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Abstract

This work represents an effort to exploit the inherent features of nanoscaled cellulose as practical
advantages in membrane materials. The approach was to systematically explore the behavior of
2,2 6,6-tetramethylpiperidine-1-oxyl radical oxidized cellulose nanofibrils (TEMPO CNF) with
respect to water vapor sorption mechanisms and transport of water, to tune the inherent properties
using facile strategies and to expose the materials to performance testing. Surface-sensitive
methods were used for revealing molecular scale phenomena directly at interfaces, whereas bulk
methods were used to demonstrate their significance in macroscopic scale. Films made from
TEMPO CNF were in the main role, complemented by synthetic polymers to introduce new
performance features with significance for membrane materials.

Water vapor sorption of TEMPO CNF thin films was studied by precise surface-sensitive
analytical methods, i.e. quartz crystal microbalance with dissipation monitoring and spectroscopic
ellipsometry, and combined with classical physicochemical models. It was established that water
vapor sorption into TEMPO CNF thin films occurs through distinct underlying mechanisms:
specific sorption below 10% RH, association of Flory-Huggins population of molecules with the
films at 10-75% RH and clustering of water molecules above 75% RH. Kinetic parameters defining
the transport of water molecules in the TEMPO CNF film structure were determined. The results
showed that diffusion of water vapor could be used as a probing tool for elucidating structural
details of moisture-responsive materials in the presence of water.

Bulk and interfacial chemical modification approaches were applied. Enhancement of wet
strength of TEMPO CNF films was achieved by crosslinking, whereby inherent characteristics, such
as hydrophilicity, were not compromised. The water stable structure was suitable for further
functionalization with a thermoresponsive polymer, poly(NIPAM). Covering mere 8% of the surface
with poly(NIPAM) caused drastic changes in the performance of the TEMPO CNF film, as the
increment in slope of relative water permeance around the lower critical solution temperature of
poly(NIPAM) increased from 18% to 100%, showcasing the efficiency of the interfacial modification
approach. CNF films were also subjected to performance testing in tetrahydrofuran and n-hexane,
whereby their suitability for organic solvent nanofiltration was demonstrated.

This thesis furthers the fundamental understanding of water interactions of cellulosic
nanomaterials and other complex moisture-sensitive structures in the biomaterial genre. It also
proposes concrete means to tune selected material properties toward desired environments and
effects. In the view of this thesis, inherent structure-derived properties are the key for achieving
performance features that will carry future biomaterials development beyond conventional
applications.
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Tiivistelma

Téssi tyOssa tutkittiin nanoselluloosan luontaisten ominaisuuksien hyédyntamista
membraanimateriaaleissa. Aihetta ldhestyttiin tarkastelemalla 2,2,6,6-tetrametyylipiperidiini-1-
oksyyli-radikaali-hapetettujen nanoselluloosafibrillien (TEMPO CNF) vesihGyryn
sorptiomekanismeja ja vesimolekyylien kuljetusominaisuuksia. Lisaksi ty0ssa muokattiin
kemiallisesti nanoselluloosakalvojen ominaisuuksia ja tutkittiin kalvojen suorituskykya
membraanimateriaalina. Materiaaliominaisuuksia ja ilmi6ita karakterisoitiin seka pintarakennetta
ettd koko materiaalirakennetta analysoivilla menetelmilla. TyGssa keskeisessa roolissa olivat seka
ohut- ettd makrokokoiset nanoselluloosapohjaiset kalvot, joiden ominaisuuksia muokattiin
synteettisilld polymeereilld membraanimateriaaleilta vaadittujen suorituskykyominaisuuksien
aikaansaamiseksi.

TEMPO CNF-ohutkalvojen vesihdyrysorptiota tutkittiin tarkkojen pintamenetelmien, kuten
kvartsikidemikrovaa'an ja spektroskooppisen ellipsometrian avulla. Tuloksia tulkittiin klassisten
fysikokemiallisten mallien avulla. Vesihdyrysorptio TEMPO CNF-ohutkalvoihin tapahtui erillisten
vallitsevien mekanismien kautta: spesifisena sorptiona alle 10% suhteellisessa kosteudessa, Flory-
Huggins-mekanismin kautta 10-75% suhteellisessa kosteudessa, ja vesimolekyylien klusterointina
yli 75% suhteellisessa kosteudessa. Yhdistimalla pintaherkka lahestymistapa Fickin
diffuusiomalleihin pystyttiin selvittimaan kineettiset lainalaisuudet, jotka maarittavat
vesimolekyylien kulkeutumisen TEMPO CNF -ohutkalvoissa. Saatujen tulosten perusteella
vesihOyryn diffuusiota voidaan hyodyntda kosteusherkkien materiaalien rakenteellisten
yksityiskohtien tutkimuksessa.

IlmiGiden perustutkimukselliseen ymmarrykseen pohjautuen vesivuorovaikutuksia tutkittiin
myos sovelluslahtoisesti raatal6imalla CNF-kalvoja membraanimateriaaliksi soveltuvaksi. Kalvojen
vesilujuutta parannettiin merkittavasti polyvinyylialkoholi-ristisilloituksen avulla. Ristisilloitus ei
kuitenkaan vaikuttanut kalvon toivottuihin luontaisiin ominaisuuksiin, kuten hydrofiilisyyteen.
Vedessd stabiilit ristisilloitetut CNF-kalvot soveltuivat jatkomuokkaukseen lampdovasteisella
polymeerilld (poly(N-isopropyyliakryyliamidi)). Merkittavia suorituskykymuutoksia veden
lapaisevyyden suhteen saavutettiin jo 8%:n peittoasteella. Lisaksi tyossa havaittiin, ettd CNF-kalvot
soveltuvat orgaanisten liuottimien, esim. tetrahydrofuraanin ja n-heksaanin nanosuodatukseen.

Tama vaitoskirjatyo lisdd perustavanlaatuista tietoa nanomittakaavaisten selluloosamateriaalien
vesivuorovaikutuksista ja niiden monimuotoisista kosteusherkisti rakenteista. TyOssa esitetdan
konkreettisia tapoja, joiden avulla ominaisuuksia voidaan muokata haluttuihin ympéristéihin
sopiviksi. Tdmaén vaitoskirjatyon tulokset osoittavat, ettd luontaiset, materiaalirakenteesta johtuvat
ominaisuudet ovat avainasemassa, kun pyritdian saavuttamaan suorituskykyisia tulevaisuuden
biomateriaaliratkaisuja.

Avainsanat selluloosananofibrillit, vesivuorovaikutukset, membraanit, pintaherkét analyysit
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1. Introduction

Through nature’s evolutionary perfection of structure, property and function, many of the
most crucial biological and terrestrial operations, e.g. photosynthesis' and water transport in
plant plasma membrane by aquaporins23 occur at nanoscale. In such dimensions interfacial
interactions determine the behavior of the materials and particles due to the distinctively
large surface area. For this reason, the characteristic responses toward external stimuli tend
to be magnified, especially in constructions assembled from nanoscaled building blocks —
particles with at least one of the external dimensions in the size range of 1 nm - 100 nm+.

In the realm of nanoscaled materials, wood-based cellulose nanofibrils (CNFs) are intri-
guing elementary building blocks: aside from hydrophilicity and abundance in nature, as-
semblies thereof are highly hygroscopic57. The strong interactions with water distinguish
CNFs from many other nanomaterials that may be comparable in terms of high aspect ratios,
surface areas and tensile properties>°. The unique combination of large surface area and hy-
groscopicity is an advantageous premise for applications operating in aqueous environments,
e.g. membrane materials designed to entrap small particles and molecules.

The objective of this dissertation is to exploit the inherent features of CNF in an entirely
new way with focus on hydrophilicity and hygroscopicity in the context of membrane mate-
rials. These features are indispensable for many membrane systems and rarely available in
current membrane materials. Strong interactions with water have often been considered a
challenge and a detrimental feature for cellulosic materials since people are well aware that
their properties are largely downgraded after immersion in water, and often also when ex-
posed to high humidity. In contrast, in the concepts developed here, moisture sensitivity and

specific water interactions are perceived as key enablers for development of new materials



solutions for water purification applications. Thereby an entirely new type of tight and hy-
drophilic material is introduced into the field of membranes, with the potential to arrest par-

ticles and molecules beyond the capability of current filter and membrane systems.

Sorption mechanisms Moisture-responsive structure Enhanced wet strength Membrane material
Paper |

Paper Il Papers IV and V

Paper Il

oY @ v

ACSAppl.MaterInterfaces 2016
Chem.Commun. 2014

Biomacromolecules 2017

From basic discoveries toward applications

Figure 1. Research strategy and main results en route to finding fresh perspectives for exploiting
inherent features of CNF in membrane materials.

The approach taken in this dissertation is fundamental with an applied angle: in-depth
fundamental insight centered on the moisture sensitive structure and the underlying mech-
anisms are exploited to develop facile strategies for refining CNF films toward membrane
materials, as depicted in Figure 1. Complementary methods are used to enable operations at
all relevant scales for taking basic discoveries toward applications: the surface-sensitive ap-
proach is used for revealing molecular-scale phenomena directly at interfaces, whereas the
bulk methods demonstrate their significance at macroscopic scale. Paper I is a fundamental
study revealing the underlying mechanisms of sorption of water molecules into CNF thin film
assemblies. As a direct continuation, Paper II presents an entirely new approach for eluci-
dating structural details of moisture responsive materials by using diffusion of water vapor
as a probing tool. With this approach, also the kinetic parameters defining the transport of
water molecules in the CNF film structure were determined. In Papers III and IV highly

moisture sensitive CNF films are adapted toward use as membrane materials by enhancing



the wet strength of the films and by tailoring the film surface with a stimuli-responsive poly-
mer for temperature-controllable performance in aqueous environments. Moreover, Paper
V demonstrates the use of membranes made entirely from CNF in organic solvent media.
The dissertation builds on established understanding of isolation of CNF, especially by a
means of 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) catalyzed oxidation by
NaClO8. Films made from TEMPO CNF are in the main role, complemented by synthetic
polymers to introduce new performance features with significance for membrane materials.
In essence, the research depicted in this dissertation utilizes the inherent features of CNF and
turns their fundamental behavior into practical advantages that may deliver a new material

solution for the membrane domain.



2. Cellulose at Nanoscale

The hierarchical nature of cellulose in its native surroundings, i.e. the plant cell wall, warrants
review at multiple levels for a comprehensive view on its structure and interactions. Here,
the molecular level is surveyed, followed by a zoom out therefrom to higher structural levels
and film assemblies, with focus on the implications for nanoscaled cellulose; its isolation

from the complex plant cell wall, the resultant properties and modification opportunities.

2.1 Hierarchically Structured Cellulose in the Plant Cell Wall

At molecular level, cellulose is a linear syndiotactic homopolymer of D-anhydroglucopyra-
nose units (Figure 2a) in alternating positions along the polymer chain. In crystalline cellu-
lose the D-anhydroglucopyranose rings are linked together by -(1>4)-glycosidic bonds with
each ring rotated 180° with respect to the adjacent ring. Two D-anhydroglucopyranose units

linked together in this manner make up the dimer cellobiose®9.
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Figure 2. a) Molecular structure of glucose, the repeating unit of cellulose. b) Cross-sectional, c)
equatorial and d) top views of glucan chain organization and hydrogen bonds of cellulose Ip.
Adapted from Chundawat et al. 20111°.



Cohesive interactions of cellulose at the molecular level have immense implications for the
utilization and transformation of cellulose. The literature emphasizes the role of hydrogen
bonding as the most important form of interaction occurring inter- and intramolecularly®!*.
Considering the intrachain stability of cellulose, the glycosidic linkages between D-anhy-
droglucopyranose rings are stabilized by hydrogen bonds between O3 H O5 of the neighbor-
ing molecules in the chain, resulting in a rather stiff polymer chain structure!23. Interchain
hydrogen bonds between adjacent chains running parallel to each other promote the arrange-
ment of the chains into planar sheets, which are connected by interplanar London dispersion
interactions4. Interestingly, recent literature4 suggests that the role of hydrogen bonding in
the structure of cellulose is often over-emphasized due to its demonstrative experimental na-
ture: hydroxyl groups usually find their counterparts from the parallel running cellulose
chains, which appear as stretching bands that are shifted to a lower wavenumber in compar-
ison to isolated hydroxyl groups when investigated by spectroscopic methods. Based on mo-
lecular modelling and macroscopic evaluation of the Hamaker constants's, the additive con-
tribution of short-range London dispersive attraction to the overall stabilization is approxi-
mated to be 50% to 70% of the total cohesive interactions in cellulose and to correspond to a
compressive force of approximately 3 GPa.'4

Due to the cohesive forces, cellulose chains characteristically form highly organised aggre-
gate structures in the plant cell wall. These bundles of cellulose chains are generally regarded
as the elementary supramolecular units of native cellulose and are called elementary fi-
brils'16. The exact shape and size of the elementary fibrils is under debate with several com-
peting models. Currently the most popular model describes the elementary fibril as a 36 (6 x
6) chain aggregate7, although 24 chain'® and 18 chain models'? have also been proposed. The
width of the elementary fibril has been shown to depend on its origin, with highly developed
plants, such as trees, with thinner elementary fibrils in the range from ca. 2-5 nm2>2.. In a
recent op-ed piece, Jarvis22 completely ruled out the 36 chain model in the light of current
evidence as it would be too large to fit the dimensions of microfibrils in electron micrographs.

The debate is still ongoing.



Regardless of the source of the elementary fibrils, regions of high order and low(er) order
are present, and they are commonly referred to as crystalline and amorphous regions, re-
spectively®9. Thus the elementary fibrils are often described by the classical fringed-fibrillar
model, which depicts the elementary fibril system as highly ordered crystalline segments dis-
rupted at irregular intervals by amorphous sections23-24-25. However, contemporary analytical
tools have provided experimental evidence suggesting that the amorphous regions or, rather,
transitions, are comprised of only 4-5 units of D-anhydroglucose, amounting to ca. 2 nm in
length. This is in contrast to crystalline regions which are tens or hundreds of nanometers in
length's. Within the ordered regions, crystallites can coexist in three different polymorphs,
cellulose I, IT and II1. Cellulose I — the only polymorphic form relevant for native cellulose —
is actually a common term for two distinct polymorphs, I, and Ig coexisting in varying pro-
portions depending on the source of cellulose26. Wood cellulose is typically dominated by the
I form'>%7. Elementary fibrils with hemicellulose are further packed together by hydrogen
bonding into bundles classically known as microfibrils and further with hemicellulose and
lignin into fiberss.

In nature, cellulose exists in the plant cell wall (Figure 3), providing strength and load-
bearing support functions, especially for woody plants, e.g. trees and shrubs that extend far
above ground level. In this respect, herbaceous plants without a persistent woody stem above
ground are different, as they do not need similar structural support from cellulose. This is
reflected in the structures of the plant cell walls: the woody plant cell wall consists of the
middle lamella, and primary and secondary cell walls, whereas the herbaceous plant cell wall
does not have a secondary cell wall layer. From the perspective of this cellulose-oriented dis-
sertation, this is significant, as most cellulose is located in the secondary cell wall which
makes up the bulk of the woody plant cell wall.28 For this reason all further references made

in this dissertation to the plant cell wall refer specifically to the woody plant cell wall.
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Figure 3. The hierarchical structure of a tree. Adapted from Postek et al. 2011.29

Primary and secondary cell wall are natural composites of exceptional design, consisting
mainly of cellulose embedded in a network of hemicellulose and lignin. Hemicellulose is a
heteropolysaccharide with a structure dependent on the wood species. For softwood, hemi-
cellulose consists of mostly galactoglucomannans and arabinoglucuronoxylans, whereas
hemicellulose in hardwood consists of glucomannan and glucoronoxylan. Lignin is a poly-
phenolic polymer comprised of coniferyl, sinapyl and coumaryl alcohols in ratios depending
on the wood source28. The reader is referred to reviews by Scheller et al.3° and Ralph et al.3
for details on structures of hemicellulose and lignin. Playing an integral role in the plant cell
wall assembled in a complex composite manner, hemicellulose and lignin make up of ca. 50-
60% of the woody plant cell wall28:32, The primary cell wall is typically so thin and difficult to
distinguish in structural analysis that for most purposes it is considered in conjunction with

middle lamella. In contrast, the secondary cell wall can be further divided into three separate
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layers (S1, S2 and S3)28 with specific orientations at different microfibril angles. The exact
structure of the secondary cell wall is under debate, as orientation also depends on the tech-
nique of analysis33. Nonetheless, the microfibrillar angle determines the properties of the
plant, e.g. axial stiffness and resistance toward collapse and rupture, as well as has implica-

tions for isolation of nanoscaled cellulose from the plant cell wall3s4.

2.2 Isolation of Nanoscaled Cellulose

A considerable portion of academic research on nanoscaled cellulose, and cellulose alto-
gether, has focused on developing efficient ways to liberate the nanomaterial from the mul-
ticomponent woody plant cell wall. Isolation of nanoscaled cellulose involves the top-down
degradation and disintegration of the plant cell wall structure by chemical, mechanical59
and/or enzymatic means353%. Nanoscaled cellulose grades (Figure 4) produced via the top
down approach fall into two categories: cellulose nanocrystals (CNC) and cellulose nano- and
microfibrils (CNF and CMF)9. In turn, an isotropic network of bacterial cellulose (BC) micro-
fibrils can be obtained by the bottom-up process by certain types of bacteria, e.g. Glucano-
bacter xylinum37, that extrude cellulose fibrils synthesized from sugar, as first observed by
Brown in 1886.38

The production of CNC is based on acid hydrolysis of cellulose fibers with strong acids, e.g.
H.S0,394° or HCI vapor4, whereby glycosidic bonds of the less ordered domains are effi-
ciently cleaved leading to the release of individual nanocrystals. The dimensions of the rod-
like nanocrystals are dependent on the cellulose source and hydrolysis conditions. The length
of the crystal varies from 100 nm to 1000 nm, whereas the width is only in the range of a few
nanometers up to tens of nanometers.4°

Fibrillated cellulose grades (CNF and CMF) are manufactured using intensive mechanical
disintegration methods often combined with chemical and/or enzymatic pre-treatments in
order to facilitate the liberation of the fibrils from the plant cell wall and fibers. The outcome
of the final nanofibril morphology greatly varies depending on the pretreatment procedures,

mechanical fibrillation protocol and energy consumption, with CMF generally coarser com-



pared to CNF. Typically, CNF and CMF grades, which are manufactured by means of me-
chanical disintegration, possibly assisted only with enzymatic pre-treatments, are polydis-
perse with broad size distributions and branched structures. The overall dimensions of CMF
are micrometer scale, whereas the fine branches are nanometer scale in size. All CNF and
CMF grades form strong hydrogels with very low solids content (0.5-3 wt.-%) due to the large
surface area, high aspect ratio, nanoscale fine structure and high swelling ability, coupled

with strong mutual attraction of the fibrils to one another.79
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Figure 4. Grades of nanoscaled cellulose.

A technique has been developed recently to produce CNF in high consistency (20-40% sol-
ids content). This is based on combined action of tailored cellulase enzymes and fiber-fiber
friction during gentle mixing at low water content. Through a peeling type of action, a paste-
like fibril network is formed. Since no chemicals are involved in the treatment, the basic prop-
erties of the starting cellulose material, e.g. charge and crystallinity, remain unchanged.
Based on scanning electron microscopy (SEM) and atomic force microscopy (AFM) imaging,

the lateral width of the fibrils is typically between 15 nm and 200 nm.36:42



2.2.1 TEMPO Oxidized Cellulose Nanofibrils

The nanoscaled cellulose that is the main building block used for materials construction in
this dissertation, is TEMPO CNF. In TEMPO-mediated oxidation, primary hydroxyl groups
of cellulose at C6 positions are selectively converted to sodium C6-carboxylate groups
through C6-aldehydes by a sequential reaction of the TEMPO radical and NaClO oxidant with
NaBr for regenerating TEMPO at pH 10-11 (Figure 5b). In other terms, the glucose units in
cellulose are oxidized to sodium glucoronate units. Consequently, the negative charge on fi-
bril surfaces introduced with the carboxylate groups forces the fibrils apart due to electro-
static repulsion. At a carboxylate content of ca. 1.5 mmol g only mild mechanical treatment
is needed to convert the oxidized cellulose fiber dispersion into transparent and highly vis-
cous nanocellulose gels with solid content of a few percentages. Moreover, a
TEMPO/NaClO/NaClO.-based oxidation at close to neutral pH conditions has been devel-
oped, whereby discoloration and depolymerization are avoided and the resulting fibrils are
free of aldehydes, which otherwise are present when alkaline reaction conditions are used8:43.

Individual TEMPO CNFs are 3-4 nm wide and several micrometers long, see AFM topog-
raphy image in Figure 5b. The dimensions yielding transparent assemblies along with the
charge introduced with carboxyl groups set TEMPO oxidized CNFs apart from other na-
noscaled cellulosic materials.84445 TEMPO-mediated oxidation of cellulose is an efficient
pre-treatment concept for fibrillation and yields individual and almost monodisperse nano-
fibrils after rather low-energy mechanical disintegration. The energy consumption of fibril-
lation in the case of TEMPO oxidized CNF is 2 MWh/tonne8, which is significantly lower in
comparison to CFN production by mechanical disintegration (27 MWh/tonne — 70
MWh/tonne4¢ and similar to other pre-treatment methods, such as enzymatic pre-treatment
(~1.8 MWh/tonne)42,
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Figure 5. a) Schematic illustration of selective TEMPO mediated oxidation of C6 primary hydrox-
yls on fibril surfaces by the TEMPO/NaBr/NaClO-system. Schematic illustration adapted from
Okita et al.20 b) A typical 3 x 3 um topographic AFM image with height scan of TEMPO CNF
fibrils. The pink line represents the height scan underneath the topographic image.

2.3 Film Assemblies

One of the defining characteristics of CNFs is their inherent tendency to form strong and
transparent/translucent films. Film formation tendency is a result of the strong interaction
between the numerous hydroxyl groups on fibril surfaces upon drying.47-48 Relevant to the
present work, the physical thickness of CNF films can be tailored over a wide range to fit the
designated purpose. Ultrathin films add a fundamental aspect to the physical chemistry of
CNF, enabling precise detection and interpretation of molecular-scale phenomena occurring
at interfaces. On the other hand, macroscopic films are needed when true applications such
as packaging materials, displays and membranes are considered. Such films are also utilized

when solving the application specific performance-related challenges.
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2.3.1 Ultrathin Films

Supported ultrathin films are very thin (generally less than 100 nm thick)49:5° films with de-
fined chemical compositions and morphologies and smooth surfaces#9. Today, the method-
ology of preparation and analysis of such model surfaces is well-established in the fields of
polymer chemistry and organic chemistry. A versatile range of ultrathin film samples can be
prepared by several deposition techniques, such as Langmuir-Blodgett deposition3!, layer-
by-layer assembly52, spincoating53, and combinations thereof. Several of these methods have
been adapted for preparation of ultrathin films of nanoscaled celluloses4:55.

The reasoning behind supported ultrathin films especially in the context of CNF is multi-
fold. Ultrathin films provide a means to study behaviors at interfaces — where phenomena
related to nanoscaled particles mostly occur. On the other hand, in terms of chemical com-
position and size CNF is a heterogeneous moisture-sensitive biomaterial and, as such, a dif-
ficult subject for precise research. Hence, ultrathin films with defined chemical character and
morphology, as well as confined space for dimensional changes provided by the substrate,
simplify detection and interpretation of complex phenomena, e.g. swelling and sorption.
Moreover, certain contemporary surface-sensitive techniques, such as quartz crystal micro-
balance with dissipation monitoring (QCM-D)5¢-59 and surface plasmon resonance (SPR)%°
are suited for supported ultrathin films. Compared to macroscale materials, ultrathin films
coupled with surface-sensitive analytical methods have unquestionable advantages with re-

gard to sensitivity and providing explicit information about material interfaces.

2.3.2 Macroscale Films

Differing from supported ultrathin films, macroscale CNF films are self-standing assemblies
with thickness at least in the micrometer range. Macroscale cellulose nanofibril films are pro-
duced by a multitude of methods, with solvent casting®-%3 and filtration-based methods®4-66
most prominent, although freeze-drying has been suggested®’. The main process step in the
production of macroscale CNF films is dewatering which can be assisted by over-pressure

filtration® or heat treatment.



In air, CNF films display typical mechanical characteristics of a brittle plastic-like material
with high tensile strength (100-200 MPa), high elastic modulus (5-10 GPa) and low strain at
break (<10%)%. For TEMPO CNF, tensile strength of over 300 MPa has been reported4s.
Overall, mechanical property values vary notably in literature, which probably derives from
complex chemical composition of the raw material, the wide range in pre-treatment tech-
niques, fibril size and size distribution, the method applied for film-forming, as well as hu-
midity. The mechanical strength properties of pure CNF films are lost in aqueous environ-
ments, as water molecules penetrate between the fibrils, causing significant swelling and dis-
integration of the film.

Similarly to various natural polymer films with high hydroxyl group densities, CNF films
are grease resistant and show low oxygen permeability?, as non-polar grease and oxygen ex-
hibit only weak interaction with the polar hydroxyl groups. This makes CNF an interesting
material for, e.g., packaging applications, where good barrier properties are required. How-
ever, at high humidity levels the barrier properties are deteriorated as water is able to pene-
trate the film and change the fine structure. Hence, numerous strategies toward hydro-
phobizing CNF film surface have been proposed®8%9 to overcome moisture-related chal-

lenges.

2.4 Modification of CNF Film Assemblies

Many high performance applications cannot rely solely on the inherent material properties
of nanoscaled cellulose and further tuning of e.g. the hydrophilic character is often desired.
Reactivity of nanoscaled cellulose arises from the high specific surface area and availability
of numerous hydroxyl groups suitable for chemical reactions. The feasible reaction pathways
are those of alcohols, including esterifications?°, etherifications?, and oxidations® whereby
functional groups or polymers are covalently attached to the hydroxyl groups of CNF or CNC.
In addition, non-covalent-modifications?? for nanoscaled cellulose have been developed. In
the case of TEMPO CNF, carboxyl groups on the fibril surfaces further diversify the possible



chemical modification routes. Hence, TEMPO oxidation has been recognized as an ideal ap-
proach to increase the reactivity of nanoscaled cellulose.45 For a summary of proposed mod-
ification routes for nanoscaled cellulose the reader is referred to reviews by Habibi?3 and Ey-

ley & Thielemans74.

