deionized water samples of different masses (1-24 mg) were run by 

differential scanning calorimetry in order to determine a representative free-water peak for 

the analysis in this work (Figure 3-14). It is worth mentioning that the peak position is mass 

dependent: due to the different heat capacities of increasing masses of water drops, the peak 

broadened. For 1 mg of water, the FW peak lays at 0.49 °C, while for 24 mg it is at 1.35 °C.  

The average free-water peak position was taken at 0.91 °C as calculated from multiple meas-

urements of pure deionized water. 

 

Figure 3-14 Determination of the melting temperature- dependence for free water with the water 
mass.  
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In Figure 3-15a and Figure 3-15b representative DSC thermograms for the melting 

ramps of reference materials and the NFC membranes are displayed, respectively. For the 

mesoporous silica references, the enthalpy signals for bound-water were located in the range 

of -25 and -3 °C and clearly appeared well separated from the free-water peak, located be-

tween 1 and 1.5 °C. The free water peak position changed compared to the deionized water 

(0.91 °C) due to the affinity between hydrophilic silica and water. Hay and Laity’s equation,51 

Equation (8): 

�@𝑑𝑑�ã

�@𝑑𝑑�ã
=  

�@�3
�@𝑑𝑑

�@𝑑𝑑
�@(�¿𝑇𝑇) 

�@(�¿𝑇𝑇)
�@𝑑𝑑�ã

 
1

�I  ��H�Ù(T) �é(T) 
 (8) 

 was employed to transform the heat flow data into PSD (Figure 3-15c and d) . 

The average pore size for reference materials matched confidently the ones investigated 

by gas adsorption and Hg intrusion, where the materials were evaluated at dry state. Con-

trari ly, the total Vp was lower of seven order of magnitude. For cylindrical-shaped MSU-H 

and SBA-15 we assume that the penetration of water from both openings of the cylinders 

caused trapping of air bubbles, resulting in an apparent pore volume strongly underestimat-

ed. For Davisil and Silica Gel 60, a transition to the gel state might have occurred being re-

sponsible of the void volume reduction. 

Concerning NFC membranes, the impact of the swelling time on the PSD, Vp and dp of the 

NFC membranes was investigated for 5, 24 and 200 h. Independently from the swelling 

time, the free-water and the bound-water peaks were overlapping and prevented resolving 

the full peak corresponding to the bound-water (Figure 3-15b). The free-water peak meas-

ured on membranes was with temperatures between 0.33 to 0.38 °C lower than those for ref-

erence materials and pure water. Landry et al.51 reported that in cellulose membranes the 

cellulose itself can act as heterogeneous catalyst for ice formation. This may lead to a lower 

melting temperature of water and explain our observations. Since the full heat flow signal 

could not be exploited, the PSD for the NFC membranes was generated using only data 

points below �¿T of -2 °C. The heat flow above this value was neglected.  

In Figure 3-15d, the PSDs of NFC membranes are shown; a dependency on the swelling 

time was clearly observed. The distributions accounted for a value of non-freezable water 

layer (�/), as determined by Brun. As Maloney already reported,52 this value is still unknown 

for cellulosic materials. Results for total pore volume and average pore diameter were de-

rived by analyzing the PSD in the pore size range between 3-30 nm with Equations (1), (2) 

and (3) and are summarized in Table 3-6. A decrease in the relative pore volume was ob-

served with increasing swelling time, while the dp remained constant. 
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Table 3-6 Pore volume Vp and pore diameter dp data obtained by thermoporometry. 

 Davisil Silica Gel 60 MSU-H SBA-15 NFC mem 

     Swelling times 
     5 h 24 h 200 h 

Vp (mm3/g)  8.24 10-4 5.25 10-4 7.09 10-5 1.35 10-5 0.49 0.37 0.35 
dp (nm) 11.6 7.0 6.2 6.1 28.7 28.8 28.6 

 

Interestingly, the PSD shape obtained through thermoporometry differed from what could 

be visualized by gas adsorption and mercury intrusion in the dry state. We hypothesize that 

in presence of liquid water, a swelling of the whole membrane structure took place, giving 

rise to an increase of volume between the fibers, thus to bigger voids and in parallel closing 

of the pores may have occurred due to the swelling of the adjacent fibers. In this case, NFC 

membranes in water appeared to have bigger pores as compared to what was obtained by 

dry state techniques, with a distribution starting above 10 nm and a peak in the upper limit 

of the mesoporous range. A second hypothesis could be that in presence of cellulose, the 

non-freezable water layer (�/ ~1.6 nm for silicas) is thicker than two to three molecular lay-

ers,51 thus pores might exist but are filled by liquid water. Consequently, no heat-flow sig-

nals for crystals melting in those ranges can be visualized, as crystals cannot form. Assum-

ing a diameter of 0.275 nm for the H2O molecule, pores of 10 nm size should be filled by ~36 

layers of water. We believe that a combination of the two phenomena occurred for NFC 

membranes. 
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Figure 3-15 DSC thermograms indicating free water peaks (FW) and bound water peaks (BW) of a) reference material and b) NFC membranes at swelling times 
of 5, 24 and 200 h; c) PSD for reference materials (y axis multiplied �Ã10-4) and d) PSD for NFC membranes.  
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Water-permeance tests 

As a proof of concept that nanofibrillated cellulose films produced by vacuum filtration can 

display membrane functions, water permeance tests were carried out. Membranes with 

grammages of 30, 50, 100, 150 and 200 m2/g, were assessed with regards to water perme-

ance after swelling in deionized water for 5 days (Figure 3-16). Fluctuations of the perme-

ance values were given by the ventilation of the hood where the membrane filtration device 

was located. The permeance significantly decreased upon grammage and thickness increase, 

corresponding to higher flow resistance. For membranes with grammage 30 and 50 g/m2, 

the water permeation started when a pressure of 2 bar was applied and permeances of 18 and 

9 L/(h m2 MPa) were recorded, respectively. However, from grammage 100 on at least 4 bar 

were needed to operate the filtration. The values for grammages 30 and 50 g/m2 are in full 

agreement with the results obtained in the work of Mautner et al.,24 where the rejection abil-

ity of the membranes was also investigated by molecular weight cut off (MWCO) of PEG. It 

was shown that NFC membranes had a MWCO of 25 kDa targeting nano- and ultrafiltra-

tion operations. The need of boosting the overall permeance, through the porosity of the 

membranes, and keeping the pore size distribution narrow arose from these outcomes: modi-

fications in the processing method should be introduced when preparing the membranes to 

be competitive with industrially available membranes for nano- and ultrafiltration. This is 

object of our present investigations. 

 

Figure 3-16 Water permeance for NFC membranes with grammages of 30, 50, 100, 150 and 200 m2/g 
over time. The incremental pressure ramp employed is shown (red dashed line). The permeance de-
creases by increasing the grammage.  
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Measurements reproducibility  

The results obtained for the reference silica materials with the three porosimetry techniques 

were in good agreement with each other and with the data provided by the manufacturers, 

whereas significant variations were noted for NFC membranes depending on the technique 

employed. This was mainly due to the use of different probing fluids, pretreatments and 

range of applicability. With regards to the reproducibility, Hg intrusion generated highly 

reproducible curves for NFC membranes, confirming the repeatability of membrane prepara-

tion process. In N2 and Kr adsorption, the importance of determining a proper outgassing 

protocol was highlighted: with mild outgassing (viz. protocols i and ii) the reproducibility of 

the measurements was low, however by purging the samples at 90 °C for 45 h it increased. 

DSC thermograms showed highly reproducible curves for all different swelling times. How-

ever, free water and bound water peaks were not sufficiently resolved to perform a complete 

evaluation of NFC membranes properties.  

By considering each single property investigated in our work, we observed the follow-

ing: Hg intrusion was not used for the derivation of SSA values because we cannot exclude 

the contribution of surface generated by sample preparation. Gas adsorption on NFC mem-

branes was employed to estimate the SSA. By N2 adsorption the values were below 2 m2/g 

thus, to overcome this problem, Kr adsorption was employed and the SSA diminished by the 

half compared to N2 adsorption. This confirmed an anomalous behavior of nitrogen, not in 

agreement with multimolecular adsorption BET model. The low value of Kr SSA confirmed 

the membranes high packing density, in which fibrils strongly clustered upon drying. 

With regard to the PSD, none of the techniques allowed for a direct measurement of mi-

cropores (<2 nm). Hg intrusion permitted the characterization of pore diameters above 3.7 

nm, nevertheless the cracks not originally belonging to the membrane cannot be distin-

guished in the macrometer range. In the case of N2 adsorption, the relevance of the outgas-

sing protocols was brought up by showing how extensively the shape of the PSD changed in 

presence of unremoved adsorbate. Different techniques returned different values due to the 

different penetration of the probing fluids employed. Hg intrusion occurs with limited pene-

tration in the inner cavities of tortuous pores, leading to under-estimated porosity values. 

However, it was the method that returned a closer porosity value to the one determined by 

Equation (4).  The low pore volume determined by N2 adsorption (0.66 mm3/g for protocol 

iii), was highly underestimated due to an anomalous adsorption process. At last, thermopo-

rometry did not allow the determination of porosity at all. From all former evaluations, a 
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comparative table (Table 3-7) collecting the main results for total pores volume and pore di-

ameter was compiled.  

 

Table 3-7 Comparison of average pore diameter (dp) and pore volume (Vp) results between values 
known from the manufactures and values determined by the considered techniques for the investigated 
silica materials and NFC membranes. 

 Manufacturer  SEM/TEM  Hg Intrusion  N2 adsorption Thermoporometry  

 dp 
(nm) 

Vp 
(mm3/g)  

dp 
(nm) 

Vp 
(mm3/g)  

dp 
(nm) 

Vp 
(mm3/g)  

dp 
(nm) 

Vp 
(mm3/g)  

dp 
(nm) 

Vp 
(mm3/g)  

Davisil 15 1150 - - 13.3 791 11.3 1190 11.6 8.2 10-4 
Silica Gel 
60 6 800 - - 5.7 293 6.3 796 7.0 5.3 10-4 

MSU-H 7.1 910 5.7 - 5.2 607 7.4 780 6.2 7.1 10-5 

SBA-15 - - 5.2 - 6.0 795 8.1 805 6.1 1.4 10-5 

NFC mem - -  - 28.6 38.4 24.3 0.66 28.7 0.5 

 

One can visualize a good agreement of results for reference materials, while scattering of 

results for pore volume of NFC membranes is put in foreground. Although the pore volumes 

determined by N2 adsorption and thermoporometry were comparable, both appeared under-

estimated compared to mercury intrusion. In the case of N2 adsorption we supposed a clog-

ging mechanism of pore entrances and their partial filling by moisture. In thermoporometry, 

closing of pores occurred at low pore sizes due to the swelling. In Table 3-8 we summarize 

the properties, such as porosity, SSA, PSD, dp and Vp, that can be determined by each tech-

nique in a reliable way, not fully reliably or that cannot be determined at all. Such a table 

might serve as a guideline for future researches dealing with the characterization of dense, 

non-chemically modified NFC membranes and provide awareness on the validity of results. 

 

Table 3-8 Summary of properties that can be (viz., yes) or cannot be (viz., no) reliably determined by 
each technique, under certain conditions clarified in the footnotes. 

 �!  
(g/cm 3) 

P  
(%) 

SSA 
(m2/g)  

dp 

(nm) 
PSD 

(mm3/g/nm)  
Total Vp 

(mm3/g)  
Vp(1-100 nm) 

(mm3/g)  

He pycnometry yesa - - - - - - 
m/V ratio  yesb  - - - - - 
Electron Microscopy - no no no 40 nm ÷ ��m no no 
Hg Intrusion yesc yesd no yes 3.7÷100 nm no yes 
N2 Adsorption - no no yes 2÷100 nm noe no 
Kr Adsorption - - yes - - - - 
Thermoporometry - no no no 3÷30 nm no no 

a in the dry state, skeletal density 
b in the dry state, envelop density 
c in the dry state, bulk density 

d under the condition of excluding pores below 3.7 nm and void artifacts 
e pore clogging do not allow N2 permeation. 
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3.5 Conclusions  

We performed the characterization of dense NFC membranes by means of different dry 

and wet based techniques. Although several methods were considered, it was not possible to 

identify a universal one for the determination of all examined properties, such as total pore 

volume, porosity, and average pore diameter and pores size distribution. 

Overall, the impact of the sample preparation was emphasized. Macrocracks are introduced 

when blade-cutting the membranes that do not originally belong to the porosity of the sam-

ple. To overcome the problem one should consider fracturing the membranes in liquid ni-

trogen to prevent the alteration of newly generated interfaces.  

In presence of moisture, pores in the lowest fractions of the mesoporous range remained 

hidden when performing N2 adsorption. A combination of an isothermal TGA coupled with 

a mass spectroscopic measurement in vacuum would be beneficial to monitor degradation 

processes. 

Three of the techniques employed (i.e., He pycnometry, Hg intrusion and N2 adsorption) 

evaluated the properties of NFC membranes in the dry state; however, once installed in fil-

tration units, the membranes are supposed to work in aqueous environment.  

As future recommendations, an investigation by a volumetric water-vapor adsorption 

combined with dynamic gravimetric water-vapor sorption (DVS) at different relative humid-

ity should be investigated. This would allow for a better understanding of water diffusion 

and membranes swelling.  

An attempt to characterize the NCF membranes in water medium was made by employ-

ing thermoporometry; nevertheless, challenges were faced when evaluating the results due 

to the fact that the PSD extends over the macroporous range, which is neglected by this 

technique. The determination of the pore size and, thus, the filtration range can be assessed 

indirectly by determining the molecular weight cut off (MWCO)19,24 of polymer solutions in 

water. In this study only the water permeance through membranes of different grammages 

was appraised; however from this preliminary data, the need of increasing the porosity arose.  