2.4.1 Wet-Strength Enhancement

Macroscale assemblies made purely from nanoscaled cellulose, including macroscale CNF
films, suffer from poor water stability limiting their use in aqueous environments. In water,
CNF films swell and eventually disintegrate. A phenomenological treatise of the water inter-
actions of nanoscaled cellulose and the underlying reasons related to instability of the films
in water is given in Chapter 3.

Most approaches developed to overcome poor water tolerance involve chemical crosslink-
ing of the fibrils. For instance, Mertaniemi et al.7> suggested the crosslinking of CNFs by glu-
taraldehyde, reaching wet tensile strengths of 111 + 20 MPa. Recently, a photo-cross-linking
approach based on aminated benzophenone grafted onto TEMPO CNF was applied to en-
hance the wet strength of films7® and filaments?7, reaching wet tensile strengths of 103 MPa.
Additionally, CNF crosslinking with poly(acrylic acid)7® has been shown to render water sta-
ble CNF based membranes. The strategies suggested for wet strength enhancement in the

literature are versatile and generally applicable to 1D, 2D and 3D assemblies.

2.4.2 Interfacial Surface Modification

In principle, most chemical modifications for nanoscaled cellulose can be performed in
dispersion form (i.e. surfaces of individual nanoscaled particles are subject to modification).
Water, the natural medium of CNFs, can hinder reactivity and tedious solvent exchange pro-
cedures to non-polar solvents are required to enable the introduction of new organic func-
tionalities. Even with cellulose compatible solvents, in which the high specific surface area of
CNF can be retained, the removal of reagents and side-products can be challenging, requir-

ing, e.g. prolonged dialysis, as nanoscaled materials thwart filtration and other conventional
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purification procedures. Therefore, a more efficient route to circumvent the challenges of na-
noscaled cellulose modification is to proceed by preparing a water/solvent stable macro-
scopic structure and subsequently perform interfacial chemical reactions directly on the sur-
face of the structure. This approach results in surface-only modification and streamlines the
purification of the product to simple rinsing.

Surface-modifications on cellulosic film surfaces have been successfully performed in gas-
phase reactions”? and in cellulose compatible solvents®8. Filpponen et al. demonstrated a ge-
neric “double-click” surface modification of cellulose, whereby carboxymethyl cellulose func-
tionalized with azide or alkyne functionality was adsorbed on a cellulosic surface, followed
by reaction with a complementary click unit8°. Moreover, in a recent study by Kontturi et al.8!
cellulosic films were hydrophobized by non-covalent adsorption of hydrophobic poly(sty-
rene) or poly(trifluoroethylene) from aprotic solvents.

The reaction efficiency in interfacial surface modification can be improved by activating
the CNF surface by using a commonly applied cleaning method based on UV radiation in the
presence of ozone (UV/03)82. UV/O, treatment removes organic contaminants from the sur-
face by decomposing them into volatile organics by cleaving bonds like C-C, C-H and O-H.
Thereby CNF surfaces are activated and become more hydrophilic. Demonstrated by a simple
silylation reaction on the CNF surface, the degree of surface substitution calculated based on
the relative amount of silicon on the CNF film surface showed a fourfold increase from 0.07

to 0.26 in reaction efficiency due to the UV/O4 treatment.82
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3. Water Interactions of Nanoscaled Cellulose

All living plants are comprised of substantial amounts of water, although virtually none of
the plant components, including cellulose, dissolve in water. Here, the peculiar relationship
is scrutinized from the perspective of nanoscaled cellulose, with focus on its amphiphilic

character, swelling, water vapor uptake, and water transport of assemblies made thereof.

3.1 Hydrophilic Nanomaterial with Amphiphilic Character

The large surface area of CNFs569 carries an enormous amount of hydroxyl groups with
high affinities toward water. In the case of TEMPO CNF, hydrophilicity and hygroscopicity
are further promoted by the presence of carboxyl groups — at high humidities dissociated
carboxylic acid groups show an even higher affinity toward water compared to hydroxyl
groups.83 Piringer et al.83 report molar water content of 0.5 and 0.75 at 50% RH and 70%
RH, respectively, for hydroxyl groups. For dissociated carboxyls, the respective molar water
content values are 2.1 and 4.2. For CNF films, water contact angle values of 30-50° are typi-
cal®2, although values as low as 10° have been reported?=.

It is somewhat counterintuitive, that rather than exhibiting pure hydrophilicity, cellulosic
materials essentially display amphiphilic character arising from inherent structural anisot-
ropy®485. Hydroxyl groups are located at equatorial positions of D-anhydroglucopyranose
rings, whereas hydrogen atoms are located at axial positions. Consequently, the equatorial
plane exhibits hydrophilicity, whereas the axial plane displays hydrophobic properties84-86.
Nanoscaled cellulosic materials (CNC, CNF, TEMPO CNF) have also been shown to adsorb
and self-assemble to the oil/water interface, stabilizing oil-in-water emulsions®7-89. Similar
tendencies have also been shown in foam systems for air/water interfaces’¢. Although the
dominating characteristic in cellulose is hydrophilicity, the underlying amphiphilic features
highlight the multidimensional nature of cellulose as a complex and versatile biomaterial.
Amphiphilicity also at least partly explains the insolubility of cellulose in water, whilst bear-

ing in mind the role of hydrogen bonding and the rigidity of the cellulose chain9:92.
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3.2 Swelling in Aqueous Environments

Swelling derived from hydrophilicity of (nano)cellulosic materials has significant implica-
tions for all cellulosic materials and applications. In the context of nanoscaled cellulose as-
semblies it should be noted that the fibrils/crystals do not swell, but water penetrates in be-
tween fibrils causing the enlargement of interfibrillar space. In contrast, amorphous entities,
such as hemicellulose between the fibrils and on fibril surfaces swell readily93:94.

Common methods to evaluate swelling and water uptake include the water retention
value9s and thermogravimetric analysiso®97. Recently, research has largely been expedited by
the development of contemporary surface analytics, e.g. QCM-D56-59, SPR%, and SE9%8, that
can provide unprecedentedly precise information about swelling under controlled environ-
ments. Thereby knowledge of the peculiar swelling behavior of cellulose and dependence on
external factors is constantly expanded and focused into a comprehensive view on cellulose-
water interactions and the underlying molecular mechanisms.

The effect of crystalline ordering and mesostructure of the films on liquid water uptake was
clarified by Aulin et al.55: amorphous films prepared of cellulose dissolved in LiCl/DMAc
(crystallinity index 14.7%) exhibited the highest water uptake (48%), exceeding cellulose
nanocrystals (crystallinity index 87%) and Langmuir-Schifer deposited films (crystallinity
index 63%) with water uptake of 24% and 7%, respectively. The results suggested that the
water uptake behavior of cellulosic films is determined by the molecular structure of the cel-
lulose and the mesostructure of the films.55 Moreover, using surface-sensitive methods,
Ahola et al.5° have demonstrated that swelling and water uptake depend on the charge of the
cellulosic material, with higher charge generally corresponding to a higher degree of swelling
as also demonstrated for cellulosic materials in bulk9. Olszewska et al.>o° demonstrated that
the swelling of cationic 2,3-epoxypropyl trimethylammonium chloride functionalized CNF
showed pH dependency in aqueous media. At pH 4.5 partial protonation of the carboxyl
groups caused the cationic CNF to exhibit a swelling of 303 wt.-%, which was considerably
higher compared to swelling of 137 wt.-% at pH 8.0. At pH 4.5 the film behaved as a polyelec-
trolyte gel, expelling water upon increase of the electrolyte concentration in the range from 1
mM to 100 mM of NaCl.
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Reid et al.11102 proposed that water uptake of CNC thin films occurs through two distinct
steps: capillary-action-driven rapid penetration of the solvent (water) through the porous
structure, followed by swelling induced by the solvent forcing the CNCs apart and widening
the intercrystalline spaces. The maximum spacing between CNCs in the swollen state has
been reported to be 1.2-1.6 nm, which corresponds to 4-6 molecular layers of water. In a for-
mer study, Reid et al.>°2 reported that the films of CNC contain 35 wt.-% of water in the swol-
len state — a significantly lower value compared to 74 wt.-% for CNC and 70-85 wt.-% for CNF
as reported by Kittle et al.’*3 and Kontturi et al.’o4, respectively. Currently there is no solid
explanation for the discrepancies in the literature highlighting the complex nature of the bi-
omaterial. However, CNF films are able to swell more due to the flexibility of the fibrils,
whereas in rigid films made from stiff CNCs, water uptake is limited to intercrystalline
spaces. In the future, new approaches such as computational quantitative models°5196 could
complement surface-sensitive methods to provide even more detailed information on water

uptake and swelling behavior of nanoscaled cellulosic assemblies beyond state-of-the-art.

3.3 Water Vapor Sorption into Films

Similarly to swelling, water vapor sorption on cellulosic materials has been extensively stud-
ied within the past century°711 due to its significance for, e.g. papermaking and food preser-
vation. The vast majority of the published studies related to water vapor sorption of na-
noscaled cellulosic assemblies have been conducted using bulk methods, mainly the Dynamic
Vapor Sorption (DVS)1o111 as well as the manometric approach2113, It is well known that,
similarly to most hydrophilic biomaterials, nanoscaled cellulose including CNC8109 and
CNF exhibit sigmoidally shaped moisture sorption isotherms.

Several studies have investigated the maximum sorption capacity of cellulosic thin films
(CNC, CNF, amorphous cellulose) at hydrated state (97% RH) and typically values of ~0.3 g
g1 are reported9+199115, Moreover, using surface-sensitive analytics, Tenhunen et al.94
demonstrated that CNF thin films with high xylan (glucuronoxylan) content demonstrate a

stronger response upon exposure to humid air in comparison to CNF with low xylan content
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— a difference that was not apparent in DVS measurements. The results indicate that on mac-
roscale the significance of xylan diminishes and the water vapor uptake is dominated by the
fibrillar network.

Recently, polarized light microscopy digital image correlation!8: 114 was used for study-
ing dimensional changes induced by in-plane hygroscopic swelling in CNC films. A clear dif-
ference between self-organized and shear-oriented films was detected: whereas self-orga-
nized films showed isotropic swelling and a coefficient of hygroscopic swelling of 0.04
%strain/%C, shear-oriented films exhibited anisotropic swelling with 0.02 parallel and

0.3%strain/%C perpendicular to CNC alignment.

3.4 Sorption Models

Research on water vapor and gas adsorption at various interfaces has long and sturdy roots
in the areas of, e.g. heterogeneous catalysis''®!7 and chromatographic analysis'8. Sorption
isotherms are often fitted with sorption models, to better understand the physicochemical
mechanisms and underlying phenomena and to predict the behavior of the materials. The
quantification of gas adsorption in these fields of study is typically achieved by the classical
Brunauer-Emmett-Teller (BET) theory"9 or its modern variants'2°121, Sorption of solvents to
polymeric materials, has been interpreted using dual sorption models'22, e.g. combinations
of the classical Langmuir theory'23, Henry’s Law'24 and the Flory-Huggins mixing theory'2s.
Water vapor sorption into cellulose has been quantitatively interpreted using models, such
as the Park’s model*!?, the Guggenheim-Anderson-de Boer (GAB) model*** and the Hailwood-
Horrobin model26.

Hernandez et al.*2” proposed combining of the classical Langmuir and Flory-Huggins mod-
els with the clustering term into an additive model to describe the behavior of amorphous
polyamide. The Langmuir — Flory-Huggins — clustering model is interesting also from the
nanoscaled cellulose perspective, because in addition to its simplicity, its additive nature en-

ables the fitting of the terms within the limits of the most relevant RH% zones of the isotherm.
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Langmuir adsorption describing specific binding of gas molecules to solid surfaces is de-

fined by equation 1:

_ Ka
T 1+Ba

VL (1)
where V7 is the fraction of water in the film due to Langmuir type adsorption, K represents
the concentration of the specific sorption sites, B is the affinity of water for these sites and a
is the water activity.123:127 Values of a are the ratio of partial pressure of water vapor divided
by the saturation vapor pressure and were considered to be equal to % RH divided by 100.
The Flory-Huggins equation, originally developed for dissolution of high molecular weight
polymers in terms of fractions of solvent and solvent activity (a) can be expressed as fol-

lows!25,127;
Ina; =InVey + (1= Ve) + x (1 = Vey)? (2)

where a is the water activity, y is the Flory-Huggins interaction parameter and Vg is the
Flory-Huggins population or fraction of water associating with the film.
Moreover, the clustering term in the Langmuir — Flory-Huggins — clustering model can be

expressed by equation 3:
Ve = a’ (3)

where V. represents the fraction of water associated with the film due to clustering, a is
water activity and n describes the number of water molecules associated with each clus-
ter11128, The total fraction of water (V) absorbed in the solid can be predicted by the additive

Langmuir — Flory-Huggins — clustering function:
V=V, + Ve + Ve = =+ f(a,x) + Ca" 4)

The fitting of the Langmuir-Flory-Huggins-clustering model can be performed in three

parts to obtain physicochemically most relevant estimates for the parameters.2” Hernandez
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et al.7 used nonlinear regression to solve the Flory-Huggins interaction parameter () in the
30-70% RH range, where it plays the most important role in water sorption. Following this,
the Langmuir coefficients were solved using non-linear regression, yielding multiple mathe-
matical solutions due to the underdefined nature of equation 1. Furthermore, the clustering
coefficient was also solved by a nonlinear regression method. As shown by Hernandez et
al.27, the additive nature of the model enables accurate fitting of the data to the sorption

isotherm where the terms are physicochemically most relevant.

3.5 Transport of Water

To predict and to control water interactions of assemblies built from nanoscaled cellulose
building blocks, an understanding of kinetic and thermodynamic factors is required. Kinetics
is related to how fast water moves within the structure upon sorption and it is described by
the diffusion coefficient (D). From Fick’s Second Law it can be derived, that when a porous
solid film is placed in contact with a gaseous phase containing a sorbate, the sorbate is taken

up by the solid film*29-13 as described in equation 5:

éc 5 éc
5= 505) 5)
The mathematical model for transient uptake under the assumption of Fickian diffusion in

the case of a film, assuming the diffusion coefficient, D, to be constant, can be expressed by

equation 6132

—D(2n+1)2n2t)

e (6)
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Moo 1 Zn=0 (2n+1)2m? e
where t embodies time, m«, m, and m, are the mass values of the TEMPO CNF thin film
at equilibrium (at each %RH level) and at t=t and t=0, respectively, and [ signifies the thick-
ness of the thin film. The diffusion model (equation 6) assumes that the rate of water vapor

uptake is controlled by diffusion into the interior of the solid film3'. Simplifying equation 6
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using the first term of the series of the right hand side results in equation 7, that can be solved
numerically for the diffusion coefficient (D)30.132;

1, [(ne—myn? 2 _

ot v—— e B 1 =Dt )

where t marks the time, m«, m, and m, are the mass values at equilibrium and at t=t and
t=0, respectively, and [ represents the thickness of the film.

Whereas the diffusion model (equation 7) assumes transfer of water molecules solely into
pores, the effective diffusion model (equation 8), based on Newman’s solution to Fick’s Sec-
ond Law?3! postulates diffusion into the pores of the solid film and the accumulation of a

(liquid) water molecule layer on top of the film?3%.133;

mit) _ . oo 202 (-5
m(ew) 1 Zl Bz(a(a+1)+ﬁze - ®)

where f are the roots of the equation o = Ssinf, L is thickness divided by 2 and a is the
ratio of diffusion into the pores to accumulation of (liquid) water on top of the film. The dif-
fusion model and the effective diffusion model can be used to fit sorption isotherms to gain
insight into the movement and accumulation of water within the film. Together with solubil-
ity, diffusion is a necessary parameter for calculation of permeability (P) commonly used to
describe membrane performance.

Similarly to diffusion, solubility coefficients (S) at given RH% levels can be solved from

mass uptake data using equation 9:

Mo

S = (9)

- 0
mpyXpyXa

where m,, represents the mass of the dry thin film, p©, is the saturation vapor pressure at
23 °C and a is water activity. By combining the diffusion and solubility coefficients as de-

picted in Equation 9, permeability of water vapor can be calculated!3°-132 (equation 10):

P=DxS (10)
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3.6 CNF as Membrane Material

In the light of its renewability, hydrophilicity and water transport capability, CNF and CNF
films possess many of the desired properties for a membrane material. Membranes are se-
lective, semi-permeable barriers used for recovery, purification and separation as an estab-
lished part of processes across disciplines and industries.'3* Membranes play an integral role
in the manufacture of dairy products, recovery of electro-painting-baths in the automotive
industry as well as in kidney disease treatment by hemodialysis. Furthermore, millions of
people worldwide depend on membranes for production of clean water. A variety of materials
with different and tailorable character is required to rise to the wide range of practical chal-
lenges across different membrane application areas and to function in, e.g., aqueous, organic
or gaseous operating environments. Membranes can be classified according to their perfor-
mance characteristics, such as molecular weight cut-off (MWCO), morphology or material.
Existing commercial membranes are typically prepared from solution by solvent evaporation
or by extrusion of melted polymer, possibly combined with additional processing steps, such
as stretching, leaching or sintering from a synthetic polymer, for example polyethylene
terepthtalate, polyamide, polysulfone and biobased cellulose acetate.!34

Films from nanoscaled cellulose as membrane materials offer a new material concept for
membrane production and processes. Aside from their biobased origin, films prepared
thereof are produced using an organic solvent-free manufacturing process. Importantly, pol-
lutants including nitrates?ss, viruses3® and metal ions?37.38 can be captured by films based on
nanoscaled cellulose. The recent entries on the use of CNFs and other nanoscaled cellulosic
particles as membrane building blocks and as the main active components represent the new

front of biobased and nanoenhanced materials for water and air purification.
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4. Experimental

Papers I and II made use of TEMPO CNF in the form of ultrathin films for fundamental
studies as approached through surface-sensitive techniques, principally QCM-D and SE. In
Papers I11I-V surface sensitive and bulk methods were used together in a complementary way
to characterize tailored macroscale TEMPO CNF films and to demonstrate their performance
as membrane materials. Here, the materials, main experimental procedures, and techniques
used to carry out the studies are described, with a more detailed description available in Pa-

pers I-V.

4.1 Materials

4.1.1  TEMPO Oxidized CNF

For production of TEMPO CNF, never-dried, bleached softwood pulp was obtained from a
pulp mill in Finland. TEMPO, sodium bromide (solid) and 10% sodium hypochlorite (aque-
ous) were obtained from Sigma-Aldrich. Sodium hydroxide solution (0.1 M) was received
from Fluka Analytical. All reagents were of analytical grade and used as received unless stated
otherwise. Softwood pulp was TEMPO oxidized according to the well-established procedure
of alkaline oxidation with hypochlorite, catalyzed by TEMPO according to a previously pub-
lished protocol4s. As an exception, in Paper III TEMPO oxidization was performed according
to TEMPO/NaClO/NaClO,-system43 to rule out aldehyde-based reactions in further modifi-
cations.

TEMPO oxidized pulp was fibrillated using a high pressure fluidizer, Microfluidics M-
110EH-30 (Microfluidics Int., USA), equipped with two Z-type chambers. The chambers had
diameters of 400 um and 100 um and the pulp was passed through the fluidizer two times at
1850 bar operating pressure to obtain TEMPO CNF with a final consistency of approximately
1 wt.-%. Charge of the oxidized pulps was 0.836-1.13 mmol g as determined with a standard
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conductometric titration method!39. Neutral sugar composition as analyzed using high per-
formance liquid chromatography after acid hydrolysis'4® showed that the neutral sugar con-
tent of hemicellulose in the TEMPO CNF used throughout this dissertation was 8% (Table 1).

Table 1. Neutral sugar composition of TEMPO CNF (Papers I and II).

G- Galactose  Mannose Arabinose Xylose Rham- - Fruc- | To- Oth;

cose (%) (%) (%) (%) nose tose | ftal ers
(%) ° (%) (%) | (%) | (%)
64.0 0 2.1 0 6.2 0 0 723 | 277

aQthers predominantly consists of glucuronic acids originating from TEMPO oxidized cellulose
nanofibrils.

4.1.2 Polymers

Poly(vinyl alcohol) (PVA) was used for wet-strength enhancement of CNF films by crosslink-
ing in Papers III and IV. Two different grades of PVA were used: partly hydrolyzed PVA (de-
gree of hydrolysis 88%) (Mowiol 40-88, M,, 205 000 g mol!, DP 4200) and fully hydrolyzed
PVA (degree of hydrolysis 98%) (Mowiol 56-98, My, 195 000 g mol, DP 4300) purchased
from Sigma-Aldrich. Before use, both grades were dissolved in water (5 wt.-% concentration)
at 95 °C during at least 3 hours under constant stirring.

To introduce a thermoresponsive polymer to CNF films in Paper IV, amine-terminated
poly(N-isopropylacrylamide) (M, 5500 g mol?) purchased from Sigma-Aldrich was used.
Branched cationic poly(ethylene imine) (PEI, 30 wt.-% in water, M., 70 000 g mol™) used as
an anchoring polymer in Papers I and II was purchased from Poly Sciences Inc., Warminster,
PA, USA).

4.1.3 Thin Film Supports

QCM-D sensor surfaces were used as thin film supports in Papers I and II. AT-cut gold sensors
with a fundamental resonance frequency, f,, of 5 MHz and a sensitivity constant, C, of 0.177 mg

m-2 Hz as reported by the supplier, were purchased from Q-Sense AB, Gothenburg, Sweden.
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4.2 Methods
4.2.1 Film Preparation and Modification

Supported TEMPO CNF Thin Films

For fundamental studies in Papers I and II, supported thin films of TEMPO CNF needed for
surface-sensitive analytics were prepared according to the slightly modified procedure de-
scribed by Eronen et al.'4° In brief, TEMPO CNF suspension was diluted to a concentration
of 0.15 wt.-% using milli-Q water and sonicated using a Branson Digital Sonifier (400 W; 20
kHz) at 40% amplitude for 2 minutes. Gold coated QCM-D sensor surfaces were rinsed with
water, dried with nitrogen gas, and cleaned using UV/O; (Bioforce Nanosciences, CA) for 10
minutes. The supports were coated with 1 mg ml* PEI (anchoring polymer) by drop casting
lasting 30 minutes and heat treating at 80 °C for 10 minutes to ensure attachment. Further-
more, 200 pul of TEMPO CNF was dispensed onto the PEI-coated sensors and spincoated
(WS-400BZ-6NPP/Lite, Laurell, North Wales, PA, USA) at 3000 rpm for 3 minutes followed

by annealing for 10 minutes at 80 °C to ensure fibril attachment.

Macroscopic TEMPO CNF Films with Enhanced Wet Strength

Papers IIT and IV were based on macroscopic TEMPO CNF films. The wet strength of the
CNF films was enhanced by crosslinking with PVA. To prepare the self-standing films,
TEMPO CNF suspension was diluted to 0.3 wt.-% and sonicated using Branson Digital Son-
ifier (400 W; 20 kHz) at 40% amplitude for 5 minutes to form a homogeneous dispersion.
PVA at 0.3 wt.-% concentration was added to TEMPO CNF in 10:90 and 25:75 weight ratios.
In Paper III the crosslinking reaction was assisted by adjusting the pH of the mixture to 4 to
facilitate crosslinking by esterification. The mixtures were poured into poly(styrene) Petri

dishes and dried (at 23°C/50% RH) for several days before use.
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Interfacial Surface Modification of TEMPO CNF Films for Thermoresponsive-
ness

In Paper IV, macroscale PVA crosslinked TEMPO CNF films with enhanced wet strength
were further modified with poly(NIPAM) to introduce thermoresponsiveness to the material.
After UV/O, treatment82, the films were subjected to esterification followed by poly(NIPAM)
attachment.

For the esterification step, the films were submerged in ethanol with a catalytic amount of
concentrated H.SO, (0.145 ml 98 % H.SO,/100 ml ethanol) and the reaction was continued
at room temperature under mild stirring for 24 hours. Films were washed in three steps with
ethanol and finally they were dried in air and activated again using the UV/O; cleaning pro-
tocol.

To graft the thermoresponsive polymer onto the film surface, 1 g of amine-terminated
poly(NIPAM) was dissolved in 100 ml of ethanol or ethanol-water mixture with 3:1 volume
ratio at room temperature. Esterified films were submerged in the solution and the reactions
were carried out for 24 hours at room temperature or at 50 °C. Films were washed in three

steps using ethanol to remove unreacted poly(NIPAM).

4.2.2 Water Vapor Sorption Analysis

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)

Water vapor uptake of TEMPO CNF thin films with respect to mass (Papers I and II) was
probed using the E4 QCM-D instrument equipped with a QHM 401 humidity module (Q-
Sense AB, Gothenburg, Sweden). The surface-sensitive QCM-D instrument is designed for
in-situ studies of mass changes taking place at solid-liquid or solid-gas interfaces by moni-
toring the changes in resonance frequency of the oscillating sensor crystal.

A piezoelectric quartz sensor between two electrodes oscillates at a specific fundamental
resonance frequency, fo, and its overtones as pulsed electric field (AC voltage) is applied. The
resonance frequency changes as the total mass of the film on the surface of the sensor in-
creases or decreases. When the film is evenly distributed, rigidly adhered, fully elastic and

has a small mass in comparison to the mass of the sensor crystal, the change in frequency is
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directly proportional to the change in areal mass and can be calculated according to the Sau-

erbrey equation (equation 11)42;
A
Am = —-C 7f (11)

where Af = f - f, is the change in resonance frequency, C is the sensitivity constant of the
sensor and n represents the measurement overtone number (n =1, 3, 5, 7, 9, 11).

When voltage is cut off, the oscillation gradually decreases. The resonance amplitude atten-
uates due to the frictional losses (dissipation of energy) with a decay rate, which is dependent
on the viscoelastic properties of the layer adhered on the sensor surface. The attenuation of
the amplitude, i.e. dissipation of energy, D, is a measure of viscoelastic properties of the layer

as described in equation 12:

— Edissipation (12)
2nEstorage

where Egisspation 1S the dissipated energy and Estorage is the total energy stored during one os-
cillation cycle in the oscillator. A fully elastic and rigid film displays AD < 1 x 10, and AD
and Af overtones that do not spread significantly. For more details on the interpretation of

QCM-D data, the reader is referred to literatures6-59.