We finally created a table to be used as a guideline tool for other researchers to pinpoint 

the use of the appropriate characterization method for a wanted property. The density of dry 

NFC membranes should be determined by helium pycnometry, its pore volume and average 

pore diameter in the mesoporous range (i.e., 3-100 nm) by mercury intrusion. For determin-

ing the SSA, we advise the use of Kr adsorption after a reliable outgassing protocol (such as 

at 90°C for 45 h in vacuum for membranes of grammage ~150 m2/g). The inappropriateness 
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of nitrogen adsorption was articulated. The characterization in the swollen state remained 

unsolved; still, the rearrangement of the three-dimensional structure of the membrane was 

revealed moving one step further with the existing characterization and partially invalidat-

ing the information deducible at the dry state: closing of pores in the lowest mesoporous 

range shifted the distributions to higher pore diameters. 

We believe that the main findings of our investigations could be applied and extended to 

other bio- and cellulosic nanomaterials, such as bacterial cellulose and cellulose nanocrystals 

membranes. 
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4. Nanofibrillated cellulose templated membranes with 

high permeance  
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4.1 Abstract  

One of the most challenging aspects of using nanofibrillated cellulose (NFC) for membranes 

production is their limited permeance. As we have shown in Chapter 3 of this thesis, when 

NFC membranes are produced from aqueous suspensions, depending on their grammage, 

the permeances are in the range of a few decades of L/(hm2MPa), not matching satisfactory 

filtration times. Therefore, we present in this chapter a fast and sustainable solution to in-

crease the permeances of such membranes through a combination of solvent exchange of the 

NFC suspension with ethanol and the use of a removable template, a mixture of calcium 

compounds (CC). The effect of the CC/NFC ratio was screened for various concentrations. 

The permeance of water could be increased by as much as 2-3 times as compared to non-

templated membranes. Further, the membranes showed the ability for penetration of water-

soluble macromolecules, contaminant rejection of suspended solid particles and thus fluids 

(such as orange juice) could be concentrated, with a view to applications in food industry.  
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4.2 Introduction  

In the last years, the mechanical and barrier properties of NFC in polymeric composite 

materials1–7 have been exploited. More recently, many works have dealt with the use of NFC 

for environmental remediation8–10 and for preparation of membranes.11–17 Indeed, Carpenter 

et al.18 emphasized the potential of nanocellulose materials such as NFC, for waste-water 

treatment and purification purposes. Moreover, recent studies on its life cycle assessment 

showed the interest of using NFC compared to other nanomaterials, such as carbon nano-

tubes.19 

Originally, NFC active layers were applied on various polymer substrates20–24 to obtain 

composite membranes with high flux and permeance. Nowadays new approaches for mem-

branes preparation from NFC or NFC derivatives are envisioned to substitute synthetic pol-

ymers. In fact, compared to membranes made of regenerated cellulose and its derivatives, 

NFC-based membranes can offer at the same time an active layer for filtration and a me-

chanically stable support layer; in addition, the strength and stiffness properties are provided 

by hydrogen bonds acting among the entangled cellulose nanofibers. The densely packed 

structure of NFC with pores mostly in the mesoporous (2-50 nm) and macroporous (>50 

nm) range25 makes such materials suitable for ultrafiltration operations. At present nanocel-

lulose derived membranes have been prepared for the rejection of ions,12 adsorption of hea-

vy-metal ions,13,26 adsorption of nitrates27 and organic compounds such as humic acid,28 puri-

fication of solvents,11 hemodialysis,15 extraction of DNA and oligomers16 and virus 

removal.17 

The amphiphilic behavior of cellulose and the presence of hydroxyl groups on the nano-

fibers surface allow for chemical functionalization. Hydrophobization strategies by esterifica-

tion and silylation were extensively studied for nanocellulose to promote water repellency 

and enhancing the affinity for oily phases 8,29–34. Such protocols might be applied for prepar-

ing NFC-based membranes suitable for oil from oil-in-water emulsion separations. 

The essential factor for membrane applications based on the size-exclusion mechanism is 

their pore size that in the case of NFC depends on the NFC network arrangement. There-

fore, it has to be taken into account that during NFC membrane preparation from aqueous 

suspensions, the nanofibers frequently collapse into a densely packed network. In these cases 

low permeances in the range of few decades of L/(hm2MPa) were measured. 11,12 To prevent 

nanofiber collapsing, the water in NFC dispersions could be exchanged by organic solvents, 

thus allowing a faster drying process suppressing a tight contact of the fibrils.35–38 On the 

other hand, the final dry product possesses lower mechanical stability than the one prepared 
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from water, as the number of hydrogen bonds decreases due to larger distances of the nano-

fibrils. The possibility to control the variation of membranes pore sizes is clearly of great 

importance for filtration technologies. Often hard- and soft templating methods are reported 

to introduce pores with uniform shape and size in continuous solid phases and in mem-

branes.39–45 To this aim, Kellenberger et al. developed templated polymeric membranes of 

polyether sulfone (PES) and cellulose acetate (CA) based on the use of calcium carbonate and 

other nanoparticles.46,47 Thus membranes for ultrafiltration and dialysis were produced, re-

spectively, and the implementation of the template removal into an industrial roll-to-roll 

process was shown.48  

In this work, we present a green method to increase the permeance of NFC membranes 

by a combination of solvent-exchange and templating approach. Calcium compounds (a mix-

ture of species such as carbonates, hydrogen carbonates and hydroxides) (CC) particles were 

introduced into, and subsequently removed from, NFC membranes to confer additional 

pores to the membrane substrate and thus to modify the membrane properties. The possibil-

ity to achieve an in-situ CC formation on NFC in ethanol was also briefly explored.  

4.3 Experimental  section  

Materials  

Never-dried cellulose pulp (Elemental Chlorine Free grade) composed of spruce and 

pine fibers was provided by Zellstoff Stendal (Germany). Ethanol reagent grade and ammo-

nium hydrogen carbonate were purchased from VWR Chemical (Belgium). Calcium chloride 

dihydrate p.A., calcium carbonate p.A., ethylenediamine tetraacetate (EDTA) aq. solution of 

0.1 mmol/L and acetic anhydride were purchased from Merck KGaA (Germany). The calci-

um-sensitive indicator calconcarboxylic acid, Merck KGaA (Germany) was mixed with sodi-

um chloride, VWR Chemical (Belgium), to produce a mixture (0.05 g of indicator into 5 g of 

NaCl) to be used during back-titration with EDTA. Potassium hydroxide was purchased 

from Fluka (Switzerland). Polyethylene glycol (PEG) of different molecular masses was pur-

chased from various providers: PEG 35000 g/mol from Fluka (Germany), 100000 g/mol 

from Alfa Aesar, 200000 g/mol and 5000000 g/mol from Polyscience Inc. (USA) and 

900000 g/mol from Janssen Chimica (Belgium). Carbon black powder was obtained from 

Columbian Chemicals Canada Ltd. (Canada). Alfa Laval (Denmark) kindly provided indus-

trial ultrafiltration membranes made of regenerated cellulose acetate (RC). 
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NFC suspension p reparation  

NFC was prepared in water from swollen pulp fibers by grinding for four passes and 

homogenizing for six passes as reported elsewhere.25 A final dry matter content of 1.6 wt% 

after a total number of 10 passes through the process was thus obtained. A certain amount of 

NFC suspension in water was taken apart and used for the preparation of dense NFC mem-

branes. The remaining part of the water suspension was solvent-exchanged with ethanol for 

the preparation of templated membranes with CC particles. The exchange was achieved by 

centrifuging for five times at 5000 rpm for 20 min each cycle and by adding 45 mL of fresh 

ethanol, alternating dispersion steps performed for 5 min at 10000 rpm by a Digital Ultra-

turrax T25 (Ika, Germany).  

Synthesis of CC particles  

Stable CC particles were synthesized, in ethanol, based on the protocol developed by Chen et 

al. 49 The synthesis was performed in a desiccator under reduced pressure of about 0.1 mbar 

for three days at room temperature. Open glass bottles containing a solution of 100 mL of 

ethanol and 200 mg of solid calcium chloride dihydrate, obtained by stirring for 30 min at 

250 rpm at room temperature, were placed in the desiccator near an open container of solid 

ammonium hydrogen carbonate. After three days, the formation of blue suspended solids in-

side the bottles was attained. As the final product most likely consists of a mixture of differ-

ent calcium compounds in equilibrium, such as, calcium carbonate, calcium hydrogen car-

bonate and calcium hydroxide, we define here for simplicity the products as calcium 

compounds “CC”.  

Exo-templated and endo -templated CC m embranes preparation and template 

removal  

All membranes were prepared by a paper-making approach. Dense NFC membranes 

with grammage (GR) of 30 g/m2 and 100 g/m2 were first prepared from a water suspension 

as presented by Mautner et al.11 In parallel NFC membranes with GR 30 g/m2 and 100 

g/m 2 were prepared after solvent exchange to ethanol. Finally, membranes of NFC in etha-

nol were prepared based on the exo-template approach, by dispersing the CC particles in the 

starting ethanol suspension of nanofibers. Unblended and blended systems with CC template 

were first dispersed in ethanol by a Digital Ultraturrax T25 for 5 min at 10000 rpm (Ika, 

Germany), outgassed under vacuum for 20 min to remove air bubbles trapped during mixing 
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and finally vacuum filtered to obtain a wet cake. This was later dried by hot-pressing at 105 

°C for 20 min, under an applied pressure of 40 kPa. Assuming a 100 % reaction yield for the 

formation of CC and under the assumption that no losses during filtration occur, three dif-

ferent theoretical ratios of grams of template over dry mass of NFC material were consid-

ered: 1/50 (designated as low ratio L), 1/10 (medium ratio M) and 1/5 (high ratio H). Mem-

brane thicknesses were measured by means of a caliper (Futuro, Switzerland) by considering 

at least three membranes per type and 35-40 measurements per membrane. CC particles 

were removed by washing with HCl solution at 0.1 M and 1 M for 30 min and 1 M for 60 

min, respectively. These different conditions were investigated to optimize the sacrificial 

template removal.  After template removal, the membranes were rinsed with water until 

neutral pH was reached. In other experiments, the reaction for the synthesis of calcium car-

bonate was executed in presence of ~0.3 g dry mass NFC suspended in 100 mL ethanol to 

induce in-situ growth of calcium carbonate, also defined here as an endo-templated method. 

Methods  

Optical, scanning and transmission electron m icroscopy  

Optical Microscopy was executed in transmission mode to image orange juice and car-

bon black particles utilized in the separation tests. 

Scanning Electron Microscopy (SEM) was executed using a FEI Nova NanoSEM 230 In-

strument (Fei, USA), at an accelerating voltage of 5 kV. Drops of 0.1 wt% of NFC in ethanol 

suspension were placed on a mica substrate and sputtered with a 7 nm platinum layer. SEM 

was utilized to evaluate pulp fibers and nanofibers for which length (L) and diameter (D) 

were determined. Transmission electron microscopy (TEM) was performed with a field 

emission transmission electron microscope Jeol JEM-2200FS (Jeol USA Inc., USA), which 

was utilized at 200 kV to observe CC particles and to evaluate their crystallinity by selected 

area diffraction patterns (SAED-TEM). The particles were dispersed in ethanol at a concen-

tration of ~0.01 wt% and a drop was deposited on a copper TEM grid and evaporated at 

room temperature. The image evaluation was carried out by means of ImageJ. 50  

Thermogravimetric a nalysis (T GA)   

For TGA measurements a TGA 7 (Perkin Elmer, USA) was used with a scanning speed 

of 20 °C/min under helium atmosphere from 25 °C to 900 °C. 
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Dynamic light s cattering (DLS) 

Dynamic light scattering (DLS) measurements were executed by a Zetasizer Nano ZS 

(Malvern Instruments, USA). Measurements were carried out on 2 mL volume of suspen-

sion after mixing at room temperature in duplicates for each reaction to exclude sampling 

errors. DLS, which provides the hydrodynamic diameter (DH) of particles and polydispersity 

index (PdI),51 was employed for the characterization of the CC particles dispersed in ethanol. 

DH  corresponds to the diameter of an equivalent solid sphere surrounded by a few layers of 

wetting liquid subjected to the same friction of the real particle itself. The average size and 

the polydispersity index (PdI) were determined according to the ISO standard 22412.52 The 

PdI is defined as a number between 0 and 1, for distribution with PdI above 1 the DLS tech-

nique is not applicable due to the wide broadness of the size distribution. 

Determination of the total calcium content in the NFC m embranes 

The determination of the inorganic calcium compound content was carried out by 

means of back-titration.53,54 First, calibration of the method was needed: samples containing 

known quantity of pure calcium carbonate were prepared and back-titrated by means of a 

0.01 M EDTA aq. solution. First, the calcium carbonate was dispersed by sonication in 3 mL 

of deionized water and dissolved with 0.5 mL of HNO3 65% aq. solution. The samples were 

diluted in water to a final volume of 100 mL, and aliquots of 20 mL were titrated. A calibra-

tion curve reporting the needed volume of EDTA solution was built with the following 

amounts: 0, 0.0024, 0.0029, 0.0034, 0.0074, and 0.01 g/100 mL. The equation found for the 

correlation was y=191.96 x + 0.0042 (R2 = 0.9985), where y corresponds to the volume of 

EDTA sol. at 0.01 M needed to titrate x grams of CaCO2 contained in 100 mL solution.  

The NFC membranes containing the CC template and the samples after the template re-

moval were charred in a muffle oven at 575°C ± 5 °C for 3 h. The ashes were dispersed first 

in 3 mL of deionized water and 0.5 mL of aq. HNO3 (65 %) solution and intensively mixed. 

Subsequently, the solution was diluted to a total volume of 100 mL in deionized water (for 

samples with low and medium CC concentrations) and to 250 mL in deionized water (for 

samples with high CC concentration).  Aliquots of 20 mL were separated and their pH ad-

justed to 12 adding dropwise a 17.8 M aq. KOH solution. Finally, the solution was titrated 

by means of a 0.01 M aq. EDTA solution. A mixture of calcium-specific indicator calconcar-

boxylic acid and NaCl (masses 0.02-0.03 g) was used as aid to detect the color change of the 

solution from violet to blue. The results provided the concentration of Ca2+ ions of various 

calcium compounds, such as calcium carbonates, calcium hydrogen carbonates and calcium 
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hydroxides, and were directly related to the equivalent amount of CaCO3 present in the 

membrane preparation.  

Fourier transformed infrared – Attenuated total reflectance s pectroscopy (ATR-

IR)  

ATR-IR spectra were acquired with a Tensor 27 (Bruker, Germany).  

X-ray diffraction (XRD)  

X-ray analysis was performed using a Bruker D8 Advance (Bruker) with Cu K�. radia-

tion (��=1.54 Å, a voltage of 40 KV and a current of 40 mA, parallel beam), scanning from 5 ° 

to 50 °. The crystallinity index (Ic) was calculated according to Equation (1) established by 

Segal et al.: 55  

�+�Ö= �@1
F 
�Â�-
�Â�.

�A        (1) 

where I1 and I2 are, respectively, the minimum peak intensity at 2��=18 ° and the peak inten-

sity given by the crystalline region of the cellulose 2��=22.5 °. 

Pore size distribution in dry NFC templated  membranes 

Mercury intrusion was carried out on dry templated membranes. After template remov-

al the membranes were flushed with ethanol for 3 times, soaked one more time in ethanol for 

30 min, and dried at 70 °C for 2 hours under a load. Afterwards the membranes were cut in-

to small pieces (size range mm x mm) and dried again at 70 °C for 2 hours to remove ad-

sorbate prior to the mercury intrusion. Pascal 140 and Pascal 440 mercury porosimeters 

(Thermo Fisher, Germany) were employed to evaluate the pore size distribution of the 

membranes developed in this work. A two-step method comprised one measurement at low 

(up to 120 kPa) and one at high intrusion pressure (up to 350 MPa), both at room tempera-

ture. The mercury density was automatically corrected at the actual temperature. The values 

of mercury contact angle and the surface tension were respectively fixed at 140 ° and 0.48 

N/m. Samples were run in duplicates and the final curves averaged. 

Water permeance tests and permeability  

Permeability tests were carried out in a high-pressure filtration device HP4750 (Ster-

litech, USA). A dead-end configuration set-up was employed, connected to a pressurization 
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system of inert gas that allowed screening pressures between 0.5 and 3.5 bar, by 0.5 bar step 

increase every 15 min. The measuring cell resistance to the flow is negligible. The mem-

branes were cut into circles with a 50 mm diameter, swollen in deionized water (pH 6.4, �
 

~8 ��S/cm) for 48 h before measurement to ensure an almost complete swelling of the cellu-

losic material and subjected to filtration of 150 mL of deionized water. The mass of permeate 

was recorded over time with a Mettler MS204S (Mettler, Switzerland) balance, connected to 

an automatic data acquisition software. The permeance was calculated dividing the water 

flux (Q in L/h) by the active area of the membrane (A in m2) by the pressure drop (�ûP in Pa) 

applied during filtration. The membrane hydraulic permeability (Lp  in m) was calculated 

from Darcy’s law, 56 as reported in Equation (2): 

�Ê

�º
= �.�ã

�ñ�É

��
        (2) 

in which �� is the dynamic viscosity of water  (Pa s). 

Filtration of water -soluble macromolecules, particle Separation and c oncentra-

tion of f luids  

In a first experiment, polyethylene glycol (PEG) solutions of different PEG molecular 

masses in demineralized water at a constant concentration of 1 g/L were utilized to assess 

the filtration properties of the membranes. Filtration experiments were performed using an 

Amicon® stirred cell, model 8200, of 200 mL volume (Millipore, USA), filled with 30 mL of 

PEG solutions, filtering 20 mL of permeate, applying a pressure of 2 bar and operating at 

200 rpm. The same membrane was used for a maximum of 3 experiments, cleaning the 

membrane and the cell after each filtration. The system was cleaned by washing with 40 mL 

of water at 100 rpm for 2 minutes and then by filtering of 40 mL of demineralized water at 3 

bar and 100 rpm. A feed sample, a retentate sample and a permeate sample were collected for 

each measurement. The membrane rejection (R %), is defined as in Equation (3): 
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l
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Ù        (3) 

where Cp is the concentration of the solute in the permeate and Cf is the concentration of the 

solute in the feed. The permeate and the feed samples were analyzed using a HPLC system 

with refractive index detector, model RID-10A (Shimadzu, Japan) at 37 °C, by-passing the 

column and using a flow rate of 0.1 mL/min of demineralized filtered water as mobile phase, 

and injecting 100 µL of sample solution. The areas which correspond to sample concentra-

tions were calculated by integrating the peaks with the HPLC software Lab Solution. In or-
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der to estimate the ability of templated membranes to concentrate fluids containing dis-

solved molecules and suspended solids, commercially available orange juice (Andros, Swit-

zerland) with a starting solid content of 12 wt% was filtered through NFC templated mem-

branes with grammage 100 g/m2. A high-pressure filtration device HP4750 (Sterlitech, 

USA) was utilized by applying a pressure of 3.5 bar on 75 mL of juice. For each sample, one 

aliquot of permeate was collected after four hours and its refractive index measured at 25 °C 

by an Abbe Refractometer (Zeiss, Germany). The clarity of permeates was determined in 

transmittance (T) by means of a spectrophotometer Cary 50 Scan (Varian, USA). For tests 

with carbon black particles, the carbon black particles were dispersed in water by sonication 

for 2 min. A feed concentration of 0.05 g/L was utilized as probing material for the determi-

nation of the solid removal efficiency of templated membranes. The particle size distribution 

of carbon black was evaluated in water by means of laser scattering with a LS 13 320 Parti-

cle Size Analyser (Beckman Coulter, USA) at an obscuration value between 6-12 %. The feed 

(75 mL) was filtered through NFC templated membranes of grammage 30 g/m2 and 

through an ultrafiltration regenerated cellulose acetate membrane (RC) used as benchmark, 

in a high-pressure filtration device HP4750 (Sterlitech, USA), operated at 3.5 bar. Carbon 

black concentration in the permeate was evaluated by means of a spectrophotometer Cary 50 

Scan (Varian, USA) measuring the transmittance (T).  

 

4.4 Results and discussion 

Characterization of the membranes components and membrane preparation 

with an exo -templating a pproach. 

The starting cellulose pulp, composed of fibers with lengths in the order of a few milli-

meters and diameters in the order of 30 ��m (Figure 4-1a) was disintegrated into fibrils with 

aspect ratios (L/D) above 50. The shape and the size of CC particles are shown (Figure 

4-1c). We assume that a mixture of calcium carbonate, calcium hydrogen carbonate and cal-

cium hydroxide is present due to equilibria with CO2 and water. The formation of an amor-

phous material was attained as presented in Figure 4-1d. Figure 4-1f shows the particle size 

distribution of CC particles for several replicates.  The average size and the polydispersity 

index (PdI) amounted to 135 nm ± 21 nm (95 % confidence level), with a PdI of 0.022 ± 

0.003 (95 % confidence level). The distributions were well reproducible.  
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Figure 4-1 a) SEM micrograph of starting softwood pulp fibers (scale bar 100 ��m); b) SEM micrograph 
of NFC obtained from pulp fibers by a combined grinding - and high pressure homogenization process 
after ten processing cycles (scale bar 100 ��m); c) TEM image of calcium-based particles (CC) synthe-
sized in ethanol (scale bar 0.5 ��m); d) SAED-TEM of CC particles showing an amorphous phase for-
mation (insert image, scale bar 100 nm); e) diameter size distribution of CC particles derived by image 
analysis of TEM micrographs, and f) particle size distribution of CC particles determined by d ynamic 
light scattering measurements showing an average size of 135 ± 21 nm (95 % confidence level) and a 
polydispersity index (PdI) of 0.022 ± 0.003 (95 % confidence level).  

 

The particles were also characterized after drying in an oven, since thermal treatment 

can change the composition of CC phases. As such, in our case by oven-drying the CC from 

ethanol (viz. 4 h at 90 °C), the formation of crystalline phases slightly different from the 

ones achieved by hot-pressing at 120 °C the membranes could be induced.  



 
 
 

100 
 

When drying CC ethanol suspensions (Figure 4-2b), spontaneous aggregation of the parti-

cles was induced (Figure 4-2a), as shown by SEM. Both methods can be applied on dry pow-

ders but not on aqueous suspensions of CC particles. Since the membrane preparation in-

volved mixing of NFC and CC followed by a thermal treatment by hot-pressing, we should 

expect a mixture of calcium compounds of various composition in the templated membranes, 

which might have a relevance on the results related to the CC dissolution. The CC powder 

was analyzed by FTIR spectroscopy (Figure 4-2c) and thermal analysis (Figure 4-2d); both 

methods confirmed that mixtures of calcium compounds were present.  The crystallinity of 

CC particles could be estimated by SAED-TEM (Figure 4-3) and the phases synthesized 

were highlighted by XRD. Some particles showed almost hexagonal shape (Figure 4-3a1), 

reflecting a hexagonal lattice as the diffraction pattern elucidated (Figure 4-3a2-c2). Other 

particles (Figure 4-3d) showed an irregular shape owing partially oriented domains, where 

the lattice fringes could be visualized (see red arrows). 

 

 

Figure 4-2 a) SEM micrograph of calcium compounds (CC) particles; b) image of CC particles suspen-
sion in ethanol in presence of NFC (left) and without NFC (right); c) FTIR spectra of several replicates 
of oven-dried CC particles; d) TGA thermograms of four batches (1,2,3 and 4) of oven-dried CC parti-
cles showing weight losses (continuous lines) and their derivatives (1 der, 2 der, 3 der and 4 der) (dot-
ted lines). 
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Figure 4-3 TEM micrograp hs and their corresponding SAED-TEM diffraction pattern of oven -dried 
CC particles showing two different structures achieved: almost hexagonal crystal of vaterite (a1 and a2) 
and round particles of calcite (b1-b2 and c1-c2). The formation of order fringes is highlighted by red a r-
rows in (d). Scale bars correspond to 100 nm. XRD spectrum with the characteristic peak positions for 
calcite (red sticks) and vaterite (green sticks) (e).  

 

The produced CC particles (suspension in ethanol) and an ethanolic NFC suspension 

were mixed together fixing the cellulose grammage of the membranes at 30 and 100 g/m2 

following the principle of an exo-templating approach.44 In order to investigate the effect of 

different template loadings on the final properties of the NFC membranes, the CC content 

was varied to provide low (L), medium (M) and high (H) theoretical ratios of CC/NFC 

(GR30 L, GR30 M, GR30 H, GR100 L, GR100 M and GR100 H), as reported in the follow-

ing Table 4-1:  

Table 4-1 Relative amounts of components for preparation of templated membranes 

Sample names  CC suspension as synthesized NFC in ethanol  at 1.6 wt% 

GR30 L 19 mL 11.8 g 

GR30 M 9.5 mL 11.8 g 

GR30 H 1.9 mL 11.8 g 

GR100 L 62.5 mL 39.8 g 

GR100 M 31.25 mL 39.8 g 

GR100 H 6.25 mL 39.8 g 
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The effective CC/NFC ratios might differ somewhat from the theoretical values because 

of losses of CC during the membrane making process. A precise determination of the calcium 

content was later determined in the section titled “Determination of Calcium Content by 

EDTA Titration”.   

In-situ formation of CC on NFC: one -step production of endo -templated 

membranes  

CC particles were also synthesized in presence of NFC in ethanol suspension to investi-

gate the feasibility of a single-step approach, compared to the combination of two separated 

ethanol-suspensions described above (exo-templating). In the single-step process the tem-

plate grows inside its own matrix, fulfilling an endo-templating approach.44 A similar idea 

was presented by Mohammadkazemi et al. to include calcium carbonate directly during bac-

terial cellulose synthesis to produce novel Biocomposites.57  Compared to the exo-templating 

methods, a difference in the size of the particles is immediately evident (particles of sizes al-

ways between 50 nm and 180 nm, Figure 4-4) and the polydispersity of the CC particles ap-

peared higher (cf., Figure 4-1d). The particles seemed to adhere at the surface of the nano-

fibers and in some cases filled the interspace among them, showing the existence of 

attractive forces between cellulose and CC particles also in presence of ethanol. The deter-

mination of hydrodynamic radii (DH) by DLS was not possible, as the presence of the nano-

fibers interfered with the particles signals. Hence, we preferred to prepare template mem-

branes by the exo-templating approach.   