Areal Mass of TEMPO CNF Thin Film in Dry Air as Measured by QCM-D

Prior to water vapor uptake measurements presented in Papers I and II, the initial areal mass
of the spincoated TEMPO CNF thin film was determined. Firstly, the frequency change of the
pristine QCM-D sensor was measured in air using a QHM 401 humidity module (23 °C, air
flow rate 0.1 ml min-) at 6% RH. Similarly, the frequency change in air was measured after
spincoating TEMPO CNF on the sensor surface. Prior to collecting the TEMPO CNF fre-
quency change values, the sensor was allowed to stabilize at 6% RH inside the humidity cell

for at least 13 hours in order to attain stable and repeatable conditions with respect to the
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thin film’s initial moisture content9%4. Finally, the frequency data was stitched together using
the QTools Software and the third overtone (15 MHz, f, = 5 MHz, n = 3) was used for quan-

titative areal mass calculations according to the Sauerbrey equation (equation 11).

Humidity Measurements by QCM-D and Determination of Mass Fractions

Typically the QCM-D measurements involving soft matter (e.g. adsorption, desorption and
swelling studies) are performed in liquid phase. Here, a specifically designed humidity mod-
ule for vapor sorption was utilized for studying water vapor sorption directly at gas-solid in-
terface. Figure 6a shows typical changes in frequency (4Af) and dissipation (AD) over incre-
mentally increasing RH% as a function of time as detected for TEMPO CNF thin films.
Changes in % RH were achieved by passing saturated salt solutions and milli-Q water through
the humidity module at 0.1 ml min rate for 30 minutes at 23 °C. The 100% humidity step is
omitted in the calculations, as passing Milli-Q water (100% RH) through the humidity mod-
ule could cause condensation effects inside the measurement chamber. Similarly to mass de-
termination in dry air, the QTools Software was used for quantitative calculations based the
Sauerbrey equation (equation 11).

Mass fractions of water were calculated by dividing the mass increase due to water vapor
during the humidity measurement by the total mass of the TEMPO CNF thin film system.
Moreover, the viscoelastic behavior of thin films of TEMPO CNF was evaluated from AD.

Each measurement was repeated three times and average values were used in calculations.
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Figure 6. Typical responses detected for TEMPO CNF thin film by a) QCM-D and b) SE, upon
exposure to changing relative humidity (% RH) in water vapor sorption measurements in Papers

Spectroscopic Ellipsometry (SE) is an optical surface measurement technique based on the polar-
ization of light. It is used for determining optical constants and film thickness with sub-nanome-
ter precision. In the context of the fundamental studies performed in this dissertation, SE is used
to monitor changes in refractive index and thickness evolution as a function of relative humidity
of the entire multicomponent thin film system, including TEMPO CNF, water vapor and air. SE

detects the change in the state of polarization of light (phase and amplitude) upon reflection from



a surface. The quantity being tracked is the complex reflectance ratio (p), denoted as the ratio of

p () and s (1) components of the reflected light as shown in equation 13:

p= :—Z = tan(¥) e (13)

where ¥ is the amplitude ratio upon reflection and A is the phase shift upon reflection. Based
on ¥ and A, physically meaningful values, such as the thickness of the film, can be inferred
according to Fresnel equations using ideal layer models, e.g. the classical Cauchy model for
transparent (nano)materials.143.144

Water vapor sorption measurements by SE in Papers I and II were performed on a UV-Vis
(A=500-998.85 nm) variable angle spectroscopic ellipsometer (Vase-2000U, Woollam Inc.,
Lincoln, NE, USA) equipped with a humidity chamber and stepless humidity control adjust-
ment. Supported thin films of TEMPO CNF were placed on a sample plate inside the humidity
chamber and a beam of polarized light from the SE was focused on the sample and aligned
with the light detector. The initial theoretical thickness and refractive index were determined
by conducting an initial spectroscopic scan and applying the classic Cauchy model, which was

validated by fitting measured refractive indices to model data (mean square error-value < 4).

Humidity Measurements by SE and Determination of Thickness Fractions

To carry out the dynamic sorption measurements, a 31 min-* flux of air containing a fixed
partial pressure of water was continuously injected into the humidity chamber, while contin-
uously monitoring the real in-situ % RH inside the humidity chamber. Incremental 2% RH
humidity steps lasting 20 s were used throughout the dynamic measurements. Data analysis
based on using the Cauchy model were performed using Wvase32 software. A typical dy-
namic scan raw data is shown in Figure 6b. The raw data obtained using SE does not indicate
strong hysteresis.

The refractive index (RI) and thickness of the film as a function of relative humidity was
recorded with the SE system. Here it should be noted, that SE detects the refractive index
and thickness evolution of the entire multicomponent thin film system, including TEMPO

CNF, water vapor and air. Optical thickness, which is defined as the natural logarithm of
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incident to transmitted radiant power through a material (IUPAC), was calculated by multi-
plying thickness with refractive index values.

Thickness fractions of water were calculated by the following procedure: thickness increase
due to water vapor sorption at a given point along the % RH spectrum was divided by the
total thickness of the TEMPO CNF thin film at the same % RH point. This was done under
the assumption that all changes in thickness or optical thickness took place due to water va-
por uptake. Therefore, the thickness fraction of water describes the added thickness due to
sorption of water. However, it does not differentiate between actual physical thickness of the
water molecules and thickness changes in the film due to moisture-induced structural

changes, e.g. swelling or reconfiguration of individual fibrils or hemicellulose.

4.2.3 Chemical Analysis

X-Ray Photoelectron Spectroscopy (XPS)

Elemental composition of the interfacially modified TEMPO CNF films by thermoresponsive
poly(NIPAM) in Paper IV was determined using surface-sensitive X-Ray photoelectron spec-
troscopy (XPS) with analysis depth less than 10 nm. Measurements were carried out with a
Kratos Analytical AXIS Ultra electron spectrometer with monochromatic A1 Ka irradiation
at 100 W and effective charge neutralization with slow thermal electrons. Details of the ex-
perimental set-up including acquisition parameters is reported elsewhere!4s. Surface cover-
age values were calculated using nitrogen as the elemental marker representing
poly(NIPAM). Based on the molecular formula of the repeating unit of poly(NIPAM), the
ratio of nitrogen to the total number of atoms visible in XPS (carbon, nitrogen, oxygen) was

assumed to be 1:8.

Fourier Transform Infrared Spectroscopy (FT-IR)

Through papers III and IV a Nicolet iS50 FT-IR spectrometer (ThermoScientific, USA)

equipped with a built-in diamond iS50 ATR was used to characterize the chemical structure
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of modified TEMPO CNF films in bulk. Spectra were scanned within the range of 350 to 4000
cm~'with a total of 32 scans with resolution 4 cm.

In Paper IV, the attachment of poly(NIPAM) to TEMPO CNF film was further scrutinized
by FT-IR. Following a procedure described by De Cuadro et al.146 in a modified form, esteri-
fied films were subjected to counterion exchange at (pH 10) and to saponification (pH 13) in

order to distinguish ester bands from carboxylic acid contributions.

Solid State Nuclear Magnetic Resonance (3C NMR)

To further verify the chemical modifications performed in Paper IV in bulk, the 3C cross
polarization (CP) magic angle spinning (MAS) NMR measurements were performed using an
Agilent 600 NMR spectrometer with magnetic flux density of 14.1 T, equipped with a 3.2 mm
triple-resonance MAS NMR probe operating at double resonance mode and MAS rate set to
10 kHz. 30,000 transients were accumulated with a 3.0 s delay between successive scans,
cross polarization contact time was 1.0 ms, and a 70 kHz proton decoupling (spinal-64) was
used. The chemical shifts were externally referenced via adamantane by setting the low field
signal to 38.48 ppm. Rf-field strengths for cross polarization and decoupling were calibrated

using a-glycine. Processing of the spectra was carried out with Bruker TopSpin 3.5 software.

4.2.4 Membrane Performance Testing

Tensile Testing

Wet strength properties of PVA-modified TEMPO CNF films (Paper IIT) were determined
using a 33R4204 universal testing machine (Instron, UK) equipped with a 100 N static load
cell. The specimens were immersed in deionized water for 24 hours prior to wet strength
measurements performed in a controlled atmosphere (23°C/50% RH) using crosshead speed

of 0.5 mm/min.
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Dead-end filtration

To demonstrate the performance of TEMPO CNF films as a membrane material in Paper IV
and V, permeance was measured in a Sterlitech HP4750 dead-end stirred cell (Sterlitech,
Kent, USA). Feed, i.e. water or organic solvent (tetrahydrofuran and n-hexane) was forced
through the films using nitrogen at a head pressure of 0.2 MPa. The water permeance is re-
ported as Lm~2h-* MPa.

Temperature dependence of water permeance in Paper IV in the range from 20-60 °C
involved placing the dead-end cell set-up in a water bath and controlling the temperature of
the water bath with a temperature controller (RCT classic IKAMAG® safety control with
VT-5 contact thermometer, VWR, UK). Permeance at each temperature was collected until

it did not change more than one % per hour.

4.2.5 Supplementary Techniques

Atomic Force Microscopy (AFM)

Throughout the dissertation (Papers I-V) AFM was used for characterization of surface mor-
phologies of both thin films and macroscale films. For most AFM images taken in the context
of this dissertation, the instrument in use was afm+ from Anasys Instruments Inc. (Santa
Barbara, CA, USA) and it was used in tapping mode with EX-T125 probes from ST Instru-
ments B. V. (Groot-Ammers, The Netherlands). Typical cantilever resonance frequency was
200-400 kHz, spring constant 13-77 N m and radius of the curvature of the cantilever was
10 nm as reported by the manufacturer. Flattening was the only image processing tool used.

AFM images were analyzed using the Analysis Studio software (version 3.11).

Contact Angle Measurements

In Paper IV, the sessile drop method was employed for determination of water contact
angles using CAM 200 from KSV Instruments Ltd., Finland. Milli-Q water was used in the

measure-ments performed within 15 minutes of UV/O; treatment.82
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Dynamic Vapor Sorption (DVS)

DVS was performed in Paper I1I to study the water vapor sorption into PVA modified TEMPO
CNF films, i.e. wet-strength enhanced assemblies, using DVS-1 instrument (Surface Meas-
urement Systems, UK). The mass of the sample at RH 0%, 50% and 90% was registered with
a resolution of 1 ug at a constant temperature of 30 °C. Each humidity level was maintained

for 300 minutes.

Karl-Fischer Titration

To complement the DVS measurements performed on PVA modified TEMPO CNF films (Pa-
per III), residual moisture content of dry films was determined by Karl-Fischer titrations
performed with Mettler Toledo DL31 apparatus. Hydranal Titrant 2 was used as the Karl-
Fischer reagent. 100 mg of sample was weighed into vials and water was extracted in anhy-
drous methanol for 16 hours. The titrant was calibrated with water using sodium tartrate

dihydrate as a calibration control.

Dynamic Mechanical Analysis (DMA)

In Paper III DMA was carried out on TEMPO films modified with PVA using tensile mode
and film geometry at 0%, 50%, 90% RH at 30 °C temperature, each humidity level lasting
300 minutes. Q800 Dynamic Mechanical Analyzer (TA Instruments, USA) equipped with
DMA-RH accessory was used for measurements. Preload force, amplitude and frequency of

0.05N, 5.0 um and 1 Hz, respectively, were used during the analysis.
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5. Results and Discussion

This chapter summarizes the most important fundamental discoveries and more applied
findings attained in the context of this dissertation. Section 5.1 focuses on fundamental as-
pects of the moisture-sensitive structure of TEMPO CNF thin films.

Surface-sensitive methods coupled with quantitative sorption models reveal the TEMPO
CNF behavior with respect to vapor sorption mechanisms and water transport properties
(Papers I and II). In Section 5.2 facile strategies to modify the properties of macroscopic
TEMPO CNF films are presented: wet strength is enhanced using a PVA crosslinking in bulk
(Paper III), and thermoresponsive character is introduced using interfacial surface modifi-
cation (Paper IV). As a continuation, the (modified) properties are exposed to performance
testing in aqueous and organic solvent environments (Paper V) in Section 5.3., to showcase

their potential as membrane materials.

5.1 Moisture-Sensitive Structure of Nanoscaled Cellulose Films

5.1.1 Water Vapor Sorption

Water vapor sorption into TEMPO CNF thin films was investigated by using a complemen-
tary combination of precise surface-sensitive analytics, i.e. QCM-D and SE, designed to de-
tect changes in not just mass and thickness, but also solid state rheology and optical proper-
ties. TEMPO CNF films were subjected to increasingly humid air over a wide RH% range (0-
97% RH) while tracking their moisture-responses in-situ.

The changes in frequency recorded by QCM-D (Figure 6a) suggest that water uptake into
the TEMPO CNF takes place upon exposure to higher RH% levels. This is also manifested in
the mass isotherm (Figure 7a) calculated from the frequency changes using the Sauerbrey
equation (equation 11). The isotherm reveals that, whereas sorption of water vapor is steady
in the 6 — 75% RH range, it is significantly magnified in humid air (RH > 75%). At high rela-
tive humidity (97% RH), the water vapor uptake capacity of TEMPO CNF as measured by
QCM-D is 0.94 + 0.11 g g (Paper II) which exceeds other nanoscaled cellulosic materials,
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such as cellulose nanocrystals (0.28 g g)'°9 native CNF (0.35 g g1)% or even completely iso-
tropic amorphous cellulose (0.45 g g5 and is at an equal level with certain metal organic
frameworks (0.97 g g)'47, which are considered state-of-the art sorption materials of today.

Simultaneously, minor changes in dissipation recorded by QCM-D (Figure 6a) indicate
changes in the solid-state rheology of the film. At low and moderate humidity levels (RH <
75%) no change in dissipation is detected (AD = 0), suggesting that all deformations upon
exposure to oscillating stress are fully reversible in spite of water vapor uptake. This indicates
that the TEMPO CNF thin film behaves as a fully elastic material below 75% RH. Upon reach-
ing humidity levels above 75% RH, a minor increase in the dissipation change is detected (AD
> 0), signifying that a portion of the energy is dissipated during the oscillation cycle, essen-
tially meaning that the film undergoes irreversible structural deformations. To understand
the changes in solid-state rheological properties of the film, the heterogeneous and multi-
component composition of TEMPO CNF must be considered: along with highly crystalline
nanofibrils, ca. 10% of TEMPO CNF consists of amorphous hemicellulose polysaccharides
deposited along the nanofibril surfaces. While the crystalline regions are impregnable to wa-
ter molecules, the amorphous parts show strong swelling ability in water. This suggests that
water vapor adsorption occurs only at the surface of the nanofibrils, and that changes in, e.g.,
solid state rheology, are mostly induced by water molecules penetrating between the nano-
fibrils.
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Figure 7. a) Water vapor uptake by TEMPO CNF thin film upon exposure to air with incrementally
increasing relative humidity over time as monitored by QCM-D and calculated from Af using the
Sauerbrey equation (equation 11) (Paper II). b) Refractive index (at A = 700 nm) (green) and
thickness (orange) of TEMPO CNF thin film upon exposure to increasing RH% as measured by
SE (Paper I).

Closer inspection of the data collected by SE (Figure 7b) reveals that the refractive index
(RI) of the thin films decreases slowly in the RH range from o to 75%, but undergoes a steep
decrease upon reaching approximately 75% RH. Interestingly, in dry air the RI of the TEMPO
CNF film is close to RI values reported in literature for crystalline cellulose (1.554 as reported
by Cranston et al.’48) and a dense macroscale TEMPO CNF film (1.545 as reported by Isogai
et al.8). In very humid air (~90% RH) the RI of the TEMPO CNF film (1.30) is similar to the
RI of water (1.33). This suggests that a continuous film of water molecules has formed and
that water exists in liquid form within the TEMPO CNF thin film in the high % RH region.
However, it does not point to capillary condensation, because although close, the measured
RI (1.30) differs from the RI of pure water. Also the development of refractive index upon
moisture exposure is distinct in capillary condensation, with abrupt alterations in the index
profile when the condensation occurs.

Similar tendencies in water vapor uptake by the TEMPO CNF films are observed when the
mass and thickness results are converted into mass and thickness fractions (Figure 8). The
differences in isotherms collected by QCM-D and SE probably originate from the nature of

the surface-sensitive techniques: QCM-D detects changes in mass due to uptake of water

44



molecules, whereas the SE senses changes in the entire multicomponent thin film system

including water, TEMPO CNF and air.
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Figure 8. Mass (pink), optical thickness (blue) and thickness (green) fractions of water in TEMPO
CNF thin films due to water water vapor uptake as a function of relative humidity. Thickness and
optical thickness fractions of water are deduced from data collected by SE. (Paper I)

5.1.2 Mechanisms of Water Vapor Sorption

Interpretation of gas and vapor sorption is classically approached via fitting with sorption

models. As shortly discussed in Section 3.4, the additive Langmuir-Flory-Huggins-clustering

model originally used in the context of amorphous polyamide?7 is also an intriguing sorption
model from the TEMPO CNF perspective: the additive nature of the model allowing for fitting

of the three terms separately, at RH% zones where they are most relevant compensates for
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the complex sorption behavior of TEMPO CNF. In this dissertation, the TEMPO CNF sorp-
tion isotherm was fitted by the Langmuir-Flory-Huggins-clustering model (Figure 9a) and a
complementary BET model (Figure gb) to reveal the mechanisms of water vapor sorption
into TEMPO CNF thin films.

The optical thickness isotherm was selected for fitting instead of the mass isotherm col-
lected by QCM-D due to higher frequency of data points and the inclusion of the entire thin
film system (including air) in the optical response detected by SE. Differing from the geomet-
ric thickness, the optical thickness is the product of the geometric thickness and the refractive
index. In some cases, e.g. in rigid mesoporous films, water condenses into the pores causing
the physical thickness to decrease and refractive index to increase as shown by Boissiére et
al.149 Therefore, solely analyzing the geometric thickness would lead to completely missing
the information on water uptake. In the case of TEMPO CNF film, either the geometric thick-
ness or the optical thickness could have equally been used in calculations, as the optical thick-
ness curve matches the physical thickness curve (Figure 8), indicating that water vapor up-
take only provokes swelling of the TEMPO CNF thin film.

a) e Thickness fraction (SE) b)
Flory-Huggins
i 5
05 e y=22.146x + 1.1064 ¢
R?*=0.9754
0.8 4
—_ L]
0.7+ S) .
Is I .
T o6 <3 N
e s X
S} - “©
205 ¢ .
s g
© 0.4 52 ]
o / S
034 L
L]
0.2 4 / 11 @
/
0.1 /
0.0 T T T T T — T T 1 0
0 10 20 30 40 50 60 70 80 90 100 0 5 10 15
% RH

% RH

Figure 9. a) Optical thickness isotherm of TEMPO CNF film fitted by the Langmuir — Flory-Hug-
gins — clustering model. The inset shows the Langmuir adsorption isotherm in dry air. b) Optical
thickness isotherm fitted by the BET model in the range from 0-15% RH. (Paper I)
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Each term in the Langmuir—Flory-Huggins—clustering model was solved at a limited RH%
range, where the term was assumed to be most relevant from the physicochemical point of
view. In agreement with earlier studies, the resulting Langmuir parameters corresponding to
the concentration of the specific sorption sites (K) and the affinity of water for these sites
(B)11150 were 1.408 and 223 respectively. The fit showed that the contribution of Langmuir-
type sorption was most prominent below 5% RH and remained constant at higher humidity
levels. This indicates that at said humidity level the specific sorption sites reached their sat-
uration point. Nonetheless, the total sorption cannot be solely attributed to Langmuir ad-
sorption, as it underpredicts the sorption of water vapor even in dry air (RH < 10%). The
difference likely stems from the heterogeneous nature of TEMPO CNFs: ca. 90% is comprised
of highly crystalline fibrils, whereas ca. 10% of the material consists of amorphous hemicel-
lulose. Water molecules cannot impregnate cellulose nanofibrils, suggesting that sorption
only occurs at the surface of the fibrils. In contrast, amorphous hemicellulose located on fibril
surfaces swells readily in water. Hemicellulose is likely to exhibit significantly different be-
havior compared to materials that the Langmuir isotherm was originally designed for, i.e.
morphologically homogeneous monocomponent surfaces'3, leading to underestimation of
sorption.

According to the model, Flory-Huggins type sorption or random mixing dominates the wa-
ter-vapor uptake in the range of 5% to 75% RH, where the Flory-Huggins interaction param-
eter, x, for the curve is 0.67. The regression coefficient (R2=0.977) between the model and
the experimental data in the range from 30-70 % RH confirms that the model strongly cor-
relates with the experimental data. Above ~70% RH the experimental data deviates from the
Flory-Huggins-type sorption, indicating contribution from clustering to the total water sorp-
tion. According to the clustering function fitted to the experimental sorption curve, the size
of the formed clusters is on average 10 water molecules, indicating that at high humidity lev-
els water probably functions as a structural element of the TEMPO CNF thin film.

To further elucidate sorption of water especially in dry air, the optical thickness isotherm
was also fitted by the BET model (Figure gb) in the range of 0% to 15% RH. According to the
BET model the apparent water molecule monolayer thickness adsorbed on the TEMPO CNF
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thin film was 4.3% of the total thickness of the TEMPO CNF thin film. Curiously, the mono-
layer thickness and the specifically adsorbed water revealed by the Langmuir isotherm are
significantly different. When applied to smooth materials, e.g. mica, the monolayer volume
solved by BET classically corresponds to the Langmuir adsorption. Here, the underlying rea-
son for the discrepancy is probably the heterogeneous chemical and morphological nature of
TEMPO CNF thin film system. Nonetheless, the combination of isotherms collected by pre-
cise surface-sensitive methods and physicochemically meaningful quantitative models pro-
vides insight into the complex moisture-sensitive structure of nanoscaled cellulose films (Fig-

ure 10).

Figure 10. Highly schematic illustration of water vapor uptake of TEMPO CNF thin film in dry air
(RH < 10%), in humid air (10-75% RH) and at high humidity levels (RH > 75%) with clustering
shown in the right inset. In the left inset, a portion of a 3 um x 3 pm AFM image of the fibril
surface is displayed. (Paper I)

5.1.3 Water Vapor Transport Properties for Probing Moisture-Sensitive
Structures

Diffusion models based on Fick’s second law can be used to reveal molecular transport prop-
erties, as elucidated in Section 3.5. Here, to further elucidate the peculiar interdependency
between water vapor sorption and the moisture-sensitive structure of TEMPO CNF thin

films, sorption isoterms were treated with the diffusion model'3° and the effective diffusion
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model®3t. The diffusion model assumes that diffusion of molecules occurs only into the pores
of the films, whereas the effective diffusion model describes diffusion of molecules into the
pores and accumulation of a (liquid) layer on the surface of the film.

The diffusion model (equation 7) describes the sorption of water vapor into TEMPO CNF
thin films accurately only at low relative humidity levels, between 11-33% RH (Figure 11a). At
higher RH levels the deviation from linearity progressively increases, indicating that mass
uptake due to water vapor sorption is not entirely explicable by diffusion into the pores of the
TEMPO CNF thin film above 33% RH. In contrast, the effective diffusion model (equation 8)
describes the experimentally measured sorption behavior with sufficient accuracy (R = 0.93)
(Figure 11b) for allowing the calculation of effective diffusion coefficients over the humidity
range from 11 to 97% RH. The better applicability of the effective sorption model suggests
that in the case of TEMPO CNF thin films, sorption of water vapor is a combined effect of
diffusion into the pores of the thin film and accumulation of a (liquid) layer of water on top
of the thin film.

The effective diffusion coefficients increase as a function of RH%, indicating faster move-
ment of water molecules within the TEMPO CNF thin film upon exposure to humid air (Table
1). Progression of the effective diffusion coefficients could stem from high water content of
the film in humid air. Packing of water molecules, i.e., clustering, could induce local vapor-
to-liquid transitions and increase affinity of TEMPO CNF film toward water. Such regions
are most likely to occur at fibril intersections (Figure 11c), where density of hydrophilic moi-

eties is high.
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Figure 11. a) Diffusion coefficients based on the diffusion model (LHS ———ln [( = :r)l )] x 12).
—Ito

b) Uptake of water vapor (blue) fitted by the effective diffusion model (red) (equatlon 8) c) Highly
schematic illustration of the proposed structural changes within TEMPO CNF with ca. 10% hem-
icellulose (orange) thin film upon sorption of water vapor in dry air (left) and humid air (right).
(Paper II)

It should be noted that there is systematic deviation between the shapes of the experi-
mental data curves and the effective diffusion model curves, as depicted in Figure 11b. The
differences probably arise from the moisture-sensitive nature of TEMPO CNF thin film sys-
tem. In dry air, abundant hydroxyl and carboxyl groups located on fibril surfaces are sites for
specific adsorption. As the humidity increases, water molecules penetrate into the interfibril-
lar spaces. Simultaneously, the amorphous hemicellulose chains (ca. 10%) on fibril surfaces
swell93:151, become more mobile and thereby expose new adsorption sites on TEMPO CNF
fibril surfaces. This sequence of events results in a sigmoidally shaped sorption curve. The
diffusion of water molecules into materials exhibiting sigmoidally shaped isotherms is gen-
erally non-Fickian and cannot be accurately described in terms of models derived from Fick’s

second law. The simple Fickian diffusion models do not account for complex and anomalous
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phenomena, such as swelling and relaxation of polymer chains, increasing interfibrillar spac-
ing and clustering of water molecules'28. However, Fickian models provide a simple means
to monitor vapor-induced physical changes in moisture-sensitive materials and to elucidate
the structure of complex, multicomponent systems based on discrepancies between models
and measured data. The method presents a significant conceptual advance for in situ struc-
tural analysis of complex moisture-sensitive, biological structures, such as nanoscaled cellu-
lose. The approach is totally different from the existing in situ geometric analysis with, e.g.,
high speed AFM*52 or in situ TEM!53 whose use has been limited to fairly simple systems so

far.

Table 2. Diffusion coefficients, effective diffusion coefficients, solubility and permeability of water
vapor in TEMPO CNF thin films. (Paper II)

% RH Diffusion Solubility* Effective Permeability
ﬂ cm3(STP) 101 % cm®(STP) X cm
min cm?(kPa) cm? X s x kPa

D* Der*
11 67.97 £17.25
33 24.92 £ 3.32 23.10 £3.39 84.57 + 19.91 1.95
53 30.37 £ 3.94 28.16 £ 7.93 79.55 + 7.46 2.24
75 - 49.60 £7.20 187.47 £+ 0.23 9.30
97 - 64.15 £ 20.53 408.18 +45.70 26.20

*The reported values for D, Def and S are average values of at least three measurements.

5.2 Tailoring Film Properties toward Membrane Material

5.2.1 Wet-Strength Enhancement

Highly moisture-sensitive self-standing TEMPO CNF films are not stable in water, unless
their wet strength is enhanced by specific strategies developed to overcome disintegration.
Here, a crosslinking involving PVA was used to enhance the wet strength of TEMPO CNF
films to enable their use in aqueous environments, e.g. as membranes. Carboxyl groups in-
troduced to CNF through TEMPO/NaClO/NaClO. oxidation were exploited by reacting them
with the hydroxyl groups of PVA (Figure 12) in a similar manner to literature!54157. Unlike

films made entirely of TEMPO CNF that disintegrated almost immediately upon exposure to
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water, films crosslinked with PVA remained intact for prolonged periods of time (up to sev-
eral months) immersed in water, suggesting that covalent ester bonds were formed upon dry-
ing. The crosslinking method with PVA is also applicable to aldehyde-containing TEMPO
CNF, oxidized using the TEMPO/NaClO/NaBr-system at pH 10-11. In the presence of alde-
hyde groups, hydroxyl moieties of PVA could undergo hemiacetal formation, further contrib-

uting to the crosslinking of the film.

O n
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HO n HO
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Figure 12. Schematic illustration of the acid-initiated esterification reaction between carboxyl
groups of TEMPO CNF and hydroxyls groups of PVA on fibril surfaces. (Paper III)

Mechanical properties of crosslinked films in wet state could be tuned by changing the ratio
and type of PVA (Figure 13). Highest stress at break (~30 MPa) was achieved with 10 wt.-%
PVA content. The degree of hydrolysis, i.e. the degree of unhydrolyzed acetate groups, did
not affect the stress resistance significantly, but it did have an impact on the strain: films with
partly (88%) hydrolyzed PVA showed larger strain at break-values in comparison to films
containing equal amounts of fully (98%) hydrolyzed PVA. On the other hand, in the tested
range, the amount of PVA did not appear to have an effect on the toughness of the films, i.e.
overall work to fracture, which was at the level of ~2 MJ m3 for all PVA-containing films

tested and corresponds to the toughness of keratin (1.8 MJ m3)158.
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Figure 13. Stress-strain curves of TCNF-PVA films containing 10 wt.-% or 25 wt.-% fully (98%) or
partly (88%) hydrolyzed PVA following immersion in water for 24 hours. (Paper III)

5.2.2 Direct Interfacial Modification for Thermoresponsiveness

Many applications envisioned for nanoscaled cellulose cannot rely only on the inherent ma-
terial properties and further functionalization is often required. In principle, all chemical re-
actions of nanoscaled cellulose can be performed in dispersion form, but as described in Sec-
tion 2.4.2, the direct interfacial modification is often a more facile approach to tailoring. In
this work, TEMPO CNF films with PVA-enhanced wet-strength were subjected to modifica-
tion with poly(NIPAM) to demonstrate the surface-tailoring approach and its advantages,
such as effortless cleansing. Poly(NIPAM), a popular thermoresponsive polymer, undergoes
a temperature-induced transition from hydrophilic to a more hydrophobic state at around 32
°C in water's® and has been linked to membranes with controllable gating mechanisms60-161
and switchable wettability62.

The advantage of TEMPO CNF over other nanoscaled cellulosic materials lies not just in
their affinity toward water, but also in the availability of carboxyl group precursors for fur-
ther functionalization. Amine groups react more readily with esters compared to carbox-
ylates to form amides!®3, which is why an intermediate esterification step was implemented
to facilitate the attachment of amine terminated poly(NIPAM) on the film surface (Figure
14).
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Figure 14. a) Illustration of CNF film surface grafted with poly(NIPAM) exhibiting thermoresponsive behav-
ior around its LCST (32 °C). b) Macroscopic film of TEMPO CNF with wet-strength enhanced by PVA (Paper
III). AFM topography image (1 um x 1um) of the dry film surface is shown in the inset. ¢) Proposed chemical
pathway for attaching poly(NIPAM) onto the TEMPO CNF film surface by an esterification step followed by
poly(NIPAM) grafting step. (Paper IV)

The efficiency of poly(NIPAM) attachment in different reaction conditions, i.e. temperature
and reaction media, was studied by surface chemical analysis (XPS) and bulk chemical anal-
ysis methods (FT-IR and 3C NMR). XPS revealed that films modified in water-ethanol me-
dium carried significantly larger amounts of nitrogen and sulfur (Table 1) compared to films
surface modified in pure ethanol, indicating a more successful attachment of poly(NIPAM).
This was also attested by the calculated surface coverages based on elemental concentrations.
At increased temperature (50 °C) the reaction efficiency was lowered, probably due to
poly(NIPAM) taking a coiled conformation in temperatures above the 32 °C, which is its

lower critical solution temperature (LCST).
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Table 3. Elemental concentrations of oxygen (O 1s), carbon (C 1s), sulfur (S 2p) and nitrogen (N
1s) and surface coverage (%) values in film samples as analyzed by XPS.« (Paper IV).

Elemental concentration Surface coverage
(at-%) (%)

Sample O1s C1s S2p Nis
TEMPO-CNF-PVA 37 62 0.0 0.0
Esterified TEMPO-CNF-PVA 38 63 0.0 0.2
Poly(NIPAM) modified film (RT, ethanol) 36 64 0.2 0.3 1.8
Poly(NIPAM) modified film (RT, ethanol + wa-

36 62 0.5 1.2 8.5
ter)
Poly(NIPAM) modified film (50 °C, ethanol) 37 62 0.0 0.3 20
Poly(NIPAM) modified film (50 °C, ethanol +
water) 38 61 0.2 0.6 4.0

aSurface coverage percentages are calculated from elemental concentrations.

FT-IR (Figure 15a) further confirmed the attachment of poly(NIPAM) on the film surface.
A carbonyl (C=0) stretch at 1605 cm~ due to sodium carboxylate groups (Fujisawa et al.
2011) disappears upon esterification, and a new band marking esterified celluronic carbonyls
appears at 1723 cm~! originating from ethyl esters. This is confirmed by performing counter-
ion exchange at pH 10 to sodium, whereby the band at 1723 cm~is not shifted from a possibly
overlapping protonated carboxyl (> 1700 em™) to sodium carboxylate (at 1605 cm™). On the
other hand, saponification at pH 13 cleaves the esters and the combined ester-carboxyl band
is shifted to sodium carboxylate at 1605 cm~,146

Moreover, after reaction with poly(NIPAM) solid state 3C NMR (Figure 15b) revealed
peaks at 23 and 42 ppm, which could be assigned to the —CH and —CHj groups of the ther-
moresponsive polymer. Bands at 175 ppm45 and at 179 ppm were assigned to sodium carboxyl
moiety and the C=0 of ester group. The peak assigned to carboxyl moieties remains visible
in the spectra at each step of the reaction pathway, whereas the signal assigned to ester

groups disappears upon reaction with poly(NIPAM).
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Figure 15. a) FT-IR spectra of TEMPO-CNF-PVA film (black), esterified film (red), esterified film
with counterion exchange (pH 10) (blue), esterified film with saponification (pH 13) (pink) and
poly(NIPAM) modified film (green) and b) 13C NMR spectra of TEMPO-CNF-PVA film (bottom),
esterified film (middle) and poly(NIPAM) modified film (top) with peak assignment. (Paper IV)

5.3 Performance of CNF Films as Membrane Materials

5.3.1 Thermoresponsive Behavior in Aqueous Environments

The performance of TEMPO CNF films as membrane material was studied by water per-
meance testing in a dead-end filtration set-up over temperature from 20 °C to 60 °C. At 2 bar
operating pressure wet-strength enhanced TEMPO CNF films (with 10% PVA) exhibited per-
meance of 60 - 180 Lm~2h—*MPa. The absolute permeance values were significantly de-
creased as a result of esterification and poly(NIPAM) attachment according to the reaction
path described in Section 5.2.2: permeances of 10-30 Lm~2h-*MPa~*and 15-50 Lm~2h-'MPa~!
were detected for esterified and poly(NIPAM) modified films, respectively (Paper IV).

Figure 16 shows the absolute permeance values normalized to the permeance at 20 °C as a

function of temperature. Due to a decrease in solvent (water) viscosity'64.165, the permeances,
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as expected, increased with temperature. However, while the relative permeance of unmodi-
fied and esterified films increased at an almost constant rate, two regions of linear growth
with different slope between 20-40 °C and between 40-60 °C were detected for the
poly(NIPAM) modified film. The inflection point occurs around the LCST (32°C) of
poly(NIPAM). Between the two temperature regions, the slope of relative permeance for un-
modified and esterified films grew by 18 % and 28%, respectively. The corresponding in-
crease for poly(NIPAM) modified films was 100%, indicating that above the LCST of
poly(NIPAM) the physical barrier for water is at least partly removed, as poly(NIPAM) chains
take their collapsed form (Figure 16). In conclusion, the results showed that wet-strength
enhanced TEMPO CNF films modified with poly(NIPAM) (8% surface coverage) can be used

as thermoresponsive membrane templates.
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Figure 16. Relative permeance of water (normalized to permeance at 20 °C) plotted as a function
of temperature for an unmodified TEMPO-CNF-PVA film, an esterified film and a poly(NIPAM)
modified film. Linear regression based on real data points (R2 values > 0.992) was performed for
temperature ranges 20-40 °C (blue) and for 40-60 °C (red). Dashed lines are linear extrapolations
of the linear regression lines. (Paper IV)
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5.3.2 Performance in Organic Solvent Media

Utilization of organic solvents in filtration processes poses a notable challenge for mem-
branes in terms of solvent-stability, which many conventional synthetic polymer-membranes
lack. Production of membranes that tolerate solvents, i.e. ceramics and organic-inorganic
hybrid materials, has drawbacks with respect to high energy consumption and use of sol-
vents. Thus, solvent-stable membranes produced using simple water-based production pro-
cesses are desired.

Here, the performance of TEMPO CNF films was studied in a filtration set-up. The perme-
ance and MWCO of TEMPO CNF films in organic solvents was determined. The films were
produced using a method based on vacuum-filtration and flocculation of the fibrils upon ad-
dition of multivalent ions from an aqueous suspension, combined with hot-pressing to con-
solidate the films.

Permeance of tetrahydrofuran (THF), n-hexane and water through the films as a function
of film grammage are summarized in Figure 17a. The results showed that the permeance in-
creases with increasing hydrophobicity, with water showing the lowest permeance and n-
hexane the highest permeance at 2 bar operating pressure at 20 °C. This suggests that in the
absence of suitable binding sites, hydrophobic molecules diffuse more readily through the
film in comparison to water molecules that have high affinity for the vast amount of hydro-
philic functional groups within the film. Moreover, permeance was strongly influenced by
grammage of the film, with higher permeances linked to lower grammage. Similar tendencies
were detected for membranes prepared from mechanically disintegrated CNF. It should be
noted, that solvent viscosity differences were not taken into account in permeance calcula-

tions.
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Figure 17. a) Permeance of THF, n-hexane and water for TEMPO CNF membrane material of dif-
ferent grammages. b) Retention of poly(styrene) and poly(ethylene glycol) as a function of molec-
ular weight (My). The MWCO of is defined as the molecular weight of the polymer of which 90%
is rejected.

The MWCO of the TEMPO CNF film, was found to be 3.2 kDa and 6 kDA, respectively as
determined from poly(styrene) and poly(ethylene glycol) dissolved in THF with varying mo-
lecular weights (Figure 17b). These values correspond to hydrodynamic radii of 1.6 nm*6 and
2.4 nm*%7 which are indicative of the pore size. Films made from mechanically disintegrated
CNF showed much larger MWCO in the range of 20 kDa — 100 kDa corresponding to pore
dimensions of ~50 nm, suggesting that the pore dimensions can be controlled by selecting
nanofibrils with different dimensions. This indicates that nanoscaled cellulose has the poten-
tial to separate mixtures down to a molecular level in a customized manner. This has rele-
vance to lab-scale operations such as organic syntheses, but also to a wide variety of industrial

processes, e.g. edible oil production and recovery of catalysts.108
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6. Conclusive Outlook

This dissertation explored the materials development of tight and hydrophilic membrane
material exploiting the peculiar water-interactions of CNF. The findings presented here pro-
vide fundamental information about the behavior of CNF films in presence of water or water
vapor, and also suggest facile tailoring approaches to achieve the performance features
needed in membrane applications.

The structure-oriented studies reveal a distinct two-way interdependency between struc-
ture and moisture uptake of CNF films. Based on studies using the surface-sensitive approach
and classical physicochemical theories, it was discovered that at high humidities water packs
within the film as clusters, rather than through capillary condensation. This approach also
enabled the calculation of diffusion and permeance of water molecules. These parameters are
highly relevant from the fundamental perspective in terms of understanding property-func-
tion relationships, but also from an applied point of view for evaluating material perfor-
mance. Moreover, water molecules and transport properties thereof could be used as a tool
for revealing moisture-induced structural changes in the complex, multicomponent CNF film
system.

Targeted tailoring strategies were developed, with the aim to tune the CNF material prop-
erties toward those of membranes. This was realized by applying selected synthetic polymers
and chemistries to introduce new properties. The bulk structure of CNF films was cross-
linked, which resulted in water stability of the films without compromising inherent charac-
teristics, e.g. hydrophilicity or nanoscale morphology. Furthermore, mere 8% surface cover-
age by a thermoresponsive polymer resulted in a significant change in water permeance be-
havior, demonstrating the efficiency of the interfacial modification strategy for achieving
nanoenhanced effects. CNF membrane materials were verified suitable for not just water, but
also for organic solvent media.

In the view of this dissertation, inherent structure-derived properties are the key for
achieving performance features that will carry future biomaterials development beyond con-
ventional applications. As the fundamental behaviors of biomaterials unravel and are trans-
ferred to applications in full value, they are anticipated to solve many of the most pressing

issues of our contemporary society, related to e.g. resource sufficiency and quality of life.
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ABSTRACT: Humidity is an efficient instrument for facilitating 1 A
changes in local architectures of two-dimensional surfaces E
assembled from nanoscaled biomaterials. Here, complementary
surface-sensitive methods are used to collect explicit and precise
experimental evidence on the water vapor sorption into (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) oxidized cellulose nano- &
fibril (CNF) thin film over the relative humidity (RH) range from v . Flory-Huggins
0 to 97%. Changes in thickness and mass of the film due to water 0 mixing
vapor uptake are tracked using spectroscopic ellipsometry and
quartz crystal microbalance with dissipation monitoring, respec-
tively. Experimental data is evaluated by the quantitative
Langmuir/Flory—Huggins/clustering model and the Brunauer—
Emmett—Teller model. The isotherms coupled with the
quantitative models unveil distinct regions of predominant sorption modes: specific sorption of water molecules below 10%
RH, multilayer build-up between 10 to 75% RH, and clustering of water molecules above 75% RH. The study reveals the
sorption mechanisms underlying the well-known water uptake behavior of TEMPO oxidized CNF directly at the gas—solid
interface.

Fraction of
water L v "

Specific[sorption

0 100

% RH

H INTRODUCTION (BET) theory' or its modern variants.”*~>> On the other hand,
sorption of solvents, usually water vapor, onto polymeric
materials, has been widely interpreted through additive dual
sorption models™ using combinations of the classical Langmuir
theory,” Henry’s Law,”® and the Flory—Huggins mixing
theory.26 In the realm of polymeric and fibrous biomaterials,

Water vapor sorption into hydrophilic and moisture-sensitive
materials is an enticing way to tune local surface geometries at
nanoscale. Likewise, many terrestrial phenomena, such as
lightning generation' or seed dispersion,” demonstrate innate
functionalities based on vapor interactions. To exploit the -
native properties in materials construction, one can isolate water‘ vgp or sorption hfls 2; 27Eeigmanent Place‘among ‘the
biological units like cellulose nanofibrils (CNFs) that, due to constl?utlve research  topics due to its blgh practical
high density of hydrophilic functional §roups,3_° exhibit value in ‘the context of, for ‘exa.mple, papermaking and foo,d
outstanding  sensitivity toward humidity®"—a characteristic preserv%gloci{}. A set of speC}ﬁc models, such as the Park's
that distinguishes them from many other nanomaterials that model,ml‘ﬁ the Guggen.helm—Andersor'l—de Boig,3£GAB)
may be comparable in terms of high aspect ratios and tensile model and the H'allv'vood—Hor'robm model, hfwe
strengths.”'° Ultrathin layers of CNFs with confined space for often been'used to quantltatlvely describe wate'r vapor sorption
expansion and with well known morphology are potential of cellulosm'matenals.. We selected the aqdltlve .Ijangmm‘r/
platforms for humidity-driven and controllable surface F Iory‘—Hugg.ms/ clustering model, because, n addition to its
architectures.'”"" However, precise insight on the changes in 51mp11c1t.y., it has been SuCCéSS&ll?’ applied to complex,
the physical attributes of the moisture-sensitive films due to hydrophilic pol'ym'er film systems.™” )
water vapor sorption is needed for realizing the use of complex The vast rna]orlt}.r of t'he accumulated kno.wledge regardmg
plant-based nanomaterials in vapor-sensitive applications, e.g., water vapor sorption is based on ex‘per-lmental ev1den(fe
nanoenhanced sensors'2'® and membranes. "5 collected by grax_r/lgl}etnc bulk methods, principally the dynamic
Research on water vapor and gas adsorption at various vapor sorption.””” The advantage of the surface-sensitive

interfaces has long and sturdy roots in the areas of e.g.

heterogeneous catalysis'®'” and chromatographic analysis." Received: June 26, 2017
The quantification of gas adsorption in these applications is Revised:  August 14, 2017
typically achieved by the classical Brunauer—Emmett—Teller Published: August 17, 2017
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approach taken in this study over the bulk methods is that it
enables investigation of water vapor sorption directly at the
surface, where the phenomenon mainly occurs. Moreover, in
contrast to gravimetric methods, the changes within the
material due to water vapor sorption can be tracked with
respect to not just mass, but also thickness, volume and solid
state rheology in a noninvasive manner. The use of supported
thin films as sample platforms confines dimensional changes
merely to one dimension in space,'’ allowing volumetric
analysis of the film based on thickness. In this respect, the
surface-sensitive approach is transcendent in collecting explicit
experimental evidence to accommodate for the complexity of
the lignocellulosic CNF and to enable reliable and coherent
quantitative model fitting.

Surface-sensitive spectroscopic ellipsometry (SE) and quartz
crystal microbalance with dissipation monitoring (QCM-D) are
widely used to study surface phenomena of homogeneous thin
model surfaces.’’ ™ SE is an optical technique based on
tracking the change in the state of polarization of light (phase
and amplitude) upon reflection for determining thickness with
subnanometer preciseness.’”*' Equally sensitive, QCM-D uses
the change in the frequency of acoustic waves generated by
oscillating a piezoelectric sensor for monitoring changes in
mass with nanogram sensitivity.”** Enabled by character-
ization of morphology and determination of chemical
composition, we use the complementary combination of
QCM-D and SE equipped with humidity chambers to precisely
monitor changes in mass and thickness of thin films of
heterogeneous and complex biomaterial (2,2,6,6-tetramethylpi-
peridin-1-yl)oxyl oxidized (TEMPO) CNF as a function of
relative humidity (RH). Such combination of QCM-D and SE
on vapor uptake has been applied before, but chiefly on well-
defined, homogeneous model materials and substances. >~
Encouraged by the convincing results of Niinivaara et al.**® for
acquisition of water vapor sorption data on thin nanocrystalline
cellulose (CNC) films, we attempt to achieve a profound
understanding of the water sorption mechanisms by fitting the
collected in situ data using the BET model and the Langmuir/
Flory—Huggins/clustering model.*>*° In addition, the applica-
tion of the system to illuminate the behavior of a heterogeneous
CNF network represents an entirely new perspective for these
techniques since the classical physicochemical models were
successfully extended to describe the behavior of the complex
biomaterials in a gas—solid binary system. Hereby, we expose
interesting innate aspects underlying the well-known water
vapor uptake behavior directly at the air—cellulose interface and
gain revealing information about the potential of the
biomaterials for vapor-sensitive applications.

B EXPERIMENTAL SECTION

Materials. Never dried bleached softwood pulp was obtained from
a pulp mill in Finland. TEMPO, sodium bromide (solid) and 10%
sodium hypochlorite (aqueous) were obtained from Sigma-Aldrich.
Sodium hydroxide solution (0.1 M) was received from Fluka
Analytical. Poly(ethylene imine) solution in water (PEL 30 wt %,
M, 70 000 g/mol) was purchased from PolySciences Inc.,
‘Warminster, PA, USA. LiBr (solid), ZnBr, (solid), and NaCl (solid)
were purchased from Sigma-Aldrich Oy, Helsinki, Finland. LiCl
(solid), MgCl,-6H,O (solid), Mg(NO;),-6H,0 (solid), and K,SO,
(solid) were purchased from VWR International Oy, Helsinki, Finland.
Saturated salt solutions in water were prepared, decanted and used in
experiments without any further treatment. Deionized water was
purified by a Milli-Q system (Millipore Corporation, Molsheim,
France, resistivity 18.2 MQ) and used in all experiments. TEMPO
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CNF thin films were prepared on AT-cut gold sensors with a
fundamental resonance frequency, f,, of 5 MHz and a sensitivity
constant, C, of 0.177 mg m™ Hz™" as reported by the supplier, were
purchased from Q-Sense AB, Gothenburg, Sweden.

Production of TEMPO CNF. Softwood pulp was TEMPO
oxidized according to the previously described procedure of alkaline
oxidation with hypochlorite, catalyzed by TEMPO."” The charge of
the oxidized pulp, as measured by a standard conductometric titration
procedure (SCAN-CM 65:02, 2002) was 0.836 mmol g~'. TEMPO
oxidized pulp was fibrillated using a high pressure fluidizer,
Microfluidics M-110EH-30 (Microfluidics Int,, USA), equipped with
two Z-type chambers. The chambers had diameters of 400 and 100
pum, and the pulp was passed through the fluidizer two times at 1850
bar operating pressure to obtain TEMPO oxidized cellulose nanofibrils
(TEMPO CNF) with final consistency of approximately 1 wt %.
Neutral sugar composition analysis showed that the neutral sugar
content of hemicellulose in the TEMPO CNF was 8% (Supporting
Information).

Preparation of Supported Thin Films of TEMPO CNF.
Supported thin films of TEMPO CNF were prepared according to
the slightly modified procedure described by Eronen et al.* In brief,
the TEMPO CNF suspension was diluted to a concentration of 0.15
wt % using milli-Q water and sonicated using a Branson Digital
Sonifier (400 W; 20 kHz) at 40% amplitude for 2 min. Prior to
deposition of anchoring polymer (PEI) and TEMPO CNF, gold-
coated QCM-D sensor surfaces were rinsed with water, dried with
nitrogen gas and cleaned using UV/ozone (Bioforce Nanosciences,
CA) for 10 min. To deposit the anchoring polymer on the gold sensor
surface, cleaned sensors were coated with 1 mg mL™" PEI solution in
water by drop casting over 30 min followed by rinsing with milli-Q
water, drying with nitrogen gas and heat treatment in an oven at 80 °C
for 10 min. 200 L of TEMPO CNF was dispensed onto the PEI-
coated sensors and spin-coated (WS-400BZ-6NPP/Lite, Laurell,
North Wales, PA, USA) at 3000 rpm for 3 min followed by annealing
for 10 min in 80 °C oven to ensure fibril attachment.**

Atomic Force Microscopy (AFM). Characterization of the spin-
coated TEMPO CNF sample surface morphology (Figure la) was
carried out using afm+ from Anasys Instruments, Inc. (Santa Barbara,
CA, USA) in tapping mode with EX-T12S probes from ST
Instruments B. V. (Groot-Ammers, The Netherlands). Typical
cantilever resonance frequency was 200—400 kHz, spring constant
13—77 N m™}, and radius of the curvature of the cantilever 10 nm
according to the manufacturer. No other image processing was
performed except flattening, and at least five images per sample were
taken. AFM images were analyzed using the Analysis Studio software
(version 3.11).

Spectroscopic Ellipsometry for Determination of Thickness
Fractions. SE measurements were carried out on a UV—vis (1 = 500—
998.85 nm) variable angle spectroscopic ellipsometer (Vase-2000U,
Woollam Inc., Lincoln, NE, USA) equipped with a humidity chamber.
The supported TEMPO CNF thin films coated directly on the gold
QCM-D sensor substrate were placed on a sample plate inside the
humidity chamber and a beam of polarized light was focused on the
sample. The light beam was aligned with the light detector by adjusting
the tilt of the sample plate. The initial theoretical thickness and
refractive index were determined by conducting an initial spectro-
scopic scan and applying by the classic Cauchy model. To validate the
use of the Cauchy model, the measured refractive indices were fitted to
model data (Supporting Information). The RH cycle was then started
to conduct a dynamic SE scan.

A 31 min™" flux of air containing a fixed partial pressure of water
was injected continuously to the humidity chamber. The real in situ %
RH inside the humidity chamber was continuously monitored by a
humidity sensor. The humidity cycle consisted of incremental steps of
2% RH each lasting 20 s. Data analyses were performed using the
Wrvase32 software using the Cauchy model. The evolution of the
refractive index (RI) and thickness (shown for a single wavelength (4
=700 nm) for simplicity) of the film was recorded with the SE system
and shown in Figure 1b over the measured relative humidity range. SE
detects the refractive index and thickness evolution of the entire

DOI: 10.1021/acs.biomac.7b00890
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Figure 1. (a) 3 ym X 3 ym AFM height image with topographic
profile and root-mean-square roughness-value (R,) of TEMPO CNF
thin film. The topographic profile below the height image is indicated
with a white line. (b) Evolution of the refractive index (at 4 = 700 nm)
(green) and thickness (orange) of TEMPO CNF thin film as a
function of relative humidity as measured by spectroscopic
ellipsometry. The refractive index describes the entire multicomponent
thin film system, including TEMPO CNF (with hemicellulose), water
vapor, and air.

multicomponent thin film system, including TEMPO CNF, water
vapor, and air. Optical thickness, which is defined as the natural
logarithm of incident to transmitted radiant power through a
material," was calculated by multiplying thickness with refractive
index at each % RH step.