 

 

                         Figure 4-4 In-situ grown CC particles on NFC (scale bar 500 nm). 
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Removal of calcium -based compounds  

The CC particles were later removed by acidic washing with aqueous HCl solution un-

der formation of Ca2+ ions and carbon dioxide.48 The optimal condition for the CC removal 

was investigated to define the most suitable HCl concentration and the contact time for dis-

solution to minimize degradation of the cellulose. Membranes with GR 100 g/m2 and at 

high ratio of CC/NFC (samples named GR100 H), were evaluated and all results in this sec-

tion refer to those. In a first series of experiments, sequential washings were carried out on 

the same membrane as follows: 0.1 M aq. HCl solution for 30 min, 1 M aq. HCl solution for 

30 min and 1 M aq. HCl solution for 60 min to evaluate whether by using harsher condi-

tions, a larger amount of CC template would be removed. The water permeance was meas-

ured at each step. Figure 4-5 shows the results of water permeance measurements for differ-

ent washings, compared to a reference membrane of GR 100 g/m2 prepared from ethanol. 

After about 100–150 min the systems reached steady state and the average permeance val-

ues were calculated: for the reference membrane prepared from ethanol without template, 

the steady state value of permeance was 51 L/(hm2MPa). In the case of templated mem-

branes, the water permeance increased to 71 L/(hm2MPa) after a relatively mild washing 

(0.1 M aq. HCl solution for 30 min) and to 78 L/(hm2MPa) after a more severe washing (1 

M aq. HCl solution for 30 min).  

No significant differences in permeation were observed for longer washing times (78 

L/(hm 2MPa) at 1 M aq. HCl solution for 60 min). The permeance results suggested that 

cleaning the membranes at 1 M aq. HCl solution for 30 min was sufficient to remove the CC 

from the NFC matrix. Normally, amorphous calcium carbonate phases undergo faster disso-

lution compared to their crystalline polymorphs; furthermore, the particles own high specific 

surface energy, thus they exist in an energetically metastable state, rendering their dissolu-

tion favored.58 Regarding the stability towards pH, it is known that different pH values can 

change the swelling ability of cellulose materials especially in strong alkaline conditions. 

However, in our case low pH was used, thus this should exert minor influence on the 3D ar-

rangements of pores. After template removal the templated membranes were washed until 

neutral pH was reached in order to evaluate the structure in the same conditions. 
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Figure 4-5 Water permeance of a NFC membrane of GR 100 g/m2 (dark blue curve) compared with 

templated membranes prepared with high ratio CC/NFC (GR100 H) subjected to a sequential washing 
with different HCl concentrations and times: 0.1 M for 30 min in light blue, 1 M for 30 min in purple 
and 1 M for 60 min in brown, respectively.  

 

SEM microscopy was used to visualize the surface topography of membranes (GR100 H) be-

fore and after CC removal (Figure 4-6). Before washing with aq. HCl solution, CC particles 

here delineated as white round beads, were randomly and homogeneously dispersed and did 

not form agglomerates neither at the surface of the membrane (Figure 4-6a1) nor in the bulk 

(cross section, Figure 4-6a2). The blending with NFC did not considerably change their siz-

es, since particles in the range of approximately 100-150 nm diameters were always ob-

served. After washing, only a few residual particles were present (Figure 4-6b1-2) and the 

structure of the membranes appeared more open. Round voids (negative shape of the parti-

cles) were not discerned. We could not claim that newly introduced voids were round, since 

the structure visualized in the cross section is always influenced by the samples preparation. 

FTIR spectra (Figure 4-7a) indicate that calcium compounds, detected at wavelengths be-

tween 1600-1400 cm-1 (red continuous line), disappear after washing with 1 M aq. HCl solu-

tion for 30 min. X-Ray diffraction (Figure 4-7b) was utilized to investigate possible differ-

ences in the crystallinity of cellulose and CC particles upon washing. Basically, acidic 

treatments can lead to the dissolution of cellulose amorphous domains in the nanofibers; 

however the extent of the dissolution by using HCl depends on the concentrations, dissolu-

tion temperature and exposure times.59  From the XRD patterns the cellulose crystallinity 

index (Ic) was calculated based on Equation (1), for the characteristic peak intensities at 2�� of 

18 ° and 22.5 ° (Table 4-2). No significant differences were observed before and after the 

acidic washing, as Ic varied between 0.70 and 0.74. From the patterns (Figure 4-7b) it was not 

possible to observe the presence of CC in the sample with high ratio CC/NFC (GR100 H), 

due to broad signals. 
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Figure 4-6 SEM images of membranes of GR 100 g/m2 prepared from ethanol: a1-2) top view and cross 
view, respectively, of membrane GR100 H before the template removal; b1-2) top view and cross view, 
respectively, of the same membrane after 30 min washing with 1 M aq. HCl solution (red arrows poi n-
ting at residual CC particles). 

 

Figure 4-7 Evaluation of the removal efficiency of calcium phases of NFC membranes of GR 100 g/m2 
templated with high ratio of CC/NFC (GR100 H) compared to the behavior of a NFC membrane of 
GR 100 g/m 2 prepared from ethanol (blue line), a NFC membrane without template prepared from 
ethanol and subjected to an acidic washing (black line), compared to a templated membrane GR100 H 
CC/NFC unwashed (red line) and washed with 1 M aq. HCl solution after 30 min (green line). a) FTIR 
spectra and b) XRD patterns; c1-2) thermograms showing the mass-loss derivative and the mass loss for 
the aforementioned samples, respectively. 
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Table 4-2 Crystallinity Index (Ic) determined with Equation 1, based on two characteristic cellulose 
peaks at 2�� of 18 ° and 22.5 °. 

 I 1 

(2����= 18°) 

I 2 

(2����= 22.5°) 

I c 

NFC mem  22.42 75.67 0.70 

NFC mem washed 16.86 60.23 0.72 

High ratio CC/NFC unwashed 10.85 42.21 0.74 

High ratio CC/NFC washed 15.61 57.02 0.73 

 

Thermogravimetric analysis (TGA) confirmed the removal of CC by washing with 1 M 

aq. HCl solution for 30 min. Figure 4-7c1-2 displays the mass-loss derivative dependence on 

the temperature for a sample with Gr 100 g/m2 (GR100 H CC/NFC), compared to the cor-

responding membrane without CC (same grammage, not treated with acid and pre-washed 

at the same acidic conditions as the CC-containing membrane). The onset temperature (Ton) 

of mass loss attributed to sample degradation arose around 340 °C for the membrane with-

out CC and the membrane after washing, while Ton around 307 °C was found in presence of 

CC. A peak at 651 °C was observed most probably due to the conversion of CaCO3 to CaO 

and condensation of Ca(HCO3)2.60 In Figure 4-7c2 a final residue at 900 °C of 3.1 % for the 

unwashed sample also confirmed the presence of the inorganic template. Such a residue did 

not emerge in the TGA of the CC/NFC membrane subjected to the acidic washing (residual 

mass at 900 °C <1%) which matched the degradation curve of the cellulosic reference mem-

brane. Thus, the thermograms of the samples without CC and the templated membranes af-

ter washing were very similar but clearly distinguished from the samples with CC before 

washing. Overall, we can state that from the aforementioned FTIR spectra and TGA meas-

urements, a washing with 1 M aq. HCl solution for 30 min essentially removed the calcium 

compounds, within the detection limits of the techniques, as already evident from the SEM 

investigations. Furthermore, no significant degradation of the cellulose occurred as indicat-

ed by the constant values of the crystallinity index and the FTIR spectra. Since the optimi-

zation was carried out on the membrane containing the maximum loading of CC among all 

samples investigated, we assume that the washing is also efficient for samples containing 

less CC mass. Accordingly, this washing condition was kept for all the subsequent investiga-

tions with CC-containing membranes. 
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Determination of calcium content by EDTA t itration  

Although the FTIR spectra, XRD patterns and TGA traces did not disclose the pres-

ence of calcium compounds after template removal on the samples owing higher CC/NFC 

ratio, the actual calcium content was determined by complexometric titration (Figure 4-8), 

which is more sensitive.  

 

 

Figure 4-8 Complexometric titration by means of EDTA solution in presence of a calcium -sensitive 
indicator (calconcarboxylic acid): a) the solutions before titration acquired a typical purple coloration; 
b) at the end of the complexation of Ca2+ by EDTA, the solutions turned blue.  

 

Complexometric titration by EDTA was already applied on calcium carbonate-

containing paper,53 and showed detectability down to ca. 0.0001 mmolCC/g Paper.54 The con-

tent in milligrams of calcium was calculated after measuring the equivalent content of Ca2+ 

inside the membranes. The assessment of Ca2+ ions was carried out by means of a back-

titration with EDTA after charring of cellulose and dissolution of the ashes into acidic solu-

tions of HNO3. Assuming that the calcium compound would ideally be only calcium car-

bonate, we converted the Ca2+ contents into the mass equivalent of CaCO3 per mass equiva-

lent of cellulose.  

The values found for membranes were ~6.7 mgCC/g Cellulose for samples GR30 L and 

GR100 L, ~ 25 mgCC/g Cellulose for samples GR30 M and GR100 M and ~48 mgCC/g Cellulose 

for GR30 H and GR100 H (Figure 4-9a,b), respectively.  

We repeated the evaluation by complexometric titration with EDTA to assess a potential 

Ca2+ content in the neat NFC, however no calcium was detected after solvent exchange to 

ethanol, within the resolution limit of the technique. Notably, in all samples some residual 

CC was present; as expected titration with EDTA is more sensitive to residual calcium spe-

cies than FTIR spectroscopy and TGA, where the residual calcium species were below the 
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detection limit (see above). In all samples, the concentrations were in the range of 2 and 7 

mgCC/g Cellulose. The CC concentration of samples GR100 L and GR30 L remained almost 

unvaried upon washing. It appears that NFC is able to adsorb some Ca2+ under the applied 

washing conditions. We assume that the calcium carbonate nanoparticles arranged different-

ly at different ratios in presence of the nanofibrillated cellulose in solvents, influencing 

thereafter their removal. 

 

 

Figure 4-9 Determination of equivalent calcium carbonate content for membranes of grammage 100 
g/m 2 with low, medium and high ratio of CC/NFC (respectively GR100 L, GR100 M and GR100 H) (a) 
and for membranes of grammage 30 g/m2 with low, medium and high ratio of CC/NFC (respectively 
GR30 L, GR30 M and GR30 H) (b). The values were compared before template removal (orange box) 
and after template removal (gray box) with 1 M aq. HCl for 30 min.  

 

Membranes properties and performance  

Pore size distribution of d ry templated m embranes 

Mercury intrusion results provided information on the pore size distribution and the 

pore stability after drying. Abundancy of pores below 10 nm was found in addition to pores 

of sizes as high as 100-200 nm. No significant increase in total pore volume (areas below the 

distribution curves) or changes in the shape of the pore size distribution were observed for 

templated membranes with increasing CC/NFC ratios. We assume that upon repeated dry-

ing, after template removal, the membrane underwent shrinking because not sufficient water 

to ethanol exchange was achieved. In this condition, instability in the pore structure took 
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place. This result suggested that after template removal, the membranes should not be dried, 

but directly located in the filtration apparatus at their wet state.  

Water permeance and hydraulic permeability of templated m embrane 

NFC membranes produced from water had permeance values of approximately 15 

L/(hm 2MPa) (GR 30 g/m2) and of 5 L/(hm2MPa) (GR 100 g/m2). Such values are currently 

limiting the applicability of NFC membranes in industrial processes. Membranes prepared 

from an ethanol-based suspension already showed a remarkably higher permeance of about 

200 L/(hm2MPa) (GR 30 g/m2) and of 50 L/(hm 2MPa) (GR 100 g/m2). This phenomenon 

is commonly attributed to the effect of solvents which are less polar than water; in this case 

the collapse of nanofibers on top of each other is kinetically prevented due to reduced van 

der Waals interactions upon fast drying. This property was already observed for methanol, 

ethanol, acetone, isopropanol and other solvents35. Membranes with different CC/NFC rati-

os were investigated, using the washing procedure optimized in the former section (1 M aq. 

HCl solution for 30 min). The membrane water flux was measured and the permeance calcu-

lated. For each sample set, at least three replicates were tested. As shown in Figure 4-10a1-2, 

the permeance of water decreased with decreasing initial CC content. However, in the first 

40 min of water permeation time the membrane flux was highly instable and this is attribut-

ed to the fact that the complete compressibility of the membrane during use was not yet 

reached. To compare the performance, the permeance values were considered at the steady 

state after 40 min. As evident from Figure 4-10b the permeance rose with increasing initial 

CC content. The samples containing low amount of CC (GR30 L and GR100 L) did not pro-

duce a significant improvement of the permeance compared to unloaded membranes. Over-

all, the permeance of membranes with GR 30 g/m2 was higher than the one of membranes 

with GR 100 g/m2, due to a thickness effect. Thickness measured at the dry state, before 

template removal, gave values around 37-39 ��m for membranes of GR 30 g/m2 and values 

between 97 and 140 ��m for membranes of GR 100 g/m2. Clearly, these values tend to 

change after template removal, due to the swelling ability of water and also because of mem-

brane compression during filtration. A real estimation of their values in operation could not 

be assessed. The results for GR 30 g/m2 were less reproducible than those with GR 100 

g/m 2 because of a higher sensitivity of the thinner membranes to changes introduced by the 

acidic washing. This can be visualized in the standard deviations of the measurements in 

Figure 4-10b. 
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Figure 4-10 a1) Water permeance of membranes of grammage 30 g/m2 with low, medium and high r a-
tio of CC/NFC (respectively GR30 L, GR30 M and GR30 H) and a2) water permeance of membranes of 
grammage 100 g/m2 with low, medium and high ratio of CC/NFC (respectively GR100 L, GR100 M 
and GR100 H); b) comparison of average values of permeances for membranes with grammage 30 g/m2 
and 100 g/m2 compared to NFC membranes prepared from water not subjected to acidic washing 
(black symbols), for membranes prepared from ethanol not subjected to acidic washing (red symbols), 
for membranes prepared from ethanol subjected to acidic washing (orange symbols), for membranes 
prepared from ethanol with low, medium and high ratios of CC/NFC (respectively, blue, olive and 
green symbols); c) plot of Darcy’s law: water permeability Lp corresponds to the slope of fitting lines.  