Thickness fractions of water in the TEMPO CNF thin film were
calculated by dividing the thickness increase due to water vapor
sorption at a given point along the % RH spectrum by the total
thickness of the TEMPO CNF thin film at the same % RH point (see
Supporting Information for exemplary calculations). It was assumed
that all changes in thickness or optical thickness occurred due to water
vapor uptake. Hence, the thickness fraction of water describes the
added thickness due to sorption of water, but it does not differentiate
between actual thickness of the water molecules and thickness changes
in the film due to structural changes, e.g,, swelling or reconfiguration of
individual fibrils or hemicellulose.

Quartz Crystal Microbalance with Dissipation Monitoring.
Water vapor uptake of TEMPO CNF thin films with respect to mass
was investigated using the E4 QCM-D instrument equipped with a
QHM 401 humidity module (Q-Sense AB, Gothenburg, Sweden).**
The QCM-D instrument is designed for detecting mass changes
occurring at solid—liquid or solid—gas interfaces. A piezoelectric quartz
sensor between two electrodes oscillates at a specific fundamental
resonance frequency, fo, and its overtones as pulsed electric field (AC
voltage) is applied. The resonance frequency changes as the total mass
of the film on the surface of the sensor increases or decreases. When
the film is evenly distributed, rigidly adhered, fully elastic, and has a
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small mass in comparison to the mass of the sensor crystal, the change
in frequency is directly proportional to the change in areal mass and
can be calculated according to the Sauerbrey equation (eq 1):'

A

n

Am = —-C

)
where Af = f — f; is the change in resonance frequency, C is the
sensitivity constant of the sensor, and 7 is the measurement overtone
number (n =1, 3, 5,7, 9, 11).

Simultaneously, when voltage is cut off, the oscillation gradually
decreases and the resonance amplitude attenuates due to frictional
losses in the adsorbed thin film layer. The attenuation of the
amplitude, i.e., dissipation of energy, D, can be used as a measure of
viscoelastic properties of the sample, and it can be presented as

Ejissipation

2nE,

D=

storage

(2)
where Egipagion i the energy dissipated and Egy,q is the total energy
stored during one oscillation cycle in the oscillator. A thin film can be
considered to be fully elastic and rigid when AD is <1 X 107%, and the
overtones of AD and Af do not spread significantly. The interpretation
of the QCM-D data is described in detail elsewhere.**™>*

Initial TEMPO CNF Thin Film Areal Mass Determination by
QCM-D. Initial areal mass of the dry TEMPO CNF thin film was
determined to set a baseline for water uptake measurements. Prior to
thin film preparation, initial mass of pristine QCM-D sensors was
measured in a QHM 401 humidity module (23 °C, air flow rate 0.1
mL min~") of the QCM-D device following a 13 h stabilization at 6%
RH. Similarly to Tenhunen et al,® following the TEMPO CNF thin
film preparation on the QCM-D sensor surface and overnight
stabilization inside the humidity module at 6% RH for 13 h, the
initial areal mass of the TEMPO CNF thin films was determined. Data
was stitched together using the QTools Software and the third
overtone (1S MHz, f, = S MHz, n = 3) was used for quantitative
calculations in this work for areal mass based on Af according to the
Sauerbrey eq (eq 1).”*” (Supporting Information)

Humidity Measurements by QCM-D for Determination of
Mass Fractions. Figure 2 shows the measured changes in resonance
frequency (Af) and in dissipation energy (AD) that were monitored as
a function of time with incrementally increasing % RH. Changes in %
RH were achieved by passing saturated salt solutions and milli-Q water
through the humidity module to produce eight increasing relative
humidity steps (Supporting Information). Each salt solution was
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Figure 2. Change in frequency (Af) and dissipation (AD) (shown in
the inset) as a function of time in stepwise increasing relative humidity
(% RH) as detected by QCM-D water vapor adsorption measure-
ments for TEMPO CNF thin films. Different overtones are indicated
with colors.
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Figure 3. (a) Mass (pink), optical thickness (blue) and thickness (green) fractions of water in TEMPO CNF thin films due to water vapor uptake as
a function of relative humidity. Thickness and optical thickness fractions of water are deduced from data collected by SE. Responses of the SE consist
of the optical behavior of water, TEMPO CNF and air. Mass fractions of water are based on QCM-D measurements and the use of the Sauerbrey eq
(eq 2) (see Supporting Information for calculations). QCM-D senses the changes in mass due to uptake of water molecules by TEMPO CNE. (b)
Schematic illustration of the water vapor uptake of TEMPO CNF thin film in dry air (RH < 10%), in humid air (10—75% RH) and at high humidity
levels (RH > 75%). In the left inset, a portion of a 3 X 3 yum AFM image of the fibril surface is displayed.
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Figure 4. (a) Optical thickness isotherm of TEMPO CNF film fitted by the Langmuir/Flory—Huggins/clustering model. The inset shows the
contribution of the Langmuir adsorption to the sorption of water vapor into TEMPO CNF thin films in dry air. (b) Optical thickness isotherm fitted

by the BET model in the range from 0 to 15% RH.

passed through the QHM 401 humidity module at 0.1 mL min™" rate
for 30 min at 23 °C. Passing Milli-Q water (100% RH) through the
humidity module possibly causes condensation effects inside the
measurement chamber and the detected frequency and dissipation
changes may be unreliable. Therefore, the last step is omitted in the
calculations. Data was stitched together using the QTools Software
and the third overtone (15 MHz, f, = S MHz, n = 3) was used for
quantitative calculations based on Af according to eq 1. Moreover,
mass fractions of water in the TEMPO CNF film were calculated by
dividing the film areal mass at any point over the entire RH% range by
the total TEMPO CNF thin film areal mass. In addition to quantitative
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calculations, the viscoelastic behavior of the TEMPO CNF thin film
was qualitatively evaluated from AD values upon exposure to different
levels of humidity in air. Each measurement was repeated three times
and average values were used in calculations.

B RESULTS AND DISCUSSION

Mass isotherm, thickness isotherm and optical thickness
isotherm (taking into account the refractive index evolution)
of the TEMPO CNF thin film over the RH range from 0 to
97% are shown in Figure 3a. The isotherms reveal that the
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water fraction within the TEMPO CNF thin film increases as
RH % increases. The depicted fractions of water were
determined from SE and QCM-D humidity measurements by
dividing the thickness or mass exceeding the respective initial
(dry) values by the total thickness or mass of the TEMPO CNF
thin film at each % RH point (exemplary calculation in
Supporting Information). It is important to note that the
nanofibrils themselves in the TEMPO CNF network do not
notably swell: rather, the thickness increase largely originates
from water molecules that penetrate between the nanofibrils,
inducing the swelling the entire flexible network (Figure 3b).
Three regions are apparent in the sorption isotherms:
association of water molecules with the TEMPO CNF thin
film in dry air (RH < 10%) through specific sorption; steady
buildup of water molecule multilayer in humid air (10—75%
RH); and the significant increase of the fraction of water at high
humidity levels (RH > 75%) through further accumulation of
water molecules and water molecule clusters in the TEMPO
CNF thin film. The mass fractions of water appear slightly
lower in comparison to the thickness fractions of water, mainly
due to a difference in the initial % RH condition used to
determine the dry mass (at 6% RH) or thickness (at 0% RH) of
the TEMPO CNF thin film. Converting the QCM-D mass
fractions to volume fractions by density yields water volume
fractions of 0.21 and 0.59 at 75% and at 97% relative humidity,
respectively. A significant portion of the difference between the
thickness and mass fractions (density-corrected to volume
fractions) probably comes from the fact that QCM-D senses
the changes in mass due to uptake of water molecules by
TEMPO CNF, whereas changes in optical response (SE)
consist of the entire optical behavior of water, TEMPO CNF,
and air. The water vapor uptake of the TEMPO CNF film is
further evaluated by fitting the optical thickness sorption
isotherms to the Langmuir/Flory—Huggins/clustering
model**® and to the BET model" (Figure 4). The models
are not mutually exclusive, but they are rarely used in the same
context to describe gas sorption.

The Langmuir/Flory—Huggins/clustering model is based on
the work of Barrer et al., who suggested that nonlinear sorption
isotherms can be decomposed into two distinct parts: the
nonlinear Langmuir-type sorption at fixed sites of the sorption
medium and linear sorption or the Henry’s Law contribution at
higher % RH range.””*® While the Langmuir—Henry dual
sorption model describes sorption of gas above their boiling
points into materials such as glassy polymers,** it underpredicts
the solubility of solutes below their boiling points. Hence, a
modification to the dual mode sorption model based on the
Langmuir isotherm was proposed to describe specific sorption,
and the Flory—Huggins contribution to describe nonspecific
sorption.”>** In humid air, swelling exposes more binding sites
in the sorption medium® and loosens the structure, clearing
the way for subsequent solvent molecules to enter the
structure.”* This leads to clustering of water molecules, and is
considered to be the third effective mechanism of the
Langmuir/Flory—Huggins/ clustering model.

Langmuir adsorption describing specific binding of gas
molecules to solid surfaces is defined by eq 4:

_ Ka
1+ Ba

4
)
where K represents the concentration of the specific sorption
sites, B is the affinity of water for these sites***>** and a is the
water activity. Values of a are the ratio of partial pressure of

2955

water vapor divided by the saturation vapor pressure and were
considered to be equal to % RH divided by 100.

The Flory—Huggins equation for high molecular weight
polymers in terms of fractions of water and water activity (a)
can be expressed as following:*

Ina; =ln Ve + (1 = Vi) + 2(1 _VFH)2 (5)

where a is the water activity, y is the Flory—Huggins interaction
parameter”® and Vpy is the Flory—Huggins population or
fraction of water associating with the film. The Flory—Huggins
interaction parameter, y, is fitted from the experimental SE data
using eq 6:

_Ina—InV - (1 = V)
(1 = Vp)? )

where Vg is the optical thickness (or volume) fraction of water
measured using SE. Customarily, the Flory—Huggins inter-
action parameter is used as a measure of thermodynamic
miscibility of a polymer with a solvent in binary systems. We
note that the use of the Flory—Huggins theory in the context of
water vapor sorption into isotropic TEMPO CNF thin film
differs from its original application in polymer mixing.
However, postulating that water molecules can penetrate into
the solid matrix, the sorption process mimics the mixing
process from a thermodynamic point of view.

The clustering term in the Langmuir/Flory—Huggins/
clustering model can be expressed by

Ve=a" (7)
where a is water activity and n describes the number of water
molecules associated with each cluster.”*> Hence, the total
fraction of water absorbed in the solid can be calculated by the
Langmuir/Flory—Huggins/clustering function:

Ka
V=V + Vo, + Vo =
LR e ) 4 Ba

n
a a
+f(a,x) + C ®
Figure 4a shows the Langmuir/Flory—Huggins/clustering
model (eq 8) fitted to the experimental optical thickness
sorption isotherm of the TEMPO CNF film. The sorption
isotherm collected using SE was selected for quantitative fitting,
due to the larger number of data points compared to the
isotherm collected by using QCM-D. Following the fitting
approach described in detail by Hernandez et al,, eq 8 was fitted
in three separate parts to obtain the best estimates for the
parameters in the physicochemically most relevant RH range.
To start with, the Flory—Huggins interaction parameter (y)
was determined in the 30—70% RH range by a nonlinear
regression method minimizing the least-squares errors. The
Langmuir coefficients were solved using nonlinear regression
based on an iterative algorithm with many possible local
minima of the sum of the squares and hence multiple solutions
to coefficient values. The pair of Langmuir coefficients was
selected from the possible solutions by comparing to literature
values” and evaluating their physicochemical meaningfulness.
Moreover, there were systematic deviations from the dual mode
model above 70% RH and therefore the clustering term was
added to the function. The clustering coefficient was also solved
by a nonlinear regression method.

Langmuir parameters representing the concentration of the
specific sorption sites (K) and the affinity of water for these
sites (B)”**>* were 1.408 and 223, respectively, according to
the model. As shown in Figure 4a, the Langmuir contribution
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to the total water uptake is most prominent below 5% RH. At
higher % RH, the contribution of the water vapor adsorbing
through the Langmuir mechanism remains almost constant,
which indicates saturation of the specific adsorption sites at 5%
RH. The values of K are in agreement with earlier studies
reporting Langmuir adsorption onto nanocellulosic materials’
as expected due to the similarity in abundance of hydrophilic
functional groups. Nonetheless, the Langmuir isotherm under-
predicts the adsorption of water vapor even in dry air (RH <
10%). Here, the heterogeneous nature of TEMPO CNFs must
be considered: ca. 90% consists of cellulose nanofibrils with a
high degree of crystallinity, whereas ca. 10% consists of
amorphous hemicellulose polysaccharides, deposited along the
nanofibril surfaces (Table S1 in the Supporting Information).
Cellulose nanofibrils are impregnable to water and water vapor,
meaning that vapor adsorption occurs only at the surface of the
nanofibrils within the whole network. Amorphous hemi-
cellulose, by contrast, swells significantly in water. Therefore,
hemicellulose is likely to have a distinctly higher specific
adsorption pattern, resulting in underestimation by the
Langmuir model, which was originally designed for morpho-
logically homogeneous monocomponent surfaces.”*

According to the Langmuir/Flory—Huggins/clustering
model in Figure 4a, Flory—Huggins type sorption or random
mixing dominates the water vapor uptake in the range from 5%
to 75% RH. The Flory—Huggins interaction parameter, y, for
the curve is 0.67, as calculated by a nonlinear regression
method and the least-squares sum technique over the range
from 30 to 70% RH. Outside this range, the y-value significantly
diverges from this value (Supporting Information), which could
indicate deviations from simple Flory—Huggins-type behavior
and therefore deviations from random mixing.”*** In the range
from 30 to 70% RH, however, the regression coefficient (R* =
0.977) between the model and the experimental data confirms
that the model strongly correlates with the experimental data.

The onset for clustering of water molecules seems to occur at
60% RH and contributes significantly to the total water uptake
of the TEMPO CNF film above 75% RH (Figure 4a).
According to the clustering function (eq 6) and the clustering
coefficient (1), clusters are estimated to consist of on average
10 water molecules.” Clustering has commonly been associated
with water vapor sorption at high relative humidities onto
hydrophlhc biomaterials, including nanocellulosic” and fibrous
materials*> as well as onto polymers, such as cellulose acetate
and ethyl cellulose.”® Further support for the water molecule
clustering effect is apparent in the RI data measured by SE
(Figure 1b): the RI decreases slowly in the RH range from 0 to
75%, but undergoes a steep decrease upon reaching
approximately 75% RH. This behavior does not point toward
capillary condensation, because for example the measured RI
(1.30) significantly differs from the RI of pure water (1.33). In
dry air, the RI of the TEMPO CNF film concurs with the RI
values reported in literature for crystalline cellulose (1.554 as
reported by Cranston et al.*’) and a dense TEMPO CNF film
(1.545 as reported by Isogai et al.*”). In very humid air (~90%
RH) the RI of the TEMPO CNF is similar to the RI of water,
suggesting that a continuous film of water molecules has
formed and that water exists in liquid form within the TEMPO
CNF thin film in the high % RH reglon

Simultaneously, the minor changes in dissipation recorded by
the QCM-D suggest that the thin film solid state rheological
changes are taking place at high levels of relative humidity, see
the inset in Figure 2. The change in dissipation remains
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unaltered (AD = 0) below the RH level of 75%, indicating that
the TEMPO CNF thin film behaves as a fully elastic material,
ie., all the deformations taking place when the thin film is
subjected to the oscillating stress are fully reversible. Thus, the
thin film structural changes are fully reversible despite of the
water uptake attested by the changes in frequency. However,
upon reaching 97% RH, an increase in change in dissipation can
be observed, indicating that a small part of the energy is
dissipated during the oscillating cycle. This dissipated energy is
designated to the viscous, ie., irreversible deformations taking
place in the thin film structure as the water vapor is strongly
interacting with the TEMPO CNF fibrillar network. Water
vapor-induced structural changes can be linked to swelling of
the film elucidated by the amplified thickness response to
uptake of a (mass) unit of water vapor in high relative
humidities (Figure 2a). Considering the heterogeneous and
complex composition and structure of the TEMPO CNF thin
film, the swelling amounting to the dissipation increase can
foremost be attributed to hemicellulose (8%) located on
surfaces of the TEMPO CNFs.

The sorption of water vapor into TEMPO CNF thin film was
also quantitatively fitted by the BET model to describe the
physical adsorption of water vapor in dry air (RH < 15%), as
shown in Figure 4b. Due to the confined nature of the thin film
with restricted space for expansion only in one dimension, the
optical thickness fractions of water could be used as
experimental values in the model instead of volume—a more
frequently used attribute. According to the BET model
calculations (Supporting Information), the apparent water
molecule monolayer thickness adsorbed on the TEMPO CNF
thin film was 4.3% of the total thickness of the TEMPO CNF
thin film. Curiously, the monolayer thickness and the
specifically adsorbed water revealed by the Langmuir isotherm
do not concur in the case of TEMPO CNF thin film. The
noticeable difference could be a result of the aforementioned
morphological and chemical heterogeneity due to, e.g,
hemicellulose in the TEMPO CNF film, as opposed to smooth
surfaces, e.g.,, mica, where the Langmuir adsorption classically
corresponds to the monolayer volume solved by the BET
model.

The Langmuir/Flory—Huggins/clustering model appears to
describe the sorption behavior of TEMPO CNF thin films over
a wide relative humidity range, although in its original purpose
of use it predicted the sorption behavior of water vapor into
hydrophlhc homogeneous polymers, such as semicrystalline
Nylon-6*® and amorphous polyamide.”> We suggest that the
similarity stems from essentially the same sorption mechanisms
dominating sorption into synthetic polymers and into TEMPO
CNF despite differences in morphology, crystallinity, and
availability of hydrophilic functional groups. Nonetheless, with
reasonable accuracy it can predict the behavior of the film in a
gas—solid binary system with possibilities to extend the classical
physicochemical models to describe the behavior of CNF and
other complex biomaterials in gas—solid—liquid ternary
systems.

Bl CONCLUSIONS

The water vapor sorption behavior of the complex and
heterogeneous TEMPO CNF thin film system was accurately
described by a simple three-component Langmuir/Flory—
Huggins/clustering model over the entire relative humidity
range. Water vapor sorption isotherms of TEMPO CNF thin
films were determined using SE and QCM-D with precision

DOI: 10.1021/acs.biomac.7b00890
Biomacromolecules 2017, 18, 29512958



Biomacromolecules

beyond the capability of bulk methods. Sensitivity and
complementarity of the data collection methods coupled with
quantitative modeling unveiled distinct zones for specific
adsorption of water molecules, association of the Flory—
Huggins population of water molecules and clustering of water
molecules. The findings contribute to bridging the gap between
complex biomaterials and the requirements for advanced
humidity-controlled nanoscale architectures for, e.g, sensors,
diagnostics, and membranes.
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NEUTRAL SUGAR COMPOSITION

The hemicellulose content of the TEMPO CNF was determined by high performance liquid
chromatography (Dionex ICS-3000, Thermo Fischer Scientific Ltd, Waltham, MA, USA) after acid

hydrolysis." The results are summarized in Table S1.

Table S1. Neutral sugar composition of TEMPO CNF.

Glucose Galactose Mannose Arabinose Xylose Rhamnose Fructose | Total | Others®

(%0) (%0) (%) (%%0) (%) (%0) %) 1 (%) | ()

64.0 0 2.1 0 6.2 0 0 723 | 277

Others predominantly consists of glucuronic acids originating from TEMPO oxidized cellulose nanofibrils.
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RAW SPECTROSCOPIC ELLIPSOMETRY DATA AND CAUCHY MODELS

Figure Sla shows the raw data from spectroscopic ellipsometry (SE) measurements during the

dynamic humidity cycle. Figure S1b shows the comparison between experimental results and

generated (modelled) results as achieved through a fitting procedure. A regression algorithm is

applied in order to calculate and adjust the variable parameters from (Cauchy) model and

experimental data to a minimum value of mean-squared error (MSE), which is the quality estimator

of the fitting procedure. The MSE is calculated as a sum of squares of differences between

modelled and measured experimental data. Between data from the measurements of TEMPO CNF

thin film and the fit by the classical Cauchy model, the MSE value was < 4, indicating that the

effective thickness and refractive index values are physically meaningful and correct.”
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Figure S1. Raw ellipsometric data (¥ and A values) as a function of time during the dynamic

humidity cycle (sorption 0-19 min, desorption 20-40 min) for TEMPO CNF film. Five different

wavelengths are shown. b) Fit between spectroscopic ellipsometry experimental data and Cauchy

model data at low (left) and high (right) relative humidity.
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CALCULATIONS FOR THICKNESS FRACTIONS OF WATER (SE)

Example calculation of optical thickness fraction of water in TEMPO CNF thin film at 50% RH:

Optical thickness of TEMPO CNF thin film (0% RH ) = Refractive index ( 0% RH) X thickness ( 0% RH)
= 1.4909 x 12.841 nm = 19.145 nm

Optical thickness of TEMPO CNF thin film (50% RH)

= Refractive index ( 50% RH) X thickness (50% RH) = 1.4572 X 14.934 nm

= 21.762 nm

Optical thickness fraction of water ( 50% RH)

__ Optical thickness of TCNF thin film ( 50% RH) — Optical thickness of TCNF thin film ( 0% RH)
- Optical thickness of TCNF thin film ( 50% RH)

_ 21.762nm-19.145 nm

=0.120
21.762nm

RELATIVE HUMIDITIES OF SATURATED SALT SOLUTIONS (QCM-D)

Table S2. Relative humidities of saturated salt solutions used in the QCM-D humidity experiments

at23°C.’

Salt Relative humidity

%

LiBr g 6

ZnBrq) 8

LiClyg) 11

MgClyg) 33

Mg(NO3) (g 53

NaCliyg) 75

K>S0y 97
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CALCULATIONS FOR AREAL MASS (QCM-D)

Example calculation for determining the initial mass of TEMPO CNF thin film at RH 6%. Masses
shown here are calculated by the Sauerbrey equation (Equation S1) from the measured values of
change in resonance frequency (4f) using the third overtone. The Af for TEMPO CNF film used in
calculations were corrected by the respective responses for a pristine QCM-D sensor shown in

Figure S2.

c¥

n

Am = —

(S1)
Initial areal mass of TCNF thin film ( 6% RH)

= Areal mass of the spincoated sensor ( 6% RH) — Areal mass of pristine sensor ( 6% RH)

=1995.2 ng cm2 (data stitched using QTools software)

CALCULATIONS FOR MASS FRACTIONS OF WATER (QCM-D)

Example calculation of mass fraction of water in TEMPO CNF thin film at 53% RH:

Mass fraction of water (53% RH)

__ Areal mass of TEMPO CNF thin film (53% RH ) — Areal mass of TCNF thin film (6% RH )
- Areal mass of TCNF thin film (53% RH )

_ 2195.5 gcm? — 1995.2 g cm?

2195.5 g cm? = 0.091
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HUMIDITY RESPONSE OF PRISTINE AU QCM-D SENSOR

%
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Figure S2. Change in frequency (4f) as a function of time in stepwise increasing relative humidity
(% RH) as detected by QCM-D water vapour adsorption measurements for pristine gold QCM-D

sensors. Different overtones are indicated with colors.
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FLORY-HUGGINS INTERACTION PARAMETER

Figure S3. The Flory-Huggins interaction parameter (y) of TEMPO CNF thin film as a function of
relative humidity. The % RH range (30-70% RH) used for model calculations is marked with

dashed lines.
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BET CALCULATIONS

According to the linear equation, from Figure 4b it can be deduced that the values for y-intercept (b)
and slope of the curve (m) are 1.1064 and 22.146 respectively. For the purpose of calculating the
water molecule monolayer thickness (V,,) The ¢ parameter for the BET equation can be calculated

as shown in Equation S1:*

c=1+2=1+22_921.106 (S

b 1.1064

V., can be calculated according to the BET model is calculated as shown in Equation S2:4

Vyp = — X 100% = —————— x 100% = 4.3% (S2)
m+c

22.146+1.1064
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Cellulose Nanofibril Film Structure Probed by Water Vapor Diffusion
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ABSTRACT: In this letter water vapor diffusion is depicted as not just a kinetic parameter, but also a means to probe the
humidity-sensitive structure of cellulose nanofibril (CNF) thin films. Hydration of CNF thin films was precisely tracked by
quartz crystal microbalance with dissipation monitoring and spectroscopic ellipsometry, and fitted by classical Fickian
diffusion models. Below 33% RH water molecules were found to mainly diffuse into the pores of the film, whereas above
33% RH sorption was augmented by accumulation of water molecules on the surface of the CNF film. Thereby, through
diffusion modeling distinct details about the flexible and humidity-responsive structure of CNF assemblies could be de-
duced. The work carries significance for understanding and controlling the structure of biomaterial assemblies to facili-

tate their use in advanced moisture-sensitive applications, such as sorption platforms and membranes.

Biological systems nearly always exist in aqueous media
and many of their functions depend on interactions with
water in liquid and vaporous forms". Upon isolation of
cellulose nanofibrils (CNFs) from their native surround-
ings, i.e. the woody plant cell wall, their inherently high
hydroxyl group density and the consequential hydrophilic
and hygroscopic nature is preserved. Importantly, assem-
blies made thereof exhibit intriguing water transport
properties which facilitate the capturing of large volumes
of water*®, and could challenge current state of the art
moisture absorbent materials, e.g. metal organic frame-
works and zeolites’. Unlike many inorganic assemblies,
CNF films are prone to moisture-driven physical changes
at the nanoscale, impeding reliable structural analysis by
methods operating only in dry conditions. Here, we
demonstrate that besides just entailing exceptional func-
tional utility, diffusion of water vapor can be used as a
means to probe the complex structure of CNF thin films
as a function of relative humidity (RH).

In this structure-oriented study, we use rigorous phys-
ics to evaluate the diffusivity of water vapor in (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl oxidized (TEMPO) CNF°
thin films (Figures 1a and 1b) from mass uptake data col-
lected by the well-tried combination of quartz crystal
microbalance with dissipation monitoring (QCM-D) and
spectroscopic ellipsometry (SE)*”® (Figure 1c). Supported
thin film assemblies of TEMPO oxidized CNF are espe-
cially well suited for linking diffusion properties to na-
noscale structure due to their isotropic nature, restricted
lateral expansion, well-known chemical composition

(Supporting Information) and carboxyl group enhanced
affinity towards water®*™.

The mass isotherm and the thickness isotherm (Figure
1c) of water vapor sorption into the TEMPO CNF thin film
reveal that below 75% RH the uptake is gradual and in-
creases significantly upon reaching high relative humidity
levels (RH >75%). The maximum water vapor uptake
capacity of TEMPO CNF thin film at 97% RH was 0.94 +
o1 g g", which is significantly higher compared to other
nanoscaled cellulosic materials, such as cellulose nano-
crystals (0.28 g g")’, native CNF (0.35 g g")" or even com-
pletely isotropic amorphous cellulose (0.45 g g™)° The
higher sorption capacity in humid air can mainly be at-
tributed to the numerous carboxyl groups introduced
through TEMPO catalyzed oxidation. Due to osmotic
pressure, their affinity toward water is stronger compared
to hydroxyl groups™ abundant in all cellulosic materials.
In addition, the presence of ca. 10% of partially charged
amorphous hemicellulose with the ability to swell signifi-
cantly in water™"” further facilitates the vapor uptake. The
maximum water vapor uptake capacity of the TEMPO
CNF thin film at high humidities is 2-3 times higher com-
pared to that of zeolites and similar compared to that of
mesoporous metal organic frameworks® - materials that
have been investigated for atmospheric water vapor col-
lection due to their promising sorption properties.

When a porous solid film is placed in contact with a

gaseous phase containing a sorbate, the sorbate proceeds
to be taken up by the solid film®*. Fick’s
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Figure 1. a) Chemical structure of TEMPO CNF. b) Topo-
graphic AFM image (3 x 3 pm) of a supported TEMPO CNF
thin film with a height scan (pink line) and root-mean-
square roughness (R,). ¢) Water vapor uptake by TEMPO
CNF thin film upon exposure to air with incrementally in-
creasing relative humidity over time monitored by QCM-D
and the thickness of the TEMPO CNF thin film monitored by
SE (inset).

second law™"*" correlates the concentration profile

along the film thickness with diffusivity during the transi-

ent state:

Sc 13 Sc

5 =5 (0%) @)
The mathematical model for transient uptake following

Fickian diffusion in the case of plate geometry and the

assumption of constant diffusion coefficient, D, can be

expressed by equation 2'*:

- 2,2
m 8 ¢ D(2n+1)%n?t

Ealt S MY s e @)

where t marks the time, m.,, m,, and m, are the mass
values of the TEMPO CNF thin film at equilibrium (at
each %RH level) and at t=t and t=o, respectively, and [
represents the thickness of the thin film. The diffusion
model assumes that the rate of water vapor uptake is
completely controlled by diffusion into the interior of the
solid film', i.e. into the pores of the TEMPO CNF thin
film. The equation can be simplified using the first term
of the series of the right hand side in equation 2 and
solved numerically for the diffusion coefficient (D)":

2

—%ln% x 12 =Dt ®)

Following the fitting approach described by Lee et al.”,
transition zones from a lower RH to a higher RH in the
range 11-97 % were selected for quantitative fitting by the
diffusion model. Mass uptake data collected by QCM-D
over the transition zones was coupled with thickness
evolution of the film as determined from SE measure-
ments and fitted to equation 3 (see Supporting Infor-
mation for details). The curve slopes corresponding to
diffusion coefficient values (Table 1) were obtained by
linear regression method (Figure 2a) minimizing the least
square errors”. As seen in Figure 2a, linear regression
fitted the data with reasonable accuracy (R*=0.93) only in
the transition zone between 1% and 33% RH and increas-
ingly more deviation from linearity occurred in higher
RH. The poor accuracy of the diffusion model indicates

that mass uptake is not solely explicable by diffusion into
the pores of the TEMPO CNF thin film beyond 33% RH.

Furthermore, under the assumption of Fickian diffu-
sion, the effective diffusion coefficients (D.z) were calcu-
lated by adapting Newman’s original solution to Fick’s
second law describing the two-stage drying of porous
solids with diffusion of liquid from the interior of the
solid, and the continuously decreasing liquid film at the
surface. Hence, when adapted for uptake of water vapor
into the TEMPO CNF thin film, the effective diffusion
model postulates not only diffusion into the pores of the
solid film, but also the accumulation of a (liquid) water

molecule layer on top of the film'>**'®:
me _ 4 v 2cc? )
e~ 172 Pl (4)

where S are the positive roots of the equation o« =
ptanp, L is half of the film thickness and o represents the
ratio of diffusion into the interior of the film to accumula-
tion of (liquid) water on top of the film.

The effective diffusion model (equation 4) correlates
with the experimentally measured relative moisture up-
take with sufficient accuracy (R* = 0.93) (Figure 2b) for
allowing determination of the effective diffusion coeffi-
cients over the RH range from 1% to 97% RH. Whereas
the diffusion model (equation 3) postulates only diffusion
of water vapor into the pores of the film, the effective
diffusion model also includes accumulation of a (liquid)
water molecule layer on top of the film. The effective
diffusion coefficients appear to increase as relative hu-
midity increases (Table 1), possibly due to contribution of
different underlying sorption mechanisms at different
zones over the full RH range. Especially the onset of clus-
tering of water vapor molecules at ~60% RH could facili-
tate larger overall diffusion coefficients at high RH: The
packing of water molecules into areas of high density of
hydrophilic groups, e.g. fibril intersections and interfibril-
lar cavities, could trigger local vapor-to-liquid transitions
and increase the overall affinity of the hydrated TEMPO
CNF thin film toward water.* Moreover, presence of water
vapor and possible presence of liquid water induce rear-
rangement of the amorphous hemicellulose™** and
change the internal porous structure of the flexible and
fibrillar film network. Overall, these features of the com-
plex and heterogeneous biomaterial probably contribute
to both effects accounted for in the effective diffusion
model - diffusion of water vapor into the pores of the film
and accumulation of (liquid) water on top of the TEMPO
CNF thin film.

With respect to the effective diffusion model it should
be noted that there is systematic deviation between the
shapes of the experimental data curves and the model fit
curves, as depicted in Figure 2b. The disparity probably
derives from the complex and heterogeneous multicom-
ponent nature of the TEMPO CNF thin film system: At
low RH the film is in a non-swollen state with an abun-
dance of functional groups with high affinities toward
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Figure 2. a) Left hand side (—%ln

water on highly crystalline fibril surfaces and amor-
phous hemicellulose chains. As the RH level rises, water
molecules penetrate between the TEMPO CNF fibrils,
inducing expansion of the interfibrillar spacing. Simulta-
neously, the amorphous and flexible hemicellulose chains
(ca. 10%) on fibril surfaces swell*", gain more mobility
and thereby expose new adsorption sites on TEMPO CNF
fibril surfaces. The sequence of such phenomena gener-
ates a sigmoidally shaped sorption curve commonly de-
tected for hydrophilic biomaterials®* and exhibiting
penetrant molecule sorption (or desorption) induced
structural changes at finite rates. The diffusion behavior
of materials exhibiting sigmoidally shaped sorption curves
is generally non-Fickian and cannot be accurately pre-
dicted with simple Fickian diffusion models, which do not
account for all the known aspects of anomalous diffusion,
e.g. swelling and relaxation of polymer chains, increasing
interfibrillar spacing and clustering of water molecules.”?*
For deducing exact diffusion coefficient values, complex
composite models synthesizing the anomalous effects
would be needed to describe mass transfer into materials
exhibiting time-dependent properties and finite structural

% 1?2 = Dt) of equation 3 (diffusion model) with experimentally obtained data

change response rates. The coefficients estimated by the
diffusion and effective diffusion models are several dec-
ades smaller in comparison to diffusion coefficients re-
ported under the assumption of Fickian behavior for na-
noscaled cellulosic films in literature'”, probably deriv-
ing from numerous discrepancies in experimental set-ups
and models.

While diffusivity is a kinetic parameter illustrating how
fast water vapor moves through the thin film, solubility is
a thermodynamic parameter illustrating the amount of
water vapor that can be absorbed at a given %RH. The
solubility coefficient was calculated using equation 5%'*"7:

S=—"T= (5)

mpxpPxa

where m, represents the mass of the dry thin film, p°, is
the saturation vapor pressure at 23 °C and a is water
activity. Hence, the solubility of water vapor within the
TEMPO CNF (Table 1) thin film was calculated from the
mass change of the film between dry (RH 6%) and humid
conditions at each measured humidity point in the range
from 6 to 97%. The solubility coefficients of water vapor



demonstrated a significant increase upon reaching high
relative humidity levels (RH > 75%), possibly due to the
exposure of new adsorption sites and enlargement of
pores within the film.

Table 1. Transport properties of water vapor in
TEMPO CNF thin films based on Fickian diffusion
models.

Effective Permea-

Diffusion Solubility* bility
% RH nm? cm?®(STP) 1071 x
min cm3 (kPa) cm?3(STP) X cm
cm? x s x kPa
D* Des*
u 67.97 +17.25
5 2492 2310£339 84571901 1.95
332
53 - 2816 +7.93  79.55% 7.46 2.24
75 - 49.60 £ 7.20 187.47+0.23 9.30
97 - 64.15+ 20.53 40818 * 45.70 26.2

*The reported values for D, Degand S are average values of
at least three measurements.

Effective permeability (P.s) was calculated by taking in-
to account the kinetic diffusion coefficient and the ther-
modynamic solubility coefficient, according to equation
6:

Porp = Desp X S (6)

The effective permeability coefficients of water vapor in
TEMPO CNF thin films show strong dependency on RH
(Table 1), which is probably a result of the structural
changes induced by water molecule penetration. Consid-
ering the physical meaning of the terms in equation 6, it
is apparent that two requirements must be met for per-
meation to occur: water must be absorbed into the film
and it must diffuse across the film thickness. Due to the
hygroscopicity and porosity of the fibrillar TEMPO CNF
thin film network these pre-requisites are well met as also
attested by the solubility and diffusion coefficients.

In conclusion, this study exploits moisture-driven re-
sponses, i.e., diffusion of water vapor, as a means to moni-
tor physical changes of the TEMPO CNF thin film and to
thereby elucidate the structure of the complex multicom-
ponent system and its building blocks. In dry air (RH <
33%) a simple Fickian diffusion model describes the data
well, indicating that the transfer of water molecules main-
ly occurs into the pores through the mechanism of specif-
ic binding of water molecules. Above 33% RH, a (liquid)
layer of water forms on the surface of the film. Systematic
deviations between the experimental sorption data cou-
pled with detailed knowledge about the composition of
the material suggest that water molecules penetrate be-
tween the fibrils of the flexible network, forming clusters
and possibly undergoing vapor to liquid transitions. Sim-
ultaneously, amorphous hemicellulose chains on fibril
surfaces swell and thereby expose new unsaturated hy-
drophilic regions, expediting further transfer of water
molecules into the hygroscopic film. This work showcases

the distinct moisture uptake and transport properties of
CNF and opens a new window to structural analysis of
nanoscaled biomaterials with complex moisture-sensitive
structures. At present, much of the structural analysis is
performed with microscopy that generally maps geometry
of the surface or is performed ex situ with cryoscopic
techniques by cross sectional analysis or tomography.
Furthermore, the recent advances in high speed AFM* or
in situ TEM™ have been confined to fairly simple systems
so far. The diffusion-based approach presented here may
well prove to be an important tool for quantification of
structural changes in future research on bio-based mate-
rials.
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MATERIALS

Never dried bleached softwood pulp was obtained from a pulp mill in Finland. 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO), sodium bromide (solid) and 10% sodium hypochlorite (aqueous)
were purchased from Sigma-Aldrich. 0.1 M sodium hydroxide solution was obtained from Fluka Analytical
and used without further treatment. Solution of poly(ethylene imine) (PEI, 30 wt.-%, Mw 70 000 g/mol) in
water was obtained from PolySciences Inc., Warminster, PA, USA. LiBr (solid), ZnBr, (solid) and NaCl
(solid) purchased from Sigma-Aldrich Oy, Helsinki, Finland and LiCl (solid), MgCl,-6H,O (solid),
Mg(NO;),-6H,0 (solid) and K,SO, (solid) purchased from VWR International Oy, Helsinki, Finland were
used for saturated salt solutions in water. The salt solutions were decanted used without any further
treatment. Water was purified in a Milli-Q system (Millipore Corporation, Molsheim, France, resistivity 18.2

MQ).

PRODUCTION OF TEMPO CNF

TEMPO oxidation of never dried softwood pulp was carried out by alkaline oxidation with hypochlorite
catalyzed by TEMPO'. A standard conductometric titration procedure (SCAN-CM 65:02, 2002) was used to
determine the charge of the oxidized pulp, 0.836 mmol g '. Microfluidics M-110EH-30 (Microfluidics Int.,
USA) high pressure fluidizer equipped with two Z-type chambers (diameters of 400 um and 100 um) was
used to fibrillate the TEMPO oxidized pulp during two passes at 1850 bar pressure. Thereby TEMPO
oxidized cellulose nanofibrils (CNF) with a final consistency of approximately 1 wt.-% was obtained. High
performance liquid chromatography (Dionex ICS-3000, Thermo Fischer Scientific Ltd, Waltham, MA, USA)
was applied to determine the hemicellulose content of the TEMPO CNF after acid hydrolysis was
performed’. As shown in Table S1, the total neutral sugar content of hemicellulose in the TEMPO CNF was

8%.
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Table S1. Neutral sugar composition of TEMPO CNF.

Glucose Galactose Mannose Arabinose Xylose Rhamnose Fructose | Total | Others’

(%) (%) (%) (%) (%) (%) %) o) | (%)

64.0 0 2.1 0 6.2 0 0 72.3 27.7

*Mainly glucuronic acids.

PREPARATION OF SUPPORTED THIN FILMS OF TEMPO CNF

TEMPO CNF thin films were prepared on AT-cut gold sensors purchased from Q-Sense AB, Gothenburg,
Sweden. The sensors had a fundamental resonance frequency, fj, of 5 MHz and sensitivity constant, C, of
0.177 mg m” Hz"' as reported by the supplier. The preparation of supported thin films of TEMPO CNF was
carried out according to the procedure reported by Eronen et al. In brief, gold coated QCM-D sensor surfaces
were rinsed with water, dried with nitrogen gas and cleaned using UV/ozone (Bioforce Nanosciences, CA)
for 10 minutes. Cleaned sensors were coated with 1 mg ml™" PEI solution in water by 30 minutes of drop
casting and rinsed with milli-Q water, dryed with nitrogen gas and heated in an oven for 10 minutes at 80 °C.
0.15 wt.-% suspension of TEMPO CNF was sonicated using a Branson Digital Sonifier (400 W; 20 kHz) at
40% amplitude for 2 minutes. 200 pul of TEMPO CNF was dispensed onto the PEI coated sensors and
spincoated (WS-400BZ-6NPP/Lite, Laurell, North Wales, PA, USA) at 3000 rpm for 3 minutes followed by

annealing for 10 minutes in 80 °C oven to ensure fibril attachment.’

ATOMIC FORCE MICROSCOPY

TEMPO CNF thin film surface morphology was studied using afm+ from Anasys Instruments Inc. (Santa
Barbara, CA, USA) in tapping mode. The probes HQ:NSC15/Al BS (umasch, Tallinn, Estonia) had
cantilever frequency 325 kHz, spring constant 40 N/m and curvature radius of ~8 nm according to the
producer. The AFM images were analyzed using Analysis Studio software (version 3.11). Root mean
squared roughness (Rg) value was obtained from three images and the average was reported. No image

processing was performed.
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SPECTROSCOPIC ELLIPSOMETRY

UV-Vis (A = 500 - 998.85 nm) variable angle Spectroscopic Ellipsometer (Vase-2000U, Woollam Inc.,
Lincoln, NE, USA) equipped with a humidity chamber was used to perform the spectroscopic ellipsometry
(SE) measurements. A beam of polarized light was focused on TEMPO CNF thin films supported by gold
QCM-D sensor substrates inside a humidity chamber. The tilt of the sample plate was adjusted to align the
sample with the light detector.

The initial theoretical thickness and refractive index were determined by conducting an SE scan and
applying the classic Cauchy model. The measured refractive indices were fitted to model data (Figure S1) to
validate the use of the Cauchy model. Dynamic scans consisting of incremental relative humidity (RH) steps
of 2% RH each lasting 20 s were then performed by injecting a 3 1 min™ flux of air containing a fixed partial
pressure of water to the humidity chamber. A humidity sensor placed inside the humidity chamber was used
to monitor the % RH. Wvase32 software and the Cauchy model were used to perform data analyses and to

determine the thickness of the TEMPO CNF thin film over the measured relative humidity range.

RAW SPECTROSCOPIC ELLIPSOMETRY DATA AND CAUCHY MODELS

The raw data from dynamic SE measurements (under changing % RH) is depicted in Figure Sla. The
experimental results and the modelled results at 0 % RH and at 90% RH achieved through a fitting procedure
are shown in Figure S1b. The modelling procedure involved using a regression algorithm achieved by
minimizing the mean-squared error (MSE) between the experimental and modelled results. Between data
from the measurements of TEMPO CNF thin film and the fit by the classical Cauchy model, the MSE value
for the comparison of the experimental data for TEMPO CNF thin film and the Cauchy model was < 4,
which indicates that analyzed layers can be considered as transparent and homogeneous throughout the

thickness, whatever the relative humidity investigated in this manuscript.
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Figure S1. ¥ and A values measured for TEMPO CNF film by SE during the dynamic humidity cycle
(sorption at 0-19 min, desorption at 20-40 min) with five wavelengths shown. b) Fit between experimental

data (SE) and Cauchy model data at 0 % RH (left) and 90% RH (right).

QUARTZ CRYSTAL MICROBALANCE WITH DISSIPATION MONITORING

The E4 QCM-D instrument equipped with a QHM 401 humidity module (Q-Sense AB, Gothenburg,
Sweden) was used for studying the water vapor uptake of TEMPO CNF thin films from 6% to 97% RH.

Changes in areal mass and can be calculated according to the Sauerbrey equation (equation S1)**¢:

am=—c (S1)

where Af'= f'- fyis the change in resonance frequency, C is the sensitivity constant of the sensor and # is

the measurement overtone number (n=1,3,5,7,9, 11).

INITIAL AREAL MASS DETERMINATION OF (DRY) TEMPO CNF THINS FILM BY QCM-D

Initial mass of pristine QCM-D sensors were measured in a QHM 401 humidity module (23 °C, air flow
rate 0.1 ml min™") after 13 hour stabilization time under 6% RH. After TEMPO CNF thin film preparation
and overnight stabilization under 6% RH for 13 hours, the initial areal mass of the TEMPO CNF thin films
was determined. The QTools Software was used to stitch together the third overtone (15 MHz, f, = 5 MHz, n

= 3) data and areal mass based on Af according to the Sauerbrey equation (equation S1) was calculated.



HUMIDITY MEASUREMENTS BY QCM-D

Saturated salt solutions’ (rate 0.1 ml min™' for 30 min at 23 °C) were passed through the humidity module
to achieve eight stepwise increasing relative humidity while monitoring the changes in resonance frequency
(4f) (Figure S2). Mass changes were calculated in QTools software using equation S1 and the third overtone

(15MHz, fy =5 MHz, n = 3).
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Figure S2. Change in a) frequency (4f) and b) mass due to water vapor uptake as a function of time in
stepwise increasing RH as detected by QCM-D for TEMPO CNF thin film. The inset shows a portion of the

center moving average of the curve (50 data points in both directions).

DETERMINATION OF THE TRANSITION RANGES
The transition range between consecutive RH% levels was determined from the mass uptake data collected
by QCM-D. Firstly, to reduce the noise related to the frequency response of the mass uptake curve, a central
moving average was calculated (Figure S2b). A second derivative of the curve was calculated and the
maximum and minimum inflexion points were selected as the onset and end points of the transition range

(example shown in Figure S3).
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Figure S3. Second derivative of the mass uptake curve at different time intervals as measured by QCM-D

with maximum and minimum inflexion points identified.

DIFFUSION MODEL

To determine the diffusion coefficient (D), the protocol described by Lee et al.® was adapted for TEMPO
CNF thin films. Mass over the transition ranges (as measured by QCM-D) was coupled with thickness
changes (as determined by SE) assuming a linear relationship. Equation S2 was used to calculate plot the

graph of the left hand side (LHS) of the equation as a function of time:

~Sin [(’"“"’”9" ] x 12 = Dt (S2)

8(Meo
where m.,., m,, and m, are the mass values of the TEMPO CNF thin film at equilibrium (at each % RH %
level) and at time = ¢ and time = 0, respectively, / represents the thickness of the thin film and ¢ marks the
time. Linear regression was applied to determine D. The reported value of D is an average calculated from
three individual QCM-D measurements. Linear regression could only be applied in the transition range 11%

- 33% RH with reasonable accuracy (R*>0.9).
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EFFECTIVE DIFFUSION MODEL

To determine the effective diffusion coefficient as previously shown by Bedane et al.’ according to
Newman’s solution of Fick’s second law'’, the evolution of the relative mass uptake, m(t)/m(c), at each
transition range was calculated. The relative mass uptake curve was fitted by Equation S3:

m(t) _ 20c2 _ﬁ%

ey~ L 2T Pt

(83)

where P are the positive roots of the equation « = Bsinf3, L is half of the film thickness and a represents the
ratio of diffusion into the interior of the film to accumulation of (liquid) water on top of the film minimizing
the least square errors and solving for D and o. The value of § was adjusted by applying the equation < =

Bsinf to obtain the optimal solution.

CALCULATION OF SOLUBILITY

Solubility was calculated according to equation S4:

Meo/Pp (54)

~ tmp/poxwixa
where m, represents the mass of the dry thin film, p’, is the saturation vapor pressure at 23 °C (=2.8104 kPa)
and a is water activity. The values of p,, the density of TEMPO CNF dry film, was 1.5 g/em’ and p,, density
of water vapor 0.00127 g/cm’, as obtained from literature were used.
An example calculation of solubility at 33% RH for a TEMPO CNF thin film with a dry mass of 1995 x 107

g/em’ as determined by QCM-D.

_ Moo/ Pp _ 38x107%g/1.5gcm™t - 7277 cm?
= 0 = =7 =lad ] e
(mp/pv) X py X a (1995 x“’ig_l) X 2.8104 kPa x 0.33 cm? x kPa
0.00125gcm

CALCULATION OF EFFECTIVE PERMEABILITY

Effective permeability of water vapor was calculated according to equation S5:

Pesr = Desy X S (85)
At each consecutive transition step to a higher RH% level the solubility at the terminal end of the transition

range was chosen for permeability calculations.



At 33% RH:

P.sr =D, S = 231 107 Pem? 84 57Cm3 =1.95 x 10~* cm’ (STP) X cm
eff = VDepr X 0= &30 X=X 0&o/— == 19> X “om? x s x kPa.
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TEMPO/NaClO; oxidized cellulosic nanofibrils (TCNF) were covalently bonded with poly(vinyl alcohol)
(PVA) to render water stable films. Pure TCNF films and TCNF-PVA films in dry state showed similar
humidity dependent behavior in the elastic region. However, in wet films PVA had a significant effect on
stability and mechanical characteristics of the films. When soaked in water, pure TCNF films exhibited
strong swelling behavior and poor wet strength, whereas covalently bridged TCNF-PVA composite films
remained intact and could easily be handled even after 24 h of soaking. Wet tensile strength of the
films was considerably enhanced with only 10 wt% PVA addition. At 25% PVA concentration wet tensile
strengths were decreased and films were more yielding. This behavior is attributed to the ability of PVA
to reinforce and plasticize TCNF-based films. The developed approach is a simple and straightforward
method to produce TCNF films that are stable in wet conditions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose nanofibrils (CNF) have attracted much interest due to
their unique properties, such as mechanical strength, high surface-
to-volume ratio and strong film-forming tendency (Syverud &
Stenius, 2009; Yano & Nakahara, 2004). These characteristics
enable exploitation of CNF films in applications such as gas-
barriers (Fukuzumi, Saito, Iwata, Kumamoto, & Isogai, 2009), filters
(Mautner et al., 2014) and templates for highly functional nanoma-
terials (Orelma et al., 2012). Due to high hygroscopicity of cellulose,
most CNF films are not stable in water, which limits their use in
aqueous or humid environments.

Recently, several strategies to improve water stability of CNF
based films have been proposed. One approach is to prepare layered
structures by, for example, atomic layer deposition (Hirvikorpi,
Vdha-Nissi, Nikkola, Harlin, & Karppinen, 2011) or by coating with
wax (Spence, Venditti, Rojas, Pawlak, & Hubbe, 2011; Osterberg
et al,, 2013a). Some methods aim to improve water tolerance by
reducing free volume by overpressure filtration and hot-pressing

* Corresponding author. Tel.: +358 40 6731621; fax: +358 20 722 7026.
E-mail addresses: minna.hakalahti@vtt.fi (M. Hakalahti), arto.salminen@aalto.fi
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http://dx.doi.org/10.1016/j.carbpol.2015.03.007
0144-8617/© 2015 Elsevier Ltd. All rights reserved.

(Osterberg et al., 2013a). Other strategies lean on surface treat-
ments (Chinga-Carrasco et al, 2012; Rodionova, Eriksen, &
Gregersen, 2012), such as silylation (Peresin, Vartiainen, Kunnari,
Kaljunen, & Tammelin, 2012; Osterberg, Peresin, Johansson, &
Tammelin, 2013b). Additionally, crosslinking chemically unmodi-
fied CNF with poly(acrylic acid) (PAA) (Lu & Hsieh, 2009) has been
shown to render water insoluble CNF based membranes.