 

For comparison, we also evaluated the water permeance of a commercial regenerated 

cellulose acetate membrane. This product showed a water permeance of about 349 

L/(hm 2MPa) (result not shown in the figures). Notably, the sample with GR30 H CC/NFC 

provided a water permeance around 377 L/(hm2MPa), competitive with that of regenerated 

cellulose acetate. The hydraulic permeability Lp of the membranes, a relevant parameter for 

defining the membrane performances, was estimated taking into account Darcy’s equation 

plots56 for the measured systems (Figure 4-10c). While all membranes with GR 30 g/m2 had 

Lp values in the order of ~10-11 m, the membranes with GR 100 g/m2 had values of ~10-12 

m, as one would expect in accordance with increasing thicknesses, respectively. Fitting lines 
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did not have intercepts in zero, as one would expect. This could be explained due to parallel 

phenomena happening when the filtration has started: pore saturation with water and com-

pressibility of the membrane while overcoming the transmembrane pressure were competing 

during the transient state. Typical values of Lp for ultrafiltration and microfiltration mem-

branes are in the range of ~10-14 m.61 

Apparently the main intent of enhancing the permeance of NFC membranes to values 

comparable with those of commercially available membranes was achieved. The common 

dissolution-regeneration processes of cellulose were avoided by application of nanofibrillar 

cellulose. In addition, the separation ability of NFC templated membranes was qualitatively 

evaluated. 

Filtration of water -soluble macromolecules, particle separation and c oncen-
tration of f luids  

 

Three different assessment methods were employed to characterize the membranes at 

their wet state. Firstly, polyethylene glycol aqueous solutions were fed to the membranes 

and their rejections measured. Secondly, the concentration ability of orange juice suspended 

solids and the separation efficiency of carbon black were tested. 

Membranes with different loading ratio CC/NFC and grammages of GR 30 g/m2 and 

100 g/m2 were considered and compared to neat NFC membranes (no template) produced 

from an ethanol suspension (Figure 4-11a). In both grammages, similar trends were ob-

served. First, water-based membranes reach high rejection (R %) values at low molecular 

masses: GR 30 g/m2 gives R % of 83 % at 35,000 g/mol, while GR 100 g/m2 gives R % of 

90 % at 100,000 g/mol (results not shown). Secondly, by increasing the loading ratio 

CC/NFC in ethanol prepared membranes, the rejection decreases thus allowing the passage 

of more macromolecules through the membranes. Third, thicker membranes (GR 100 g/m2) 

achieved better rejections compared to thinner membrane (GR 30 g/m2). We conclude that, 

although the results were particularly satisfactory for the membrane permeance with higher 

CC loadings (GR30 H and GR100 H), the rejection of water soluble polymer resulted only 

in a R% of 60 %. As even large polymers can pass the membranes, they could be suited as 

microfiltration membranes and be used for concentrating fluids with suspended solids.
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Figure 4-11 Filtration tests through template membranes: a) Rejection of polyethylene glycol (PEG) with different molecular masses (100,000,  900,000 and 
5,000,000 g/mol) through membranes of grammage 30 g/m2 (dots, interpolations with dotted lines)  and through membranes of grammage 100 g/m2 (squares, in-
terpolations with continuous lines); b) UV- Vis analysis of permeates after concentration of orange juice through membrane of GR 100 g/m2: transmittances T(%) 
of the permeates. C1-4) Analysis of permeates after filtration of water -dispersed carbon black particles through membrane of GR 30 g/m2: two values of the feed 
transmittance and value of subsequent permeates (P1, P2 and P3) are plotted against wavelengths (nm). 
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Accordingly, membranes of GR 100 g/m2 were utilized to concentrate orange juice 

(starting concentration of 12 wt%). For comparison, regenerated cellulose acetate mem-

branes (RC) were also studied.  Refractive indexes of permeates normalized by the refractive 

index of water (1.333) were measured and indicated as np/n w. The highly concentrated feed 

(12 wt%) had a value of np/n w  of 1.014. When pure water would be obtained as permeate, a 

value of np/n w of 1 should be expected. However, the permeates through all tested mem-

branes were above 1. The same normalized refractive index of 1.012 was measured for the 

permeate through regenerated cellulose acetate membrane (RC), for unloaded membranes 

(EtOH GR100) and for templated membranes with low loading (GR100 L). Membranes 

with increasing loading (GR100 M and GR100 H) had values of np/n w slightly lower, in the 

order of 1.011. The permeates were also analyzed by UV-Vis measurements to determine 

the transmittance T (%) (Figure 4-11b). While the feed had a transmittance of almost zero, 

as expected from its high turbidity, the permeates showed different values for RC and tem-

plated membranes. Combining the UV-Vis results with the refractive indexes values, we 

qualitatively conclude that there was permeation of some compounds which passed through 

the membrane, such as sugars and chromophore molecules, while solids where mostly re-

jected. A visual evaluation of the suspended elements of orange juice is provided in Figure 

4-12. Fibers with lengths above ca. 100 ��m and clusters of particles of a few ��m were found.  

In addition, adsorption of chromophore compounds in the NFC membranes was also ob-

served. 

 

  

Figure 4-12 Optical micrographs of orange juice components obtained by depositing a juice drop on a 
glass slide: fibers, suspended particles and agglomerates of them are visible. 

 

Membranes with lower grammage were also tested for their ability to remove small par-

ticles. As convenient example, carbon black nanoparticles and microparticles were used. Spe-
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cifically, primary particles diameter >100 nm and secondary particles with diameters up to 

100 ��m,  as one could visualize from optical microscopy (Figure 4-13) and from dynamic 

light scattering ( Figure 4-14), were dispersed in water at a starting concentration of 0.05 

g/L and filtered through templated membranes of GR 30 g/m2 . 

 

  

Figure 4-13 Optical micrograph of carbon black particles showing single particles and formation of 
clusters upon deposition on a glass slide. 

 

 

 

Figure 4-14 Particle size distribution (PSD) of carbon black particles dispersed in water (5 replicates 
shown). 

 

The transmittance of the feed and of three subsequent permeates (P1, P2 and P3) was ana-

lyzed with UV-Vis spectroscopy. The transmittance of the feed was only 6-11 %, the value 

drastically increased already at the first permeate, independent from the membrane type. A 



 
 
 

115 
 

clarification of 80 % - 100 % was achieved (Figure 4-11c1-4), i.e. for some membranes the 

carbon black was almost completely removed. Hence, it appeared that the membranes are 

suitable for filtration of nano- and microparticles (particle size >100 nm). In Figure 4-15a 

the orange juice feed, permeates for each membrane type and the membranes themselves are 

shown. The permeate for RC had a darker color compared with the one obtained from the 

templated membranes, in agreement with its higher refractive index aforementioned. A pic-

ture of the starting carbon black feed and the permeates (P1) is shown in Figure 4-15b: from 

right to left: membranes covered by carbon black particles removed during filtration and vi-

als containing feed and permeates P1 for each system. 

 

 

Figure 4-15 From left to right: a) Orange juice at 12 % dry matter content, permeates collected after 4 
h for regenerated cellulose acetate membrane (RC) and templated membranes with GR 100 g/m2 of 
low (L), medium (M) and high (H) CC loading. b) Carbon Black feed (black suspension), permeates P1 
through each membranes with GR 30 g/m2 of low (L), medium (M) and high (H) CC loading covered 
by carbon black particles removed after filtration.  

 

We conclude that since carbon black is uncharged, the main rejection mechanism is due 

to size-exclusion of the retained suspended particles. However, in the case of orange juice 

(its exact composition is unknown), adsorption mechanisms might also occur involving the 

hydroxyl groups of cellulose which might interact with polar groups of orange juice compo-

nents or by hydrophobic interactions. Certainly more detailed investigations of the separa-

tion efficiency of the membranes, on the permeates compositions, on the fouling behavior 
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and change of selectivity over time are needed. In the case of hydrophobic interactions, pre-

liminary rejection tests with proteins (viz. bovin serum albumin and immunoglobin G) 

demonstrated some interactions, which need further investigations. However, these aspects 

will be in the scope of follow-up studies. 

4.5 Conclusions  

Porous membranes could be produced by a templating approach, based on incorporation 

of calcium compound (CC) particles such as calcium carbonate, which were removed by acid-

ic washing of CC/NFC films prepared from ethanolic suspensions. The ratio between CC 

and NFC could be controlled readily. A crucial point was the optimization of the CC removal 

procedure by acidic washing. By drying the membranes from ethanol, already a substantial 

increase of the permeance of such membranes was found. In addition, an increase in perme-

ance was noticed by application of CC particles as template. Overall, the water permeability 

could be enhanced by 2–3 times, when compared to membranes prepared from water, lead-

ing to values in the range of those obtained for commercial cellulose membrane systems. 

High liquid fluxes and permeation of polymer macromolecules were observed, but the reten-

tion of small solid particles was shown as example. Accordingly, concentration of orange 

juice with suspended solids was envisaged. Given also the organic nature of the cellulose, 

one could propose for our membranes applications in the food and beverage industries, such 

as removal of bacteria and spores, filtration of extra-virgin olive-oil,  low-temperature clari-

fication and concentration of juices and beer, concentration of solutions in dairy and sugar 

industry.62–64 Further investigations are needed to assess such functions. In addition, after 

template removal, specific chemical functionalization could be imparted to NFC, empower-

ing specific compatibilities with different chemical environments and aiming at fouling re-

duction.65 While we used particles as hard template, other solid soft and hard templates with 

different particle aspect ratios might be considered in order to modify the shape of pores af-

ter template removal. The proposed strategy is based on the use of sustainable materials, 

such as cellulose, ethanol and calcium carbonate. Moreover, NFC  membranes are biode-

gradable and can be produced with a green and cost-effective process, in line with the mate-

rials design principle of a cradle-to-cradle approach66 and low environmental impact at end-

of-life disposal. 
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5.         Superhydrophobicity of nanofibrillated cellulose 

through polysiloxane  nanofilaments  
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5.1 Abstract  

The wetting behavior of nanofibrillated cellulose (NFC) was drastically changed from 

hydrophilic to superhydrophobic. The latter was a result of the combined action of hydro-

phobic polysiloxane nanofilaments, formed by controlled reaction of methyltrichlorosilane 

with water at the surface of NFC fibrils, and the NFC substrates surface morphology estab-

lished by various drying methods of the nanofibrils. Accordingly, superhydrophobic NFC 

dense and porous films, foams and powders were generated. Depending on their specific 

properties, modified NFC materials acted as superhydrophobic liquid-infused lubricating 

surfaces, filters for dodecane drops capture from a nebulized dodecane/water biphasic mix-

ture, foams for hydrocarbon absorption from an aqueous phase, and powder beds to separate 

hydrocarbon/water biphasic mixture. 
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5.2 Introduction  

NFC can be processed to films with barrier properties against vapors or gases,1–3 as 

films for oil/water separation,4 and as foams for oil absorption in water,5-10 or for thermal in-

sulation.11 In all those applications, it is essential to control the wetting properties of cellu-

lose. NFC is inherently hydrophilic because of the hydroxyl groups on its surface.12  Wetting 

modification can be achieved by chemical reaction with hydroxyl groups of NFC, which are 

available in larger quantities than in pristine cellulose fibers. In the extreme case, it is even 

possible to achieve superhydrophobicity, a property traditionally attributed to surfaces with 

high advancing contact angles (��A >150 °) and low contact angle hysteresis (�û�� <10 °); the 

contact angle hysteresis denotes the difference between the advancing, ��A, and receding con-

tact angles, ��R, which are measured by expanding or contracting, respectively, quasi-

statically a drop on a horizontal surface. Here we designate ��R >135 ° as a threshold for su-

perhydrophobicity, on the basis of previous experimental13,14  and theoretical15 results.  

Several approaches were used to impart hydrophobicity to cellulose, varying from graft-

ing techniques to layer-by-layer and solution treatments.12 Zhang et al.10 recently reported a 

water-based silylation process to fabricate hydrophobic, flexible, and ultralightweight nano-

cellulose sponges, by freeze-drying water suspensions of NFC. The sponges were hydropho-

bic (120 °<��A< 135 °), but not superhydrophobic, likely due to the absence of topographical 

features, which are necessary to develop superhydrophobicity. Similar results were achieved 

by Korhonen et al.,6 who fabricated hydrophobic cellulose foams through atomic layer depo-

sition of a uniform 7 nm-thick titanium dioxide layer, and by Sai et al.9 through silylation of 

bacterial cellulose. 

Notably, superhydrophobicity is obtained by a combination of surface chemistry and to-

pography.16,17 The existence of micro- and nano-asperities allows trapping of air pockets at 

the substrate/liquid interface, minimizing the contact area between the two. Hitherto, most 

of the approaches have relied only on the use of hydrophobic functional groups, including al-

kyl-, alkoxy- and perfluorinated silanes, which hence comprise end-groups with gradually 

reduced surface free energies, such as -CH2-, -CH3, -CF2- , -CF2H and -CF3 groups.18,19 As 

the specific surface free energy of fluorinated groups is lower than that of hydrocarbon 

groups, it is often anticipated that fluorinated groups are required to achieve superhydro-

phobicity.  