2,2,6,6-Tetramethylpiperidin-1-yl)oxy (TEMPO) mediated oxi-
dation can be used to selectively oxidize primary alcohols on the
surface of cellulose fibrils as pre-treatment for improving fibril-
lation (Saito, Nishiyama, Putaux, Vignon, & Isogai, 2006). In this
pre-treatment most primary alcohols are oxidized to carboxyl
groups, although some groups remain as aldehydes. These alde-
hyde groups can be further oxidized to carboxyls with NaClO, in
neutral conditions (Saito et al., 2009), which further increases the
hygroscopicity of cellulose.

Carboxyl groups can react with alcohols to form covalent
ester bonds under acidic conditions. This chemistry has been
used to overcome instability of water soluble polymers, such
as PVA, by crosslinking with carboxyl containing PAA (Bastiirk,
Demir, Danis, & Kahraman, 2013; Clemons, Sedlmair, [llman, Ibach,
& Hirschmugl, 2013; Paralikar, Simonsen, & Lombardi, 2008).
Recently, crosslinked CNF/PAA composites have been prepared
(Lu & Hsieh, 2009; Spoljaric, Salminen, Luong, & Seppdld, 2013) in
order to improve the material properties in humid environments.
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Whereas CNF has widely been blended with PVA to act as
reinforcing fibres (Endo, Saito, & Isogai, 2013; Li, Zhao, Huang, &
Liu, 2013; Virtanen, Vartiainen, Setdld, Tammelin, & Vuoti, 2014a;
Virtanen, Vuoti, Heikkinen, & Lahtinen, 2014b; Zhou, Fu, Zheng, &
Zhan, 2012), the potential of achieving water stability via covalently
bonding TEMPO/NaClO, oxidized cellulose nanofibrils (TCNF) with
PVA has not yet been fully explored. To the authors’ knowledge,
this is the first time a simple and easily up-scalable bridging
method for preparation of water stable TCNF films is reported.

In this work, mechanical properties of TCNF films were
enhanced by covalently bonding TCNF with PVA via acid-initiated
esterification reaction. Water stable films containing only 10%
PVA were produced by solvent casting and without any post-
treatments, such as hot-pressing. Influence of amount and degree of
hydrolysis (DH) of PVA on the mechanical properties of films was
investigated using dynamic mechanical analysis (DMA) together
with dynamic water sorption (DVS). Additionally, wet strengths of
films were determined by wet tensile measurements.

2. Materials and methods
2.1. Materials

Never dried bleached softwood pulp obtained from a pulp mill
in Finland was TEMPO oxidized according to procedure by Saito
et al. (2006). Aldehydes formed due to TEMPO oxidation were fur-
ther oxidized into carboxyls according to Shinoda, Saito, Okita,
and Isogai (2012). Carboxylate content of the oxidized pulp was
1.12mmol/g determined by conductometric titration (SCAN-CM
65:02, 2002).pH of the oxidized pulp was set to 4 using acetic acid
and it was fibrillated with a high pressure fluidizer (Microfluidics
M-110EH-30, Microfluidics Int., USA) equipped with two Z-type
chambers. The chambers had diameters of 400 wm and 100 wm
and the fibrillation was done in two passes at 1850 bar operating
pressure. The final consistency of TCNF was approximately 1 wt%.

PVA with DH of 88% (88PVA) (Mowiol 40-88, M,, 205 000 g/mol,
DP 4200), PVA with DH of 98% (98PVA) (Mowiol 56-98, M
195000 g/mol, DP 4300) and all other chemicals were purchased
from Sigma-Aldrich and used as received. Deionized water was
used throughout the study.

2.2. Preparation of TCNF-PVA films

TCNF was diluted to 0.3 wt% with deionized water and sonicated
using Branson Digital Sonifier (400 W; 20 kHz) at 40% amplitude for
5min to form a homogeneous dispersion. Aqueous 0.3 wt% solu-
tions of PVA were prepared by dissolving PVA in water at 95°C
for 5h. Casting solutions were prepared by mixing PVA solution
and TCNF suspension in 10:90 and 25:75 weight ratios. Casting
solutions were poured into poly(styrene) Petri dishes and dried in
controlled atmosphere (23 °C/50% RH) for at least five days.

2.3. Characterization

2.3.1. Microscopic analysis of TCNF-PVA films

Film surfaces were imaged by scanning electron microscope
(SEM) LEO DSM 982 Gemini FEG-SEM (Noran Instruments Inc. Mid-
dleton, USA). Samples were attached on carbon adhesive discs and
pressed on aluminum stubs. Typically, no conductive coating was
applied on the specimen prior to SEM imaging, which was con-
ducted using acceleration voltage of 0.50 keV.

Atomic force microscopy (AFM) imaging of film surfaces was
performed using Nanoscope Illa Multimode scanning probe micro-
scope (Digital Instruments Inc, Santa Barbara, CA USA) equipped
with E scanner. The images were taken in tapping mode in air

using aluminum coated silicon cantilevers (HQ:NSC15/Al BS, Micro-
masch, Tallinn, Estonia) with nominal resonance frequencies of
265-410kHz. Images were not processed by any other means
except flattening.

2.3.2. Tensile testing as a function of relative humidity

Dynamic mechanical analysis (DMA) was carried out on
TCNF-PVA films using tensile mode and film geometry. The
analysis was performed in controlled RH using a Q800 Dynamic
Mechanical Analyzer (TA Instruments, USA) equipped with
DMA-RH accessory. The film samples had average dimensions of
10.00 x 5.30 x 0.02 mm?. Preload force, amplitude and frequency
of 0.05N, 5.0 um and 1Hz, respectively, were used during the
analysis. The storage modulus (E') was recorded as a function of
time at 30°C. A stepwise DMA scan was performed at RH 0%, 50%,
90% and once more at 0% to record the extent of material recovery.
Each humidity level was maintained for 300 min. In order to take
fluctuations into consideration, three specimens were measured
from each sample. The E’ values shown in the results section are
average values of the measured E’ of these three specimens at the
end of each 300 min humidity step.

2.3.3. Determination of equilibrium water content

Water content of TCNF-PVA films was determined gravimetri-
cally using DVS-1 instrument (Surface Measurement Systems, UK).
Samples were weighed in a sample cup connected to a microbal-
ance and the precise mass of the sample was registered with a
resolution of 1 g in controlled humidity. Temperature was kept
at 30°C throughout the experiment and a stepwise DVS scan was
performed at RH 0%, 50% and 90% and again at 0%. Each humidity
level was maintained for 300 min.

Residual moisture content of dry films was determined by Karl-
Fischer titrations performed with Mettler Toledo DL31 apparatus.
Hydranal Titrant 2 was used as the Karl-Fischer reagent. About
100 mg of shredded film samples were weighed into vials and
water was extracted in anhydrous methanol for 16 h with con-
tinuous stirring before titration. The titrant was calibrated with
water and sodium tartrate dihydrate was used as a calibration con-
trol. Amount of solvent injected into the titrator was determined
gravimetrically. The water content values shown in Section 3 are
measured at the end of each 300 min humidity step and corrected
by the amount of residual moisture.

2.3.4. Wet strength testing

Tensile properties of wet TCNF-PVA films were determined with
33R4204 universal testing machine (Instron, UK) equipped with a
100 N static load cell. The specimens were immersed in deionized
water for 24 h before wet strength measurements performed in
controlled atmosphere (23 °C/50% RH). Five specimens were mea-
sured from each sample using crosshead speed of 0.5 mm/min.
Dimensions (average dimensions: 20.00 x 5.30 x 0.012 mm?3) of dry
specimens were used to determine the tensile characteristics of wet
films.

3. Results and discussion

Covalent bonding between TEMPO/NaClO, oxidized fibrils and
PVA was expected to enhance mechanical properties of TCNF-
based films in humid and wet environments. Films prepared from
pure TCNF or a neutral mixture of TCNF and PVA were observed
to quickly disintegrate in water. The TCNF-PVA films with 10 to
25% of fully or partly hydrolyzed PVA cast in presence of acid
remained intact even after several months, suggesting that cova-
lent ester bonds were formed upon drying (Fig. 1). As seen in Fig. 2a,
free-standing TCNF films with 10% fully hydrolyzed PVA were
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Cellulose fibrils

Fig. 1. Schematic illustration of the acid-initiated esterification reaction between TCNF and PVA on fibril surfaces.

transparent and did not show shrinking or defects. SEM micro-
graph shown in Fig. 2b revealed that fibrils appear to be uniformly
distributed and randomly oriented in TCNF films with 10% fully
hydrolyzed PVA. AFM height image presented in Fig. 2c showed
that TCNF-98PVA10% film surface is relatively smooth. Differences
between appearance or morphology of TCNF-PVA films with vary-
ing amounts of PVA could not be detected by visual inspection or
AFM (see Supporting information).

Direct chemical analysis of the esterification by methods, such as
FT-IR and Raman spectroscopies (see Supplementary data), proved
to be very difficult due to small intensity and overlapping of rele-
vant bands. Ester bonds can typically be seen as bands at around
1600 cm™"! or in the fingerprint region (Fukuzumi, Saito, Okita, &
[sogai, 2010). In case of TCNF-PVA films, bands corresponding to
ester groups cannot be assigned and there are no visible differences
between spectra of pure TCNF and TCNF-PVA films. Therefore,
mechanical properties of the films measured by DMA and tensile
testing in controlled humidity were used as indirect verification of
esterification in TCNF-PVA films.

3.1. Storage modulus as a function of relative humidity

The storage moduli (E’) of films determined by controlled
humidity DMA are presented in Fig. 3a and in Supplementary data
as a function of time. In dry conditions (0% RH), E’ of films were in
the range of 15.0-16.5 GPa and decreased slightly to 12.0-13.5 GPa
at50% RH. At higher RH level (90% RH), E’ values exhibited a sharper
decrease to 4.0-6.0 GPa. Humidity dependent behavior of pure
TCNF and TCNF-PVA films was similar to each other and character-
istic of polymer reinforced TCNF films (Bulota, Vesterinen, Hughes,

& Seppadld, 2012). Pure PVA films showed significantly lower E’ at all
measured RH levels (see Supplementary data). Nonetheless, both
PVA grades could be used at 10% and 25% concentration without sig-
nificantly deteriorating the stiffness of films. In addition, no major
structural deformations seemed to occur due to water adsorption,
since E’ values of films recovered almost to their original level at 0%
RH upon drying. In dry conditions (0% RH) residual water remained
in films due to the hygroscopic nature of TCNF and PVA, as indicated
by DVS results in Fig. 3b.

According to the results, proportion of PVA in the film had an
influence on E’ values. At 50% and 90% RH, films containing 25%
PVA had slightly lower E’ values in comparison to films with 10%
PVA. Although the equilibrium water content was smaller, plasti-
cizing effect of PVA was more prominent when proportion of PVA
was larger. While this matter is outside the scope of this study,
differences in equilibrium water content could have been caused
by different water binding abilities of available functional groups
(Piringer, 2007) or by variances in structural porosity.

DH of PVA appeared to affect the elastic properties of films. Films
containing partly hydrolyzed 88PVA showed smaller E’ in compar-
ison to the films containing fully hydrolyzed 98PVA at 50% and
90% RH. This effect could be associated with the larger amount of
equilibrium water in 88PVA containing films.

3.2. Wet strength characteristics

Pure TCNF films exhibited strong swelling and very poor
strength after immersion in water. This prevented determination
of its wet strength properties by tensile testing and indicated
that there was no covalent interfibrillar bonding. From a purely

Fig. 2. (a) Photograph of transparent and free-standing TCNF-98PVA10% film, (b) SEM image (x50000) of film surface showing the uniform distribution and random
orientation of TCNF fibrils and (c) AFM height image displaying the surface topography of the film. The AFM image size is 4 pm?2.



M. Hakalahti et al. / Carbohydrate Polymers 126 (2015) 78-82 81

0 T T T —

0 50 90 0
RH (%)

b) = TNFC
25 1 mTNFC-98PVA10%
= TNFC-98PVA25%
R 20{ ©0TNFC-88PVA10% —
k= 0 TNFC-88PVA25%
£
S 15 -
o
b
3
10 1
=
5 4
o M= [T, : M 11
0 50 9 0
RH (%)

Fig. 3. (a) Storage moduli and (b) equilibrium water contents of pure TCNF films and TCNF-PVA films containing 10% or 25% of PVA at different RH levels. 98PVA and 88PVA

refer to fully and partly hydrolyzed PVA, respectively.

Table 1
Mechanical properties of TCNF films and TCNF-PVA films containing 10% or 25%
PVA, after soaking in water for 24 h.

Film sample Young’s modulus Work to fracture
(MPa) (MJm~3)

TCNF - -

TCNF-88PVA10% 202 +18 22+05

TCNF-88PVA25% 76 + 6 21+03

TCNF-98PVA10% 315 + 108 1.7 +05

TCNF-98PVA25% 93 +18 1.6 £ 0.5

chemical point of view, carboxyl and hydroxyl groups of TCNF
should react to form covalent ester bonds even without PVA.
However, the amount of fibril-fibril contact points is likely to be
low due to high fibril stiffness. Also, the majority of highly reac-
tive primary hydroxyls have been converted into carboxyls in the
TEMPO/NaClO, oxidation and only less reactive secondary hydro-
xyls are present (Klemm, Phillip, Heinze, & Wagenknecht, 1998).
Without sufficient esterification, pure TCNF films are likely to swell
freely and disintegrate in water.

The substantial difference between TCNF-PVA and pure TCNF
films is the significantly improved wet strength. This behavior is
indicative of the ability of TCNF to form covalent ester bonds with
PVA.AsseeninTable 1, TCNF films with 10% PVA exhibited the high-
est Young’s moduli of 202 MPa and 315 MPa with 88PVA and 98PVA,
respectively. Also, highest stresses at break were displayed by the
films containing 10% PVA, as seen in Fig. 4 and Supplementary data.

—— TCNF-88PVA10%
— =TCNF-88PVA25%
TCNF-98PVA10%
TCNF-98PVA25%

354

Stress (MPa)

Strain (%)

Fig. 4. Stress-strain curves of TCNF-PVA films containing 10% or 25% PVA following
immersion in water for 24 h.

Films containing partly hydrolyzed 88PVA were less rigid than
those containing fully hydrolyzed 98PVA, which was seen as lower
Young’s moduli values. Stress at break was also lower in films con-
taining 88PVA. Partly hydrolyzed PVA contains a larger number of
acetyl groups, which cannot participate in the formation of cova-
lent ester bonds. This could result in reduced number of covalent
ester linkages between TCNF and PVA and hence decrease rigidity
of the films.

The toughness of wet TCNF-PVA films was expressed as work
of fracture, obtained from the area under the stress-strain curves.
As shown in Table 1, DH of PVA had some effect on the tough-
ness of wet films, whereas the concentration of PVA did not clearly
affect it in the 10-25wt% concentration range. The combination
of good strength and ductility yielded slightly better toughness
for wet TCNF-PVA films containing partly hydrolyzed 88PVA. Wet
TCNF-88PVA films displayed work of fracture of 2.1-2.2MJm~3,
whereas fully hydrolyzed 98PVA had slightly negative effect on
toughness and values were 1.6-1.7 MJ m~3. Higher toughness is
attributed to better ductility of TCNF-88PVA films. When compared
to some common biological materials, the wet TCNF-PVA films
exhibit toughness inferior to collagen and bone (2.8-3.0 M]Jm—3)
but comparable to keratin (1.8 M m~3). (Vogel, 2003)

Mechanical testing results indicate that covalent ester bonding
can effectively stabilize the film structure in aqueous environ-
ments. These results imply that PVA forms interconnecting bridges
between TCNF fibrils, as illustrated in Fig. 5. It is assumed that
hydroxyl groups of PVA react with carboxyls of several TCNF fibrils
and form a network of TCNF fibrils covalently interconnected by
PVA bridges.

Mechanical properties of wet films (Table 1 and Fig. 4) give
evidence of higher interfibrillar bridging in films containing 10%
PVA in comparison to 25% PVA containing films. This effect can
be seen as higher Young’s moduli and break at stress values. DMA

10% PVA 25% PVA

Cellulose fibrils

Bridging PVA Plasticizing PVA

Fig. 5. Illustration of bridging and plasticizing effect of PVA in TCNF-PVA films.



82 M. Hakalahti et al. / Carbohydrate Polymers 126 (2015) 78-82

results also support this hypothesis, as films containing 10% PVA
seem to be stiffer at elevated RH in comparison to 25% PVA con-
taining films. Higher proportion of PVA increases the likelihood of
unbound polymer chains, giving the film structure more mobility.
This effect can be seen as increased strain values and as reduced
storage moduli. Based on the results, it appears that PVA can func-
tion as a reinforcing agent and with water also as a plasticizer in
TCNF films.

The simple PVA bridging method demonstrated here signifi-
cantly improved the wet strength of TCNF films. The production
process of water stable films involved the use of inexpen-
sive materials in an easily up-scalable process. The TCNF-based
films developed in this study are relevant for a wide variety of
applications requiring good mechanical performance in aqueous
environments.

4. Conclusions

In this work, a simple solvent-casting method to produce water
stable TCNF films without post-treatments was developed. Bridg-
ing TCNF with just 10% PVA resulted in films with considerably
improved wet strength. These improved physical characteristics
were maintained even after soaking in water for 24 h. Addition-
ally, mechanical properties, such as stiffness and wet strength of
TCNF-PVA films, could be tuned by adjusting the amount of PVA.
PVA provided both reinforcement and plasticization, depending on
its ratio to TCNF. The method described here has potential for scaled
up production of water stable TCNF films.
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Effect of interfibrillar PVA bridging on water stability and
mechanical properties of TEMPO/NaClO, oxidized cellulosic

nanofibril films
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Dry film samples were analysed using FT-IR in ambient conditions. The spectra were recorded with
Nicolet iS50 FT-IR spectrometer equipped with iS50 ATR. All spectra were scanned within the
range of 350 to 4000 cm™ and spectra were obtained from 32 scans with resolution 4 cm™. Spectra

were not normalized.
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Figure S1. FT-IR spectra of a) TCNF, b) TCNF-98PVA10% and ¢) TCNF-98PVA25% films.



The film samples were analyzed using alpha300 R Confocal Raman microscope (Witec GmbH,
Germany). The spectra were obtained using a frequency doubled Nd:YAG laser (532.35 nm, 10
mW) and a Nikon 100x (NA=0.95) air objective. The laser used for excitation was polarized
horizontally. The microscope was equipped with DU970 N-BV EMCCD camera with 600 lines/mm
grating. Measurements were made using integration time of 0.3 s and accumulation of 60. Raman

spectra were not normalized.
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Figure S2. Raman spectra of a) TCNF film, b) TCNF film with 10% fully hydrolysed PVA (TCNF-
98PVA10%) and c¢) TCNF film with 25% fully hydrolysed PVA (TCNF-98PVA25%)



Table S1. Storage moduli (E’) of pure PVA films measured using DMA at different humidities.

Storage moduli (MPa)

RH% 88PVA 98PVA

0 5363 £ 145 6515 +932
50 977+ 93 2486 + 167
90 0+0 24 +4

0 3992 £ 296 7593 £ 445

Table S2. Stress and strain of TCNF films and TCNF-PVA films containing 10 % or 25 % PVA,

after soaking in water for 24 hours.

Film sample Stress at break Strain at break
(MPa) (%)

TCNF - -

TCNF-88PVA10% 29.7+4.7 152+2.0

TCNF-88PVA25% 21.5+2.5 22.7+1.6

TCNF-98PVA10% 33.4+6.0 11.4+3.7

TCNF-98PVA25% 22.9+5.5 17.7+1.9

TCNF TCNF-98PVA10% TCNF-98PVA20% TCNF-98PVA30%

nm © 200 400 600 800 1000 O 200 400 600 800 1000 © 200 400 600 800 1000 0 200 400 600 800 1000

Figure S3. AFM height images of TCNF and TCNF-PVA films displaying the surface topography
of the film. The AFM image size is 1 pm?.
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Figure S4. Storage moduli (E’) of TCNF and TCNF-PVA films measured by DMA as function of
time.
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Figure S5. Water content of TCNF and TCNF-PVA films measured by DVS as a function of time.
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ABSTRACT: This letter proposes a strategy to construct tunable ® \)
films combining the physical characteristics of cellulose nanofibrils and \> ®
smart polymers for membrane applications. A functional membrane

template was obtained by first fabricating a water stable film from

cellulose nanofibrils and subsequently surface grafting it with a /
thermoresponsive polymer, poly(N-isopropylacrylamide). The behav-
ior of the membrane template was dependent on temperature. The gl lm
increment in slope of relative water permeance around the lower si¥5

critical solution temperature of poly(N-isopropylacrylamide) increased 6 ® A 0
from 18 to 100% upon polymer attachment. Although the membrane

template essentially consisted of wood-based materials, the benefits of w
smart synthetic polymers were achieved. =

KEYWORDS: cellulose nanofibrils, films, thermoresponsive polymers, surface modification, membranes, poly(N-isopropylacrylamide)

Water permeance

Temperature

D 1 embranes are selective barriers, which play an essential desired and purification of the product is easy as the macroscopic
role in numerous biological systems and in key industrial film can be cleansed with simple rinsing.
processes, such as water purification.’ In this realm, wood-based To demonstrate the viability of the approach, we have chosen

cellulose nanofibrils (CNF) are intriguing building blocks for to modify a CNF-PVA film (Figure 1b) with the popular
membrane materials:” aside from their renewable status with poly(N-isopropylacrylamide) (poly(NIPAM)), which under-
forests as an inexhaustible natural source, the native origin goes a temperature induced transition from hydrophilic to a
of CNFs amounts to large surface to volume ratio and hi%h more hydrophobic state at around 32 °C in water (Figure 1a)%’
hydrophilicity coupled with good film forming tendency.” and explore the film’s tunability in permeance, a fundamental
However, many high-performance applications cannot rely solely quality of membranes. The CNFs have been prepared by
on the inherent material properties and tunability with, e.g, oxidation mediated with 2,2,6,6-tetramethylpiperidine

smart polymers is often desired but unfortunately CNFs defy (TEMPO), which introduces a high number of carboxylic
facile chemical adjustments. The seminal difficulty with chemical

modification of CNFs lies in their hydrophilicity: water is their
natural medium and tedious solvent exchange procedures to
nonpolar solvents are required to enable the introduction of new
organic functionalities, while simultaneously retaining the high
surface area of CNFs in dispersion. In addition, the removal of
reagents and side-products can be challenging requiring e.g.
prolonged dialysis since nanoscaled materials prevent filtration
and other conventional purification procedures. Here, we have
omitted the dispersion-related challenges by first preparing a
water stable film of CNFs using poly(vinyl alcohol) (PVA) as

acid groups on the CNF surface.® Consequently, TEMPO—
CNFs not only possess vastly improved dispersion’ and film
forming properties,'® but the carboxylate groups can also be
used as precursors for further functionalization.'"”'” Amine
groups are more prone to react with esters than directly with
carboxylates to form amides.'” Hence, as shown in Figure Ic,
an intermediate esterification step was implemented to facilitate
the attachment of amine terminated poly(NIPAM) on the
membrane surface.

cross-linker’ and subsequently performing interfacial polymer Received: December 16, 2015
grafting directly onto the surface of the macroscopic film. By Accepted: January 26, 2016
following this approach surface-only modification is achieved as Published: January 26, 2016
ACS Publications  © 2016 American Chemical Society 2923 DOI: 10.1021/acsami.5b12300
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Figure 1. (a) Schematic illustration of thermoresponsive behavior of poly(NIPAM) chains grafted on CNF film surfaces in water around the LCST
of poly(NIPAM) (32 °C). (b) TEMPO—CNEF film enhanced with 10 wt % poly(vinyl alcohol) for improved wet strength and potential to function
as a membrane template. In the inset an AFM 1 ym X 1 ym topography image of the dry film surface is displayed. (c) Proposed chemical pathway
for poly(NIPAM) attachment onto the film surface. (d) Relative permeance of water through membranes plotted as a function of temperature for an
unmodified TEMPO—CNF—PVA film, an esterified film and a poly(NIPAM) modified film. Linear regression based on real data points (r* values
>0.992) was performed for temperature ranges 20—40 °C (blue) and for 40—60 °C (red). Dashed lines are linear extrapolations of the linear
regression lines. The relative permeance was normalized to permeance values at 20 °C. (e) 1 gm X 1 ym topographic AFM images with height scans
and corresponding root-mean-square roughness-values (R;) of an unmodified TEMPO—CNF~—PVA film, an esterified film and a poly(NIPAM)
modified film. The representative height scans underneath the topographic images are indicated with a white line in each image.

The thermoresponsive behavior of poly(NIPAM) function- At 2 bar pressure, TEMPO—CNF—PVA films had absolute
alized membrane templates was demonstrated by investigating permeances in the range from 60 to 180 L m™ h™" MPa™" (for
the permeance of water through the films at various temperatures. 20—60 °C), whereas esterified and poly(NIPAM) modified films

2924 DOI: 10.1021/acsami.5b12300
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showed significantly lower permeances ranging from 10 to
25 L m2h™' MPa~' and 10 to 45 L m™ h™" MPa™}, respec-
tively (see Figure S1). The differences in the permeance levels
could be caused by differences in the densities of the films
because of dehydration and lower affinity toward water. Sodium
carboxylate groups of TEMPO oxidized CNFs have a pK, value
of 4.8"* and hence have the tendency to be converted into their
acidic form (—COOH) at low pH, for example, during
esterification. This could lead to stronger interfibrillar bonding
and decrease the water uptake capability,'® causing lower
permeance. Similarly, ethanol used as reaction medium in the
esterification reaction step could cause further dehydration and
lead to stronger interfibrillar bonding within the film
structure.'® Together with the structural changes, for example,
different film densities, the changes in affinity toward water
have influence on membrane permeance behavior. For example,
Yu et al. showed that increased surface hydrophilicity increased
the water flux through the polyacrylamide grafted hydrophobic
polypropylene membranes especially at low grafting degrees.'”
In this work, all the membrane template materials showed
highly hydrophilic character giving the equilibrium water
contact angle values of ~30° whether modified or not (see
Figure S2). Therefore, it seems that structural changes, not the
differences in hydrophilicity and water affinity, are attributed to
the changes in permeance behavior of TEMPO CNE-PVA
membrane templates.