The preparation of superhydrophobic surfaces on silicon substrates by the formation of 

a polysiloxane network was first reported by Gao and McCarthy.20 The authors added topo-
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graphical features by the vertical polymerization of methyltrichlorosilane (MTCS). Subse-

quently, Seeger and co-workers21,22 demonstrated the potential of such approach for a wide 

range of substrates, including metals and ceramics,21 polyester,23 and cotton fibers with di-

ameters in the order of 10 ��m;22 however, high contact angle hysteresis for wood (�û�� >70 °) 

was reported. Maitra et al.24 took advantage of multiple hydrophobic layers, including self-

assembled monolayers, thin films, and polyalkylsilsesquioxanes to functionalize aluminum 

substrates, and to achieve robust superhydrophobicity under adverse conditions. The multi-

layered surface exhibited simultaneous chemical stability, mechanical durability and drop 

impalement resistance, which is important to prevent the undesirable wetting transition 

from the Cassie-Baxter to the Wenzel regime.25  

Patankar26 theoretically anticipated that rough surfaces made of hydrophilic material 

can own by themselves a hydrophobic component. Although the chemical modification with 

methyltrichorosilane has been already applied on cellulosic materials through vapor-phase 

deposition processes,27-30 leading to superhydrophobicity, formation of MTCS nanofilaments 

via a solution method for superhydrophobic nanocellulose has not been described so far.  A 

similar concept was proposed by Guo et al.31 based on the chemical modification of NFC 

films with vinyltrichlorosilane (VTCS), however a clear formation of polysiloxane filaments 

was not shown.  

 The goal of this study is to achieve extreme superhydrophobicity of NFC, an intrinsi-

cally hydrophilic material, by combining different substrate roughness and porosity, togeth-

er with the MTCS-based functionalization approach to form a three-dimensional poly-

alkylsilsesquioxane (polysiloxane, for simplicity) network by polymerization of 

methytrichlorosilane (MTCS) into nanofilaments. A superhydrophobic wetting state was 

reached by combining nanocellulose topography together with low specific surface free en-

ergy and micro and nanoscale asperities introduced by nanofilaments, through a single step 

fabrication process. The experiments include optimization for the formation of polysiloxane 

nanofilaments on NFC-based materials, including dense and porous films, and foams. We al-

so demonstrate the potential use of NFC substrates as superhydrophobic liquid-infused lu-

bricating surfaces (known as SLIPS or LIS in the literature).32-34 In addition, we prove func-

tionalization of suspended NFC fibers by methyltrichorosilane to obtain superhydrophobic 

NFC-based powders.  
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5.3 Experimental Section  

Materials  

Methyltrichlorosilane (MTCS) and anhydrous toluene were purchased from Sigma 

(Switerland), and toluene Analar Normapure from VWR (Switzerland). 

NFC was produced from a water-based suspension at 2 wt% of elemental chlorine free (ECF) 

cellulose pulp (Zellstoff Stendal, Germany), containing spruce (60-70 %) and pine fibers (30-

40 %), as reported elsewhere.35  

Preparation of dense and porous substrates  

Dense NFC films with grammage of 30 g/m2 were produced from NFC suspension in 

deionized water through a vacuum filtration process on a metal mesh (mesh 325×2300, 

warp×weft 0.035 mm × 0.025 mm), and subsequently dried in a hot press for 20 min at 120 

°C. Porous NFC films with grammage of 30 g/m2 were produced by supercritical drying 

from an NFC suspension in ethanol; the process was performed in a supercritical point dryer 

E3000 (Quorum Technologies, USA) and consisted of solvent exchange from ethanol to liq-

uid CO2, followed by drying at supercritical conditions. NFC foams were prepared by freeze-

drying from NFC suspension in deionized water at 1 wt%, as reported previously.10  

Functionalization of nanofibrillated cellulose substrates  

Samples of NFC substrates (dense and porous films as well as foams) were pre-

conditioned for at least 10 days at different relative humidity in desiccators, in presence of 

oversaturated salt solutions36 as follows: 11 %RH (LiCl solution), 43 %RH (K2CO3 solution), 

65 %RH (NaNO2 solution) and 85 %RH (KCl solution). After pre-conditioning, the sub-

strates were removed from the desiccators and dipped into a toluene Analar Normapure 

based methyltrichlorosilane solution, at different concentrations ranging from 0.0015 M to 

2.7 M. The functionalization reactions were performed at static conditions, for ~17 h, in a 

sealed chamber. After reaction, samples were rinsed by dipping into toluene and ethanol, at 

various soaking times as follows: after modification, each substrate was removed from the 

reagent flask and soaked in fresh toluene 2 times and in fresh ethanol 2 times. While porous 

membranes and foams have an open porous structure and undergo facile removal of unreact-

ed methyltrichlorosilane in excess and HCl with only 10 min soaking time per bath, dense 
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films needed longer soaking time in the last ethanol bath (4 h instead of 10 min) to allow dif-

fusion of those molecules from the core of the dense material to the solvent.  

As a last step, samples were dried in an oven at 100 °C for 10 minutes (films), or for 15 

minutes (foams). 

In addition, suspended NFC fibers were also functionalized. First, the NFC suspension 

was solvent-exchanged from water to toluene via ethanol. The process consisted of subse-

quent cycles, composed of: (i) centrifugation of 850 mL of a 2 wt% suspension at 5000 rpm 

for 15 min, (ii) removal of the supernatant liquid after decantation, (iii) re-dispersion of the 

NFC in 700 mL ethanol (2 cycles) and 700 mL toluene (2 cycles), (iv) NFC redispersion us-

ing an Ultraturrax T25 disperser (IKA, Germany) in anhydrous 700 mL toluene (Sigma, 

Switzerland). The final dispersion contained 4.3 % NFC dry matter. To carry out the reac-

tion, 0.1 g NFC dry matter was placed in a three-necks round flask and 50 mL of fresh an-

hydrous toluene were added. The flask was closed with septa and flushed with nitrogen until 

the residual water content in the toluene solution was below 100 ppm, as determined in ali-

quots of the solution by means of a Karl-Fisher titrator. Subsequently, 50 mL NFC suspen-

sions were functionalized by adding different quantities of methyltrichlorosilane directly to 

the toluene to obtain concentrations of 0.06 M, 0.025 M and 1 M methyltrichlorosilane. The 

reactions were carried out at room temperature, by stirring at 550 rpm for 17 h. The final 

washing was performed by centrifugation at 5000 rpm for 10 min of 45 mL volumes, de-

cantation, removal of the supernatant and re-dispersion in fresh solvent. The cycles were re-

peated as follows: first, we removed the reagent medium and unreacted silane, second we re-

placed with 35 mL volume of fresh toluene and redispersed the reaction product for 2 times, 

then we performed solvent exchange with 35 mL of a 50:50 mixture toluene:ethanol and 

eventually with 45 mL ethanol for 2 times.  

Nitrogen Adsorption  

Nitrogen adsorption at 77 K was measured with a Micromeritics 3 Flex (Micromeritics, 

Germany). To determine the specific surface area and the total pore volume (up to pores of 

300 nm) the methods of Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 

were employed, respectively. NFC substrates were outgassed at 90 °C in ultimate vacuum of 

3.75×10-10 mmHg for 16 h prior the measurements. 
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Scanning electron microscopy  

Scanning electron microscopy (SEM) was performed on all substrates (films, foams and 

modified NFC) using a Fei Nova Nanosem 230 Instrument (Fei, USA). On foams and porous 

films, SEM imaging was combined with energy dispersive X-ray (EDX) spectroscopy. 

Infrared spectroscopy  

Fourier-transform infrared spectroscopy (Tensor 27, Bruker, Germany) as well as ATR-

FTIR microscopy (Hyperion 2000, Bruker, Germany) were performed on dense films. To 

ensure reproducibility, dense films were functionalized in triplicates, each film analyzed at 5 

spots and their spectra averaged. Normalization with respect to the asymmetric stretching 

of the C-O-C at ��–glucosidic linkage [37] at 897 cm-1 was performed to evaluate the extent 

of the chemical modification.  

Thermogravimetric analysis  

Thermogravimetric analysis (TGA) was performed with a Netzsch TG 209F1 (Netzsch, 

Germany), using two different procedures: (i) at increasing temperature, with a temperature 

rate of 20 °C/min under nitrogen, up to 900 °C, and (ii)  with the same temperature rate, 

under nitrogen up to 600 °C, and subsequently under oxygen. 

Contact angle measurements 

 Advancing and receding contact angles (��A and ��R, respectively) were measured using 

the sessile drop method on dense and porous films, by expansion and contraction of the vol-

ume of a sessile drop (volume up to 10 µL) on a horizontal sample. Measurements were per-

formed with a contact angle system (OCA 30 and 35, Dataphysics), and the image post-

processing of contact angle evolution using the Datasystem SCA20 image analysis software.  

Dodecane and water behavior at the cellulose interface (SLIPS, absorption, fi l-

tration)  

First, dodecane (VWR, Switzerland) was stained in red by adding 0.01 g of Sudan III 

(standard Fluka, Fluka AG) to 1 L of dodecane and milli-Q water with 0.01 g/L of Neolan 

Blau (CIBA GEIGY). Staining was required to enhance the contrast between the two liquid 

phases.  
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Dense films were exposed to dodecane to produce a self-infused lubricating film and the 

self-cleaning ability toward water was investigated by means of a water drop roll-off exper-

iment. The latter was performed by tilting the same setup used for contact angles measure-

ments on horizontal surfaces. 

Porous films were exposed to a nebulized mixture of dodecane and water and the separation 

ability visually assessed.  

Foams were used as sorbent for hydrocarbon and immersed inwater. The foam mass was 

measured before (mdry) and after dodecane absorption (muptake) and the dodecane absorption ca-

pacity C (in %) was subsequently evaluated with Equation 1: 

 

              �%=  (�I 𝑢𝑢𝑢𝑢�ç𝑢𝑢𝑢𝑢𝑢𝑢
F �I �×𝑑𝑑�ì ) �I �×𝑑𝑑�ì  ×  100�¤  (1) 

Modified NFC powder was placed in a capillary glass pipette on a metal mesh support and 

subjected to a flow of a dodecane/water biphasic mixture to visually evaluate their oleo-

philicity after chemical modification. 

5.4 Results and discussion  

To prepare superhydrophobic nanofibrillated cellulose, NFC-based materials were exposed 

to methyltrichlorosilane (MTCS), as schematically illustrated in Figure 5-1a.  

 

 

Figure 5-1 a) Schematic illustration of the chemical modification of nanofibrillated cellulose with po l-
ysiloxane nanofilaments, SEM images of b) a dense film, c) a foam, d) a porous film and e) suspended 
nanofibrillated cellulose.  
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In the following, we initially present the optimization process to achieve best superhy-

drophobic properties by controlling several parameters, such as the drying method for sub-

strate preparation, methyltrichlorosilane concentration in the solution during the functional-

ization step, and the effect of relative humidity of the cellulosic substrate, controlled by NFC 

storage in desiccators containing different over-saturated salt solutions. Additional micro- 

and nanofeatures (essentially established by polysiloxane nanofilaments) were imparted to 

the NFC substrate surfaces, for dense and porous films, foams, and cellulose nanofibers (un-

modified substrates shown in Figure 5-1b-e, respectively). Applications for each class of ma-

terial are also presented. 

Dense films  

Unmodified NFC dense films with grammage of 30 g/m2 were employed as model samples 

to evaluate the growth of methyltrichlorosilane-derived filaments on nanocellulose at differ-

ent silane concentrations. 

 

For this purpose, dense films were selected because their dense structure and porosity be-

low 5 %35 provides compact surfaces, with high surface density of reactive groups (alcohol 

groups of cellulose). Notably, chemical reaction proceeds mainly at the substrate surface, 

where the methyltrichlorosilane interacts with the substrate; water adsorbed on the NFC 

surface is readily available for the hydrolyzation of Si–Cl bonds in MTCS and subsequent 

condensation of the formed Si–OH groups. As such, the influence of adsorbed water in the 

nanofibrillated cellulose was investigated:  substrates were conditioned at different relative 

humidity (%RH) and chemically modified with a constant concentration of 0.4 M methyltri-

chlorosilane (Figure 5-2).  

We observed that relative humidity between 43 %RH and 65 %RH were optimal to ob-

tain homogeneous surface modification (Figure 5-2); in case of cellulose conditioning at low 

humidity (viz. 11 %RH), minor coverage of the surface was achieved. At the opposite ex-

treme of conditioning at high humidity (85 %RH), heterogeneous structures such as mi-

crobeads formed. This is in agreement with the findings of Khoo et al.,38 Jin et al.39 and 

Stojanovic et al.40 on other hydroxylated surfaces. Although for both substrates precondi-

tioning at 43 %RH and 65 %RH polymer nanofilaments were formed, we chose to operate at 

a value of 43 %RH for the subsequent investigations, as this humidity is close to environ-

mental humidity in our laboratories.  
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Figure 5-3a shows curly entangled polysiloxane nanofilaments on a dense NFC film 

formed after treatment with 0.025 M solution of methyltrichlorosilane at 43 %RH. Fila-

ments have a length of a few micrometers, and diameters in the nanometer range. When a 

water drop is placed on the modified film, a remarkable water-repellent behavior can be vis-

ualized, with static contact angles of ~150-160 ° and low drop capillary adhesion, a manifes-

tation of low contact angle hysteresis (Figure 5-3b). 

 

Figure 5-2 SEM micrographs of dense membranes modified with 0.4 M methyltrichlorosilane at differ-
ent relative humidity: a) 11% RH; b) 43% RH; c) 65% RH and d) 85% RH. 

 

 

Figure 5-3 a) SEM micrograph depicting the formation of polysiloxane nanofilaments on a dense NFC 
film; b) a water drop deposited at a surface modified with 0.025 M methyltrich lorosilane. 



 
 
 

131 
 

We further screened the effect of methyltrichlorosilane concentration on the formation 

of polysiloxane nanofilaments at a relative humidity of 43 %RH. The effectiveness of the re-

action was evaluated by ATR-FTIR spectroscopy (Figure 5-4a). Compared to unmodified 

NFC, the modified samples showed peaks at 781 cm-1 and 1270 cm-1, attributed respectively 

to Si-O-Si and Si-C vibrations27 in the former peak and to Si-CH3 bending vibrations in the 

second peak. To allow comparison of different measurements, peak intensities at 781 cm-1 

(see Figure 5-4a3) and 1270 cm-1 (see Figure 5-4a2) were normalized using the peak at 897 

cm-1 (asymmetric stretching of the C-O-C). Results showed a peak intensity monotonic in-

crease for exposure to silane concentration up to 0.1 M, above which signal saturation was 

observed. This trend can be interpreted by assuming saturation of the reactive groups on the 

substrate for reactions at concentrations of 0.1 M and above. 

Contact angle measurements (Figure 5-4b) were performed after sonication of the sam-

ples (30 s at room temperature) to ensure removal of loose polysiloxane nanofilaments, not 

bound to the nanocellulose substrate. Remarkably, for all samples advancing contact angles 

of ~160 ° were achieved. The receding contact angles of the samples modified with 0.0015 

M and 0.006 M methyltrichlorosilane were well below those of the advanced contact angles 

(Figure 5-4b) and showed in addition large deviations. Both attributes are characteristic of 

highly heterogeneous substrates, causing contact line pinning upon drop retraction. Hetero-

geneity was also evident in SEM images, where agglomerated polysiloxane structures were 

evident (Figure 5-4c, left). However, surfaces treated with higher concentrations of methyl-

trichlorosilane (e.g. concentration of 0.1 M, Figure 5-4b) showed only little differences be-

tween advancing and receding contact angles (less than 5 °) and very small error bars (95 % 

confidence level), indicating a very homogeneous surface. Indeed, SEM images of such sur-

faces showed homogeneous distribution of polysiloxane structures (Figure 5-4c, right). 

To further confirm the observed increase of surface homogeneity for increasing silane con-

centration, FTIR microscopy mapping was employed, to detect the distribution of the Si-O-

Si peak intensity at 781 cm-1 on the sample surface (Figure 5-5). Surfaces areas of 420×520 

µm (21.84 mm2) were investigated in 144 positions. While the sample modified with 0.006 M 

methyltrichlorosilane (i.e. lowest concentration) resulted in uneven intensity of the peak at 

781 cm-1 (Figure 5-5a), the sample modified with 0.4 M MTCS (i.e. highest concentration) 

exhibited a uniform signal all over the surface, indicating chemical homogeneity at a macro-

scopic level (Figure 5-5b). Dense films were also infused with dodecane to assess the poten-

tial use of films as superhydrophobic liquid-infused lubricating surfaces (SLIPS/LIS).  
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Figure 5-4 Characterization of dense films modified with methyltrichlorosilane film: a 1) ATR- FTIR spectra of films before and after modification with various 
concentrations of silane; a2-3) magnification of ATR -FTIR spectra around wavelengths of 1270 cm-1 and 781 cm-1; b) advancing (��A) and receding (��R) contact angle 
values for films modified with methyltrichlorosilane at various concentrations (error bars indicate 95% confidence level); c) SEM images of a film modified with 
0.0015 M (left) and 0.4 M (right) methyltrichlorosilane.  
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Figure 5-5 Three-dimensional mapping of the peak intensity of the Si-O-Si vibration at 781 cm-1 for 
NFC films: a) samples treated with 0.006 M and b) with 0.4 M methyltrichlorosilane. c) Contact angle 
measurement of a water drop deposited on a dodecane-infused dense film and d) an image of a super-
hydrophobic liquid -infused lubricating sur face (SLIP/LIS) repelling of water drops (stained in blue).  

 

Contact angles as high as 105±2 °, with practically negligible hysteresis, were measured 

(Figure 5-5c), confirming the water repellent behavior, as well as the higher affinity of 

MTCS-modified NFC dense films to hydrophobic liquids (Figure 5-5d). 

Porous films  

Unmodified porous films with grammage of 30 g/m2 were obtained from NFC super-

critical drying, and their structure is shown in Figure 5-6a. Compared to dense films of the 

same grammage, porous films containing the same NFC mass had a specific pore volume of 

0.7 cm3/g and specific surface area of 175 m2/g. Porous films were subject to modification 

by methyltrichlorosilane at different concentrations in toluene, with fixed pre-conditioning 

at 43 %RH. SEM images in Figure 5-6a-f show the porous film surfaces after functionaliza-

tion, covered with polysiloxane nanofilaments. The nanofilaments homogeneity and cover-

age strongly depended on the applied methyltrichlorosilane concentration. At low concen-

tration (0.025 M, Figure 5-6b) only a few regions underwent modification, whereas at higher 

concentrations (0.1 M, 0.4 M and 1.2 M, Figure 5-6c-e) abundance of polysiloxane nanofila-
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ments coated the film surface. At 2.7 M methyltrichlorosilane concentration (Figure 5-6f) 

formation of rough heterogeneous structures, instead of nanofilaments, were observed.  

 

 

Figure 5-6 SEM images of a) unmodified porous films and porous films exposed to 
methyltrichloro silane at a concentration of b) 0.025 M, c) 0.1 M, d) 0.4 M and f) 2.7 M; g) advancing 
(��A) and receding (��R) contact angle values for the same substrates (value of unmodified films could not 
be measured due to fast water drop soaking). Error bars indicate 95 % confidence level. 

 

Contact angle measurements confirmed the visual information from SEM: advancing con-

tact angles were high (in the range 157 °-163 °) for all samples exposed to methyltri-

chlorosilane concentrations between 0.025 M and 2.7 M (Figure 5-6g). However, only in the 
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concentration range between 0.1 M – 0.4 M the receding contact angles were also high 

(~150 °), and close to the advancing contact angles, and exhibited small error bars; as a re-

sult, contact angle �K�\�V�W�H�U�H�V�L�V���L�V���O�R�Z���¨𝜃𝜃<10 °: such factors are indicative of superhydropho-

bicity and high surface homogeneity.  

SEM imaging coupled with EDX line-scans was performed to trace the presence of 

silicon across the film thickness and demonstrate the presence of polysiloxane. Seven posi-

tions were analyzed from the top-surface to the bottom-surface (blue arrow pointing down-

ward in Figure 5-7a) and the EDX spectra in each position recorded (Figure 5-7b). The rela-

tive intensity of the silicon peak appearing at 1.7 keV was constant throughout the sample, 

suggesting that the polysiloxanes also formed in the film core. EDX spectra of porous films 

exposed to other concentrations of methyltrichlorosilanes are given in Figure 5-8; in all cas-

es, independently from the MTCS concentration utilized, the silicon was tracked in the di-

rection perpendicular to the film surface, showing its presence throughout the entire sample. 

 

Figure 5-7 a) SEM micrograph of a cross section of a porous film exposed to 0.4 M methyltri-
chlorosilane (the blue arrow indicates the position of an EDX line scan, from the top to the bottom 
surface); b) EDX line -scan spectra of 7 points perpendicular to the film surface showing O peak at 0.5 
keV and Si peak at 1.7 keV; c) exposure of a porous film treated with 0.025 M methyltrichlorosilane to 
a nebulized mixture of dodecane (red) and deionized water (blue): dodecane is absorbed, whereas water 
is repelled and slides down the surface. 
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Figure 5-8 SEM micrographs and EDX patterns of porous films exposed to various concentrations of 
methyltrichlorosilane: a) 0. 0025 M; b) 0.1 M and c) 2.7 M MTCS. 

 

The superhydrophobic properties of modified porous films can be used to separate mix-

tures of hydrophobic and hydrophilic liquids, based on preferential wetting of one liquid. 

When superhydrophobic porous films were exposed to a nebulized biphasic mixture of 50:50 

vol:vol dodecane (containing red dye) and water (containing blue dye), water drops formed,  
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coalesced and slid down the film surface, whereas dodecane penetrated into the film and was 

retained (Figure 5-7c). An application of such material can be envisaged in downstream fil-

tr ation units of water vapors exhaust outlets, containing entrained organic liquids drops to 

be removed. 

Foams  

Nanocellulose foams (thickness of about 1 cm) prepared by freeze-drying had a specific 

surface area of 16 m2/g and specific pore volume (measured to a maximum pore size of 300 

nm) was 0.1 cm3/g. The SEM image in Figure 5-1c discloses that the unmodified foams of-

fered a combination of nano- and microporosity, corresponding to the known reported ice-

templated structure obtained as a consequence of the lyophilisation process of ice crystals.41 

Foams, previously conditioned at 43 %RH, were treated with increasing methyltri-

chlorosilane concentration in a toluene bath and analyzed by EDX in mapping mode. We 

evaluated the presence of silicon, revealed by a peak appearing in all samples at 1.7 keV. 

Figure 5-9a shows that the ratio between the silicon and the oxygen peak intensity was 

about an order of magnitude higher at the surface than in the center of a cross section, inde-

pendent on the methyltrichlorosilane concentration (viz. 0.025 M, 0.4 M and 2.7 M).  

When considering the silicon mapping, one could visualize a heterogeneous distribution of 

Si at the cellulose foam surface (see Figure 5-9b), while in the foam core the distribution was 

homogeneous (see Figure 5-9c).  

SEM images of  foam surfaces treated with methyltrichlorosilane at different concentrations 

between 0.025 M and 2.7 M (Figure 5-10) reveal optimum conditions for formation of pol-

ysiloxane nanofilaments at intermediate methyltrichlorosilane concentrations (e.g. 0.4 M of 

MTCS concentration, Figure 5-10b1-2). At this concentration, polysiloxane nanofilaments 

were homogeneously distributed within the macropores of the NFC foams. Indeed, in the 

case of low methyltrichlorosilane concentrations (0.025 M, Figure 5-10a1-2), polysiloxane 

nanofilaments were formed only on few regions of the foams, and at very high concentration 

(2.7 M, Figure 5-10 c1-2) a continuous layer of polysiloxane covered the foams. This continu-

ous layer partially occluded the cellulose foam pores, thus causing an undesirable porosity 

reduction of the sample.  
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Figure 5-9 EDX analysis of NFC foams exposed to various methyltrichlorosilane solutions: a) Silicon 
(Si) and oxygen (O) contents of foams at the surface (TOP) and center (0.025 M, 0.4 M and 2.7 M, top 
to bottom); Silicon mapping for a concentration of 0.4 M at the surface (b) and in the core (c). 

 

When considering the structure of the foam (i.e in the case of a MTCS concentration of 

0.4 M) and comparing the top surface (Figure 5-10d) with the core (Figure 5-10e), one could 

see that while polysiloxane filaments are present at the surface, they cannot be visualized in 

the center. As the chemical reaction is performed in static conditions (no mixing) and diffu-

sion governs enrichment of methyltrichlorosilane at the inner surfaces of the foams, local 

methyltrichlorosilane gradients in the foam are to be expected. Thus, one could speculate 

that unreacted methyltrichlorosilanes molecules were more prone to react with hydrolysis 

products of previously deposited methyltrichlorosilane at the surface region rather than with 

hydroxyl groups in the unreacted cellulose core. This could be a consequence of the high 

specific surface area of foams and the considerable thickness of the samples (about 1 cm). In 

the inner areas, where conditions of limited concentration for the formation of filaments oc-

curred, the formation of very thin polysiloxane layers was probably favored. Figure 5-10d 
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and Figure 5-10e reported features that can be related to the silicon mapping obtained in 

Figure 5-9b and Figure 5-9c, respectively, confirming our explanation. 

 

 

Figure 5-10 Foam Characterization: SEM images at two different magnifications showing the surface 
features after treatment with methyltrichlorosilane with an MTCS concentration of a) 0.015 M, b) 0.4 
M and c) 2.7 M; d) SEM images top view and e) cross section of foam modified with 0.4 M  MTCS.  

 

To test the efficiency of the polysiloxane-modified materials in absorbing and retaining apo-

lar compounds, even in a polar environment (i.e. in water), dodecane-absorption tests were 

performed. First, unmodified and modified foams were exposed to a dodecane bath and the 

absorbing capacity of dodecane was measured (Figure 5-11a). Foams demonstrated remark-

able capabilities to absorb dodecane, with values of ~60 gdodecane/g foam (unmodified foam), 

~50 gdodecane/g foam for foams exposed to 0.025 M and 0.1 M methyltrichlorosilane. At higher 

silane concentrations, the dodecane absorbing capacity decreased strikingly, possibly be-

cause of the abovementioned pore occlusion. These results are coherent with absorption val-

ues of hydrocarbons and oil found for MTCS-modified chitin sponges42  via a chemical vapor 
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deposition approach, but in the present case a much simpler wet-chemistry approach was 

used. After the absorption test, foams were immersed in water (Figure 5-11b). 

 

 

Figure 5-11 a) Dodecane absorption capacity expressed as gdodecane/g foam, for neat foam (open square) and 
foams exposed to different methyltrichlorosilane concentrations: 0.025 M, 0.1 M, 0.4 M, 1.2 M and 2.7 
M (closed squares); b) pictures of foams exposed to various methyltrichlorosilane concentrations after 
uptake of dodecane containing a red dye floating on water containing a blue dye. 