For analysis of the temperature dependency, the absolute
permeances were normalized to the permeance at 20 °C and
plotted against temperature (Figure 1d). Expectedly, the
permeances of all tested membranes grew as a function of
increasing temperature. This phenomenon is well-known and
reported in literature and typically explained by temperature
causing the permeate flux to increase through a reduction in
solvent viscosity and an increase in the solvent diffusion
coefficient.'®'® The relative permeance of unmodified and
esterified films increased at an almost constant slope, whereas
for poly(NIPAM) modified film the slope changed significantly
above 40 °C. We observed two regions exhibiting a steady,
linear increase of the relative permeance: between 20 and 40 °C
as well as between 40 and 60 °C. These two different regions
are present below and above the LCST of poly(NIPAM). The
slopes of relative permeance increased by 18, 28, and 100%
between these regions for unmodified TEMPO—CNF—PVA
films, esterified films and poly(NIPAM)-modified films,
respectively.

Attaching poly(NIPAM) on the membrane surface is known
as an effective method to manipulate the thermoresponsive
behavior of membranes through controllable gating mecha-
nisms*>*' and switchable wettability.”> We observed a change
in the slope of permeance increase above the LCST of
poly(NIPAM). Whereas the slopes of unmodified and esterified
films remained almost constant when going from low
temperature (below 40 °C) to elevated temperature (above
40 °C), for the poly(NIPAM) modified film the slope of
permeance increased by a factor of 2. At temperatures below
the LCST, the slope has a similar, yet slightly lower value
compared to unmodified and esterified films. This indicates that
below the LCST poly(NIPAM) might slightly obstruct the
movement of water through the film, perhaps due to bein§ in a
swollen state’ and creating a physical barrier for water.”’ At
elevated temperature, the permeance is augmented, which
indicates that the physical barrier is removed through
poly(NIPAM) taking its collapsed form.

2925

As seen from the AFM images in Figure le, the topography
of the TEMPO—CNF-PVA films in dry state is not significantly
altered upon the chemical modifications. A similar fibrillar
network with uniform fibril distribution and minor structural
irregularities at nanoscale is clearly visible at all stages of the
modification despite several washing and drying steps. In all
cases, the root-mean-square roughness values remained below
2 nm, as determined from 1 ym* AFM topographic images,
indicating that the film surface is very smooth. Attachment of
poly(NIPAM) on the film surface does not appear to affect the
roughness or morphology of the membrane templates.

The effect of different reaction conditions on poly(NIPAM)
modification was surveyed with XPS analysis (Table 1), which

Table 1. Elemental Concentrations of Oxygen (O 1s),
Carbon (C 1s), Sulfur (S 2p), and Nitrogen (N 1s) and
Surface Coverage (%) Values in Film Samples As Analyzed
by XPS“

elemental concentration

(at %)
surface
coverage
sample Ol1ls Cls S2p Nils (%)
TEMPO-CNF-PVA 37 62 00 00
esterified TEMPO—CNF—PVA 38 63 00 02
poly(NIPAM) modified film (RT, 36 64 02 03 1.8
ethanol)
poly(NIPAM) modified film (RT, 36 62 0S5 12 8.5
ethanol + water)
poly(NIPAM) modified film (50 °C, 37 62 00 03 2.0
ethanol)
poly(NIPAM) modified film (S0 °C, 38 61 02 06 4.0

ethanol + water)

“Surface coverage percentages are calculated from elemental
concentrations. Low-resolution XPS survey spectra of the samples
with high resolution spectra showing C 1s, N 1s, and S 2p regions are
presented in Figure S3.

gives an idea of the elemental composition at the utmost
sample surface. Significantly larger concentrations of nitrogen
and sulfur are present in films that were prepared in the
presence of water in addition to ethanol, possibly because of the
better cleavage of ethyl esters and their replacement with
poly(NIPAM) groups under water” (Figure 1c). Increasing
the reaction temperature to 50 °C leads to lower N and S
concentrations (Table 1). Here, poly(NIPAM) takes the coiled
conformation above its LCST,” probably leaving fewer terminal
amines available for the desired chemical reaction. In con-
sequence, the highest N and S concentrations are achieved
when the modification is performed in the presence of water at
room temperature. This is also attested by the calculated
surface coverage for poly(NIPAM) from XPS results (Table 1).

Bulk chemical characteristics of the film are shown in the
FT-IR spectra in Figure 2a. Carbonyl (C=O0) stretch at
1605 cm™" due to sodium carboxylate groups'® is clearly visible
in the spectra for unmodified films (with PVA). After
esterification, a new band appears at 1723 cm™, corresponding
to esterified celluronic carbonyls. It is evident that this band
originates mainly from the ethyl ester group, because coun-
terion exchange to sodium at pH 10 does not shift the band
from a possible overlapping protonated carboxyl (>1700 cm™")
to sodium carboxylate (at 1605 cm™), whereas saponification
at pH 13 cleaves the esters and shifts the band to sodium
carboxylate at 1605 cm™.>* Following the poly(NIPAM)

DOI: 10.1021/acsami.5b12300
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Figure 2. (a) FT-IR spectra of TEMPO—CNF—PVA film (black), esterified film (red), esterified film with counterion exchange (pH 10) (blue),
esterified film with saponification (pH 13) (pink), and poly(NIPAM) modified film (green); and (b) '*C NMR spectra of TEMPO—CNF—PVA film
(bottom), esterified film (middle), and poly(NIPAM) modified film (top) with peak assignment.

grafting, an amide stretch and an amine bend appear at 1650
and 1550 cm™, respectively.”®

Further information on the chemical composition was
collected with solid state NMR (Figure 2b). For the
unmodified TEMPO CNE-PVA film a typical “C NMR
spectrum of TEMPO oxidized CNF is observed”® with an
additional peak at 45 ppm due to the — CH, groups of PVA.”’
The peak corresponding to the sodium carboxyl moiety arising
from TEMPO oxidized CNF is observed at 175 ppm.” In the
spectrum of the esterified film, the new peak at 179 ppm is
attributed to C=0 of ester group. The two new sharp peaks at
23 and 42 ppm appearing in the spectrum of the poly(NIPAM)
modified film are attributed to the —CH and —CH; groups of
poly(NIPAM).”® The peak corresponding to the carboxyl
moiety remains visible throughout the modification, whereas
the signal corresponding to the ester group disappears after
poly(NIPAM) attachment.

Overall, chemical characterization performed by XPS, FT-IR,
and ®C NMR provides evidence for successful attachment of
poly(NIPAM) onto the film surface via the suggested chemical
pathway involving esterification of TEMPO oxidized CNF
followed by polymer grafting (Figure 1c). The modification was
far easier to perform directly on the cross-linked TEMPO—
CNF-PVA film where tedious solvent exchange steps,
inevitable with a CNF suspension, could be omitted. AFM, in
turn, revealed that the morphology and roughness of the films
remained unaltered throughout the chemical modification.
Although water permeance of films without poly(NIPAM)
increased with an almost constant slope as a function of
temperature, the slope for poly(NIPAM)-modified films
exhibited a 2-fold increase above the LCST of poly(NIPAM).
In conclusion, we were able to show the potential of the
tunable biobased membrane templates as real alternatives in
terms of performance and sustainability to various water
purification systems. These findings are highly relevant with
respect to the application areas such as membranes for
nanofiltration of, for example, micropollutants or multivalent
ions.
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Materials

Never dried bleached softwood pulp obtained from a pulp mill in Finland was 2,2,6,6-
tetramethylpiperidine (TEMPO) oxidized according to a procedure by Saito et al.' The charge of
the oxidized pulp, measured by a standard conductometric titration method (SCAN-CM 65:02,
2002), was found to be approximately 1.13 mmol g '. Oxidized pulp was fibrillated using a high
pressure fluidizer Microfluidics M-110EH-30 (Microfluidics Int., USA) equipped with two Z-type
chambers. The chambers had diameters of 400 pm and 100 um and the pulp was passed through the
fluidizer once at 1850 bar operating pressure. The final consistency of the TEMPO-CNF was
approximately 2 wt.-%. Poly(vinyl alcohol) (PVA) with degree of hydrolysis of 98 % (Mowiol 56-
98, My, 195 000 g/mol, DP 4300), amine-terminated poly(NIPAM) (M, 5500) and all other reagents
were purchased from Sigma-Aldrich. Ethanol (Aa grade, 99.5 % (w/v)) was purchased from Altia
Corporation (Rajaméki, Finland). Deionized water was further purified using a Milli-Q system
(Millipore Corporation, Molsheim, France, resistivity 18.2 MQ) and was used in all experiments

unless otherwise stated.

Preparation of nanocellulose films

A 5 wt.-% solution of PVA in water was prepared by dissolving PVA in water at 95 °C during 4
hours under constant stirring. TEMPO- CNF suspension and PVA solution were diluted to 0.3 wt.-
% and mixed together thoroughly in 9:1 weight ratio. This casting dope was degassed under
vacuum and cast onto poly(styrene) petri dishes with areas of approximately 5000 mm®. Petri dishes
filled with casting dope were left to dry at 23 °C and 50 % relative humidity for at least 5 days to

form TEMPO-CNF-PVA films.



Surface modification of nanocellulose films

Both sides of the TEMPO-CNF-PVA film were cleaned and activated using a UV/ozone cleaning
procedure’. The treatment was performed using a UV/ozone ProCleaner (Bioforce Nanosciences)
and the treatment time for each side was 10 min. The distance between the sample and the radiation

source was 2 cm.

Dry TEMPO-CNF-PVA films were subjected to esterification reaction and following poly(NIPAM)
attachment. Films were submerged in ethanol with a catalytic amount of concentrated H,SO4 (0.145
ml 98 % H,S04/100 ml ethanol) and the reaction was continued at room temperature under mild
stirring for 24 hours. Films were washed in three steps with ethanol and finally they were dried in

air and activated again using the UV/ozone cleaning protocol.

1 g of amine-terminated poly(NIPAM) was dissolved in 100 ml of ethanol or ethanol-water mixture
with 3:1 volume ratio at room temperature. Esterified films were submerged in the solution and the
reactions were continued for 24 hours in room temperature or at 50 °C. Films were washed in three

steps using ethanol to remove unreacted poly(NIPAM).

Water permeance of TEMPO-CNF-PVA films

The unmodified and modified TEMPO-CNF-PVA films’ permeance was determined in a Sterlitech
HP4750 dead-end stirred cell (Sterlitech, Kent, USA) with deionized water. Discs of nanopapers
with a diameter of 49 mm were cut, soaked in deionized water for at least three days to ensure
equilibration and placed on a sintered steel plate. Water was forced through the nanopapers using
nitrogen at a head pressure of 0.2 MPa. The water permeance for the active filtration area (1460
mm?) was obtained by measuring the volume permeated per unit area per unit time per unit pressure

(Lm*h ' MPa™).



To determine the temperature dependence of the water permeance for each film type, the permeance
was tested at various temperatures as shown in Figure S1. For this, the whole dead-end cell set-up
was placed in a water bath. The temperature of the water bath was controlled with a magnetic stirrer
connected to a temperature controller (RCT classic IKAMAG® safety control with VT-5 contact
thermometer, VWR, UK). Five different temperatures were set (20, 30, 40, 50, 60 °C) and the
permeance at each temperature was collected until it did not change more than one % per hour
(Figure S1). The resulting permeances for the various temperatures were normalized to the
permeance at 20 °C. For data points below and above 40 °C, respectively, a linear regression was

performed and the slope was determined.
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Figure S1. Permeance of water through membranes as a function of temperature for unmodified

TEMPO-CNF-PVA film (red), esterified film (blue) and poly(NIPAM) modified film (green).

Fourier transform infrared spectroscopy (FT-IR)

A Nicolet iS50 FT-IR spectrometer (ThermoScientific, USA) equipped with a built-in diamond

iS50 ATR was used to characterize the chemical structure of the modified films. The spectra were



1

scanned within the range of 350 to 4000 cm ' with a total of 32 scans with resolution 4 cm .

Esterified films were subjected to counterion exchange at (pH 10) and to saponification (pH 13)°.

Solid state nuclear magnetic resonance (°C NMR)

The "C cross polarization (CP) magic angle spinning (MAS) NMR measurements were performed
using an Agilent 600 NMR spectrometer with magnetic flux density of 14.1 T, equipped with a 3.2
mm triple-resonance MAS NMR probe operating at double resonance mode. Dry film samples were
cut into small pieces before packing them into MAS rotors. In all experiments the MAS rate was set
to 10 kHz. For all samples 30,000 transients were accumulated with a 3.0 s delay between
successive scans. Cross polarization contact time was 1.0 ms, and a 70 kHz proton decoupling
(spinal-64) was used. The chemical shifts were externally referenced via adamantane by setting the
low field signal to 38.48 ppm. Rf-field strengths for cross polarization and decoupling were
calibrated using a-glycine. All spectra were recorded at ambient temperature. Processing of the

spectra was carried out with Bruker TopSpin 3.5 software.

Contact angle

The sessile drop method was employed for determination of water contact angles with a video
camera based fully computer-controlled contact angle meter (CAM 200 from KSV Instruments
Ltd., Finland). The measurements were performed at room temperature using deionized Milli-Q
water. At least five separate measurements were performed for each sample at room temperature

and the measurements were performed within 15 minutes of the UV/Oj treatment”.
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Figure S2. Water contact angle values as a function of time for the unmodified TEMPO CNF-PVA

film (black curve), esterified film (blue curve) and poly(NIPAM) modified film (red curve).

Water contact angles presented in Figure S2 show that the surfaces of TEMPO CNF-PVA film,
esterified film and poly(NIPAM) modified film are very similar and clearly hydrophilic at room
temperature. Despite of the modification procedures, the equilibrium contact angles of the
membrane templates are ~30°. Fukuzumi et al.! reported water contact angle values of ~30 ° for

TEMPO oxidized CNF, which is in good accordance with the contact angle values of the TEMPO



CNF-PVA films. The addition of PVA (10 wt-%) did not appear to generate surfaces of higher
hydrophobicity although contact angles as high as 79° have been reported for pure PVA.’ The
contact angle of pristine poly(NIPAM) ranges from approximately 30° to 90° depending on the
temperature6. Here the poly(NIPAM) modified films display high hydrophilicity at room
temperature giving the static water contact angle values <30° which is a value well supported by the

literature.

X-ray photoelectron spectroscopy (XPS)

Analysis of the elemental composition on the surface of the film samples was studied using X-Ray
photoelectron spectroscopy (XPS). Measurements were performed with a Kratos Analytical AXIS
Ultra electron spectrometer with monochromatic A1 Ka irradiation at 100 W and effective charge
neutralization with slow thermal electrons. The experimental set-up including acquisition
parameters is reported in detail by Johansson et al.” Low resolution survey spectra and high
resolution elemental spectra of carbon (C 1s) and oxygen (O 1s) were collected from the film
samples at least from three different areas. The reported elemental concentrations are average
values. The XPS analysis area was 0.2 mm x 0.8 mm in this study and the analysis depth is less
than 10 nm. Ash-free 100 % cellulose filter paper was analyzed and used as a reference with each
measurement batch. The surface coverage values were calculated using nitrogen as the elemental
marker for poly(NIPAM). Based on the molecular formula of the repeating unit of poly(NIPAM),
the ratio of nitrogen to the total number of atoms in NIPAM visible in XPS (carbon, nitrogen,

oxygen) was assumed to be 1:8.

Figure S3 shows the survey spectra of the TEMPO-CNF-PVA film in unmodified, esterified and
poly(NIPAM) modified stage with high resolution spectra for nitrogen, sulfur and carbon. The low
resolution wide spectrum and high resolution spectrum for carbon revealed a typical spectrum of

TEMPO-CNF (black line)g. Wide spectrum for esterified film (blue line) does not reveal any

S-7



differences compared to the reference TEMPO-CNF-PVA film spectrum (black line). In the high-
resolution carbon signal the main feature is the “cellulose signature” with peaks for C-O, C-C and
0-C-O bonded carbons. Successful esterification can be seen as an increase in the carbonyl (O-
C=0) component in the high resolution spectrum after esterification’ (blue line). As suggested by
the presence of N 1 and S 2p peaks arising after poly(NIPAM) modification (red line), the

attachment of poly(NIPAM) has successfully occurred on the surface of the film.

pNIPAM-modified film
Esterified film
Unmodified film

O1s

T T T T T T T T 1T T T T T T T
294 201 288 285 282 412 408 404 400 396 392 180176 172 168 164 160 156

Figure S3. Low resolution XPS survey spectra (top) of unmodified film (black curve), esterified
film (blue curve) and poly(NIPAM) modified film (red curve) showing peaks due to emission of Na

Is, O 1s, N 1s, C Is and S 2p. Regional spectra (bottom) showing C 1s, N 1s and S 2p regions.

Atomic Force Microscopy (AFM)

Surface morphology and roughness of the films was studied by atomic force microscopy (AFM).
Imaging was carried out using Nanoscope Illa Multimode scanning probe (Digital Instruments Inc.,

Santa Barbara, CA, USA) in tapping mode. Dry films were imaged in air using aluminum coated

S-8



silicon cantilevers (Bruker Corporation, Billerica, MA, USA) with nominal resonance frequencies
of 70 kHz. Image processing was performed using Nanoscope Analysis (Version 1.40, Bruker,
Billerica, MA, USA). Root mean square roughness values (R,) were extracted from topographic 1
um % 1 ym AFM images. No other image processing other than flattening was performed. Three

areas of each sample were scanned and the average roughness values are reported in Figure le.
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Would it not be nice to have an organic solvent nanofiltration
membrane made from renewable resources that can be manufactured
as simply as producing paper? Here the production of nanofiltration
membranes made from nanocellulose by applying a papermaking
process is demonstrated. Manufacture of the nanopapers was enabled
by inducing flocculation of nanofibrils upon addition of trivalent ions.

Organic solvent nanofiltration (OSN) has found both widespread
scientific and industrial interest since its emergence at the beginning
of this century." OSN describes the process of separating molecules
or particles with a molecular weight (M) of some hundreds to
thousands of Da - ie. particles or molecules with nanometer
dimensions - from an organic solvent."* Applications such as
product purification and concentration, solvent exchange and
recycling as well as recovery of homogeneous catalysts have been
reported and compared favorably to classical methods, such as
distillation, due to the lower energy consumption and milder
conditions that chemical compounds experience during separation.”
However, the utilization of organic solvents in NF operations
still provides a significant challenge for the membranes from
the materials point of view, in particular due to the required
solvent-stability, which many traditional polymer membranes
lack.® Several different engineering and high performance
polymers have been tested for OSN membranes.> Typically,
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polymer membranes do require a mechanical support, which is
often made of polyamides, polysulfones or polyimides.® Besides
polymer membranes, ceramics’ or organic-inorganic hybrid
materials® have been explored. Unfortunately, all these materials
suffer from drawbacks; the production processes involve the use
of large quantities of solvents and chemicals as well as extensive
energy usage in the case of ceramics.” Thus, simple, clean and
fast production processes would be desirable to manufacture
solvent stable nanofiltration membranes.

In general, both everyday life and laboratory operations
depend on filtration processes that are performed using membranes
or cellulose filters. However, there are certain limitations when it
comes to the removal of small My, compounds using filter
papers. In recent years, nanofibrillated cellulose (NFC) has gained
significant attention due to its outstanding mechanical and
chemical properties,'® especially when used in composites."” NFC,
when used in the paper form, also known as nanopaper, possesses
outstanding mechanical properties, low thermal expansion
coefficients, high optical transparency and good gas barrier
properties.’®** These barrier properties have been exploited in
food packaging films.'® Nanopapers might offer potential for
applications in separation processes due to their inherent pore
dimensions in the nm range."? For example, the NFC paper was
explored as a separator in Li-ion batteries."”

Here we introduce solvent stable nanofiltration (NF) membranes
entirely made from nanocellulose. These membranes are produced
by a papermaking process that utilizes an aqueous suspension of
nanocellulose thus avoiding vast amounts of organic solvents that
are usually necessary for the production of conventional OSN
polymer membranes.” Manufacture of these nanopapers is enabled
by inducing flocculation of nanofibrils upon addition of multivalent
ions. This type of nanocellulose membrane represents a step
forward within this important domain and demonstrates the
utilization of a well-known material for an advanced application.

We discuss the use of nanopapers made entirely from
(2,2,6,6-tetramethylpiperidin-1-yl)oxy (TEMPO) oxidized NFC
(herein termed as NFC-O) with fibre diameters ranging from
5 to 30 nm (UPM-Kymmene Oyj, Helsinki, Finland) for NF

This journal is © The Royal Society of Chemistry 2014
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membranes. The production method of NFC-O is described in
detail elsewhere.'® It can be anticipated that these nanofibrils
can be densely compacted to form a framework structure with
pore-dimensions in the range of the diameter of the nanofibrils.
This concept has been mathematically proven by Zhang.'* To
demonstrate the possibility of controlling the pore size, and thus
the molecular weight cut-off (MWCO) and permeance of the nano-
cellulose membranes, we also used another NFC grade produced by
mechanical grinding (MKZA10-15] Supermasscolloider, Masuko
Sangyo Co., Kawaguchi, Japan) of never-dried bleached kraft birch
pulp as described by Lee et al.'* Herein, we call these fibrils NFCK,
which possess fibre diameters of 50 to 100 nm (more details about
the NFC grades can be found in the ESI{).

In general, for the production of paper, cellulose fibres are
suspended in water. This suspension is then filtered, the
resulting filter cake, i.e. the fibre mat, is pressed and water is
removed until the desired quality is achieved. As for usual
paper, the production of nanopapers started from an NFC in
water suspension with a consistency of 0.3 wt%. This suspension
was produced by blending (Breville VBL065-01, Oldham, UK) NFC
feedstock for 2 min, which had an original consistency of 2.5 wt%
and 1.8 wt%, respectively, for NFC-O and NFC-K. Nanopapers with
the desired grammage were produced by vacuum-filtration of NFC
suspensions containing a pre-determined amount of nano-cellulose
onto cellulose filter papers (VWR 413, 5-13 pm pore size, Lutter-
worth, UK). However, we observed that NFC-O passed through both
the filter paper and the supporting glass frit (Schott, porosity No. 1,
Mainz, Germany) due to its extremely small size. This effect was not
observed for the filtration of the larger diameter NFCK fibrils,
which was consistent with our previous observations.'* In order to
facilitate the filtration of NFC-O, flocculation of the fibrils by
changing the surface charge was required. Thus, we measured the
(-potential of NFC as function of pH in a 1 mM KCl electrolyte using
electrophoresis (Brookhaven ZetaPALS analyzer, Holtsville, USA). It
can be inferred from the { = f(pH) curve that it is impossible to
induce flocculation of NFC-O by changing the pH of the NFC-O
suspension, since the isoelectric point (iep), where { = 0, at which
significant flocculation would occur, is very low (Fig. 1, left). To
reach the iep, a pH of 1.5 (extrapolated) would be required, which
could possibly result in acid hydrolysis of NFC.>

The {-potential as a measure of surface charge is dependent
on the ionic strength, which is most effectively increased by
addition of multivalent ions. Therefore, we measured { as a
function of the salt (MgCl, and AICl;) concentration, from which
the point of zero charge (pzc) was determined (Fig. 1, right).
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At the pzc, the NFC-O fibrils have zero net surface charge and,
therefore, no electrostatic repulsion exists between NFC-O
fibrils, which causes the whole NFC-O suspension to form a
single gel. Multivalent cations specifically adsorb on negatively
charged NFC-O surfaces causing the (-potential to decrease by
effectively reducing the Debye length. Ultimately, the pzc was
reached upon adjusting the electrolyte concentration to 800 mM
for MgCl, and 1 mM for AICL;, respectively (Fig. 1, right), because
the ionic strength of the electrolyte increases exponentially with
increasing charge of the cations. To produce NFC-O filter cakes,
AICl; was added to achieve a concentration of 1 mM.

Wet NFC-O and -K filter cakes of 125 mm in diameter were
pressed between blotting papers (Whatman 3MM Chr, Kent,
UK) for 5 min under a weight of 10 kg to increase the NFC solid
content to 15 wt%. These filter cakes were then sandwiched
between blotting papers and metal plates for further hot
pressing at 120 °C for 1 h under a weight of 1 t to dry and
consolidate the filter cakes. The hot pressing also prevents the
shrinkage of nanopapers and increases the density of the sheets,
resulting in better mechanical properties of the papers.'® Nano-
papers with grammages between 10 and 70 ¢ m™> (gsm) were
produced from both types of nanocelluloses. The thickness of
these nanopapers was found to increase linearly with the
grammage (Fig. S1, ESIt). The nanopapers produced were used
as membranes directly.

Exemplarily, the permeance (P) of tetrahydrofuran (THF),
n-hexane and water through the nanopapers was measured in a
dead end cell (Sterlitech HP 4750, Kent, USA). The solvent was forced
through the nanopapers at 20 °C by nitrogen at a head pressure of
0.2 MPa and 1 MPa for nanopapers with grammages <20 gsm
and >20 gsm, respectively. The amount of solvent that passed
through the nanopaper for a given time interval was measured
gravimetrically and used to determine P [L m~> h™' MPa '].
For these measurements, discs of 49 mm in diameter were cut from
the nanopapers and placed in the dead end cell on a ceramic
support. In the beginning of the measurement, P decreased
significantly (Fig. S2, ESIf) caused by membrane compaction
due to the applied pressure.*!

The permeance of different solvents is exemplarily shown
for NFC-O nanopapers in Fig. 2(a). These measurements
showed that P of the tested solvents passed through nanopapers
increases in the following order: water < THF < n-hexane.
Thus, irrespective of the hydrophilic nature of nanocellulose and
the hydrophobicity of some of the solvents, P increases inversely
with increasing hydrophobicity of the solvent. It should be noted

3

° =T L et 1
................................... I T S o
_ TFTa i 2 =" a %\‘l
z . z a
£ N R R
H 4 £ :
£ g
2 . 2
) . R
. & » Ac,
40 . ot A Mgl
3 0 g 0 W 0 o g 0 o o0
PH @1 mMKCI [salt] (mM)
Fig.1 (-potential of NFC-O and -K in 1 mM KCl aqueous solution as a

function of pH (left) and of NFC-O as a function of MgCl, and AlCls

concentrations (right).

This journal is © The Royal Society of Chemistry 2014

P(Lh" m?MPa’)
P(Lh" m?MPa’)

0 10 20 % @ s & 1 o 10 2 % 4 0 e 7
grammage (gsm) grammage (gsm)

Fig. 