 

Unmodified foams, despite possessing the highest absorption capacity, quickly released 

dodecane due to their higher affinity for water and broke down. At low methyltri-

chlorosilane concentrations (viz. 0.025 M), dodecane was well absorbed, but the foam expe-
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rienced breaking in water, possibly due to uncomplete modification of some foam regions. In 

contrast, all other modified foams functionalized at MTCS concentrations of 0.1 M or higher 

did not release any noticeable trace of dodecane, the water remained clear (blue color), the 

dodecane phase remained fully absorbed in the NFC foam and the foam remained stable.  As 

such, we can conclude that foams exposed to ~0.1 M methytrichlorosilane correspond to an 

optimal system for recovery of apolar compounds (including oils) for NFC, providing the 

best compromise between hydrocarbon absorption capacity and integrity in water, as guar-

anteed by excellent superhydrophobicity. 

Powders 

Dispersed nanofibrillated cellulose fibers were also directly chemically modified in sus-

pension by exposure to methyltrichlorosilane. Various concentrations were employed (viz. 

0.006 M, 0.025 M and 1 M methyltrichlorosilane), and no significant change was observed 

in the structure of the NFC modified powder (Figure 5-12). Since higher concentration of 

silane did not bring additional benefit to the modification of the powder, the lowest concen-

tration of 0.06 M can be considered the optimal one among these three. 

 

Figure 5-12 SEM micrographs of modified NFC exposed to various methyltrichlorosilane concentr a-
tions: a) 1 M; b) 0.025 M and c) 0.06 M. 
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The formation of a polysiloxane coating on NFC and additional silicone nanofilaments 

propagating from the nanocellulose surface influenced the drying behavior of such nano-

materials: while unmodified NFC would undergo hornification43 and collapsing of the fibers 

into a compact layer, the MTCS-modified NFC resulted into a heterogeneous loose white 

powder, upon drying from ethanol. Indeed, SEM images showed the formation of flocks of 

modified NFC aggregates (Figure 5-13a) presenting both a coated filamentous material 

(Figure 5-13b) and more compact regions decorated with free polysiloxane nanofilaments 

(Figure 5-13c). We can speculate that residual water molecules, essential for the success of 

the chemical reaction, were not evenly distributed on the unmodified fibers prior the reac-

tion, resulting either in compacted flocks or in free filaments.  

The powder showed water repellency, when put in contact with a water drop (Figure 

5-13d). To assess the repellency of modified NFC towards organic liquid, the material was 

loaded into a glass pipette to form a fiber bed and put in contact with a mixture of dodecane 

(red-stained) and water (blue-stained), as visualized in Figure 5-13e1. After a few seconds, 

the water penetrated through the modified NFC bed, while dodecane was retained on the 

modified NFC fibers, as shown by the powder color change, from white to red (Figure 

5-13e2). 
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Figure 5-13 NFC chemically modified by treatment with 0.006 M methyltrichlorosilane: a) SEM micrograph providing an overview on the surface of the modified 
product, b) details of the modified NFC fibers and c) aggregates covered with polysiloxane nanofilaments; d) photograph of modified nanofibers repelling a water 
drop at a needle tip; e1) photographs of a glass pipette filled with modified NFC and put in contact with a mixture of dodecane (red -stained) and water (blue-
stained) taken before the fluid penetration i n the modified nanofibers and e2) after the passage of water, collected in the flask, and the retention of dodecane in the 
modified NFC bed. 
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Overall comparison of substrates  

Different substrates including NFC dense films, porous films, foams and nanofibers 

were exposed to methyltrichlorosilane using the same chemical protocol. Each system 

showed superhydrophobic properties, which were reached at an optimal concentration of 

methyltrichlorosilane, depending on the substrate type. To evaluate the silicon content, 

TGA measurements were performed under both nitrogen and oxygen atmosphere (Figure 

5-14).   

 

 

Figure 5-14 Thermogravimetric analysis executed on the MTCS-modified substrates: a) thermograms 
for foams under N2; b) thermograms for porous films under N2; c) thermograms for powders of modified 
NFC under N2; d) thermograms obtained under N2 up to 600 °C and switching to O2 up 900 °C for opti-
mized systems (viz. porous films at 0.4 M MTCS, foams at 0.1 M MTCS and powders at 0.006 M 
MTCS). Mass-losses curves (continuous lines) and mass loss derivatives (dashed lines) are shown re-
spectively, respectively. 

 

While for modified NFC foams there was a sensible increase in the residual mass with 

increasing MTCS concentration (Figure 5-14a), no differences were observed for porous 

films, with a constant residue of ca. 20 % (Figure 5-14b), and for   powders, with residue of 
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~10-15 % (Figure 5-14c). This trend is in agreement with the aforementioned evaluations. 

The formation of a bulk MTCS layer on foams was observed at high MTCS content show-

ing a substantial silane uptake covering and occluding the foam porosity (Figure 5-10); this 

was also confirmed by the reduced mass uptake of dodecane for the higher MTCS concentra-

tion (Figure 5-11): indeed, for MTCS concentration of 1.2 M and 2.7 M, high residues of 40 

and 60 % were determined. In the case of porous films, no significant differences were found 

for the wetting behavior (viz. contact angle, Figure 5-6g) and the silicon distribution (viz. 
Figure 5-8) in the materials, suggesting that for increasing MTCS concentration, no in-

crease in deposited polysiloxane occurred and no additional benefit in wetting performance 

could be observed. SEM images (Figure 5-12) did not show substantial differences for NFC 

powders treated with increasing MTCS concentrations. From our investigation, we could 

define that each substrate had an optimum MTCS concentration as it follows: for porous 

films 0.4 M, for foams 0.1 M and for powder 0.006 M. The thermal stability of these materi-

als was analyzed not only under nitrogen, but also under oxygen, to combust the cellulose 

fraction and to determine the final silicon content (Figure 5-14d): we found respectively re-

sidual silicon for values amounting to 16 % for porous films, to 12 % for foams and to 3 % for 

powders. As expected, the reference unmodified (viz. neat) NFC sample had no residue after 

combustion.  

5.5 Conclusions  

In this work, we demonstrated the effective functionalization of NFC-based materials to 

promote superhydrophobicity on an intrinsically hydrophilic natural polymer, i.e. cellulose, 

extending the approach initially proposed by Gao and McCarthy20 for inorganic glass sub-

strates. By using the same ingredients (NFC and methyltrichlorosilane) and developing sim-

ilar processes (solution based chemical modification in toluene), different functional materi-

als were developed, which distinguish de facto in the distribution of the polysiloxane on the 

NFC porous and dense films. As such, NFC dense films obtained by vacuum filtration, po-

rous films by supercritical drying, foams by freeze-drying and centrifuged powders were 

functionalized revealing superhydrophobicity after modification by methyltrichlorosilane, as 

a result of hydrophobic nanofilament formation, due to MTCS polymerization. For modified 

dense films, concentrations of 0.025 M methyltrichlorosilane were proved to be optimal for 

the preparation of superhydrophobic and liquid-infused lubricating surfaces (SLIPS), which 

could find application in the field of non-wetting and water-repellant surfaces. Superhydro-

phobic porous films were used to demonstrate the effective separation of dodecane drops 

from a nebulized dodecane/water biphasic mixture, whereas functionalized foams demon-
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strated exceptional dodecane absorption capacity, as high as ca. 50 gdodecane/g foam. Such capac-

ity can be preserved even in an aqueous environment, without dodecane depletion and pre-

serving foam mechanical integrity. Finally, powders made of MTCS-modified NFC were 

prepared and used to separate dodecane from water shown, which can also be useful for hy-

drocarbons- and oil removal. In conclusion, we demonstrated the high potential of MTCS 

functionalization for tailoring wetting properties of NFC-based materials, providing a wide 

spectrum of different applications, where preferential liquid wetting capabilities can be used 

to control liquid mixture (e.g. water/hydrocarbon) behavior at interfaces. 
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6. Conclusions  and Outlooks  
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6.1 Conclusions  

 

Nanofibrillated cellulose (NFC) is a novel building block material for the elaboration of 

bio-based dense and porous substrates. This thesis dealt with the investigation of NFC ma-

terials’ porosity and its exploitation in specific applications, such as membranes and sorbent 

products.  

The critical evaluation of common porosimetry techniques revealed that the pores of 

dense nanopapers with porosity <5 % and NFC foams can properly be characterized. It 

turned out that the impact of the intrinsically hygroscopic nature of NFC substrates on the 

results is often underestimated, and published results are often compared for samples that 

underwent non-standardized pretreatment. When using gas adsorption and mercury intru-

sion, severe drying conditions to remove adsorbed substances, including water moisture, are 

required to ensure the success of the measurement. Notably, NFC substrates supposed to 

work in aqueous condition, such as membranes, are not reliably characterized with porosity 

methods that require severe drying. Since in the wet state cellulose undergoes swelling, its 

three-dimensional structure and pore volume are subjected to rearrangement whose entity 

would not be perceived from the results determined at the dry state. The use of thermopo-

rometry was proposed to characterize the membranes in presence of water, upon evaluation 

of their maximum swelling state. Importantly, we have shown that there is no universally 

suitable method for the determination of pore size and pore size distribution for all pore siz-

es occurring on NCF substrates. Major limitations are related to the investigation domain of 

such techniques, not covering all the pore sizes present in one substrate, and to their applica-

tion. Mercury intrusion, beside its benefit of targeting pore sizes between 3 nm and hun-

dreds of µm, requires high intrusion pressures up to 350 MPa, compressing the investigated 

substrates and altering the results of pore sizes. Nitrogen adsorption is limited to maximum 

sizes of 200-300 nm and is strongly influenced by absorbed water molecules. Characteriza-

tion in the aqueous state with thermoporometry is applicable with pore sizes between 2 and 

60 nm. The suited porosimetry method has to be adapted according to the working condi-

tions of NFC and its porosity, respectively. Moreover, the use of porosity models based on 

geometrical shapes (viz. spheres or cylinders) is inappropriate for NFC as for any other fi-

brous material provided with interconnected pores and tortuous channels. Indirect porosity 

assessment techniques, such as macromolecules rejection (known as molecular weight cut off 

determination), are useful to estimate approximately the pore sizes in wet state but not re-

turning a complete pore size distribution and pore volume. We believe that our findings 
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generated relevant knowledge not only for the nanofibrillated cellulose field but in general 

for all researchers dealing with cellulosic materials. Sensitivity to moisture, characterization 

in the operational environment (dry or wet state) and the need of confirming the validity of 

common characterization techniques of materials science are surely extendable to cellulose 

in general.  

When NFC membranes are prepared from water-based suspensions with vacuum filtra-

tion and hot-pressing, very dense films with residual porosity of only ca. 5 % were obtained. 

Such membranes, however, do not offer convenient filtration rates. We showed, however, 

that the filtration rates can be improved by a novel method based on a templating approach. 

When nanoparticles of calcium compounds (carbonates, hydroxides or oxides) are incorpo-

rated in NFC, additional porosity to the membrane is achieved after dissolution of the nano-

particles in acidic solution. In this way, we could increase the overall permeance of water 

from a few decades of L/(hm2MPa) to a few hundreds. Handy and straightforward proce-

dures such as templating of substrates with calcium compounds can be applied also on other 

cellulosic materials, independently on their size, aspect ratio, aggregation state or allotropic 

form. Membranes for microfiltration, able to retain suspended solids, were produced and 

their effectivity shown. 

For specific applications, nanofibrillated cellulose can be chemically modified at the sur-

face. We showed that the hydrophilic behavior of NFC could be turned into a superhydro-

phobic behavior by reaction with organochlorosilanes providing rough nanocellulose surfac-

es with hydrophobic polysiloxane nanofilaments. By exploiting this method, we promoted 

the chemical affinity of modified NFC for hydrocarbons and water repellency. Various dense 

and porous NFC substrates were modified specifically with methyltrichlorosilane (MTCS) 

and their properties tested. Self-cleaning lubricate-infused surfaces (SLIPS) were prepared in 

parallel to foams that can act as selective sorbent of hydrocarbons from water. With the 

same constituent materials, we also elaborated filters and loose powders suited for the sepa-

ration of dodecane/water mists and mixtures, respectively. Those substrates are also suita-

ble candidates for separations of other hydrocarbons and oils. 

In conclusion, in this thesis we embraced the topic of nanocellulose substrate porosity, 

analyzing it from three different perspectives: basic investigation of its characterization, its 

manipulation through a templating method, and its potential exploitation in separation ap-

plication prior chemical functionalization of the substrates. 
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6.2 Outlooks  

Ideally, efforts should be made to develop porosity characterization techniques that 

serve in the wet state when cellulose is at its maximum swelling. When careful evaluation of 

membrane pore shape and porosity at the wet-state would be required, supposedly the use of 

tomographic techniques with resolution also in the mesoporous domain should be envisaged 

on swollen samples.  

Templating approaches can be carried out with various solid particles, provided with 

different aspect ratios and surface chemistry. The shape of the particles might be tuned to 

tailor pore shapes, and chemical modification of the sacrificial template material might in-

crease its compatibility with the matrix. The chemical compatibilization by means of surfac-

tants, for instance, could lead to better dispersion of hydrophilic templates in hydrophobic 

matrices and vice versa and to reduction of the aggregation tendency of the particles. 

Regarding the hydrophobization protocols, we utilized chlorosilane chemistry in tolu-

ene medium that made NFC superhydrophobic. Although the basic NFC substrate can be 

considered bio-based, the functionalization process itself cannot be regarded as completely 

environmentally sustainable. Future works should aim to achieve the same performances 

(e.g. contact angles and absorption capacity) with approaches that could be qualified as 

“green” chemistry. 
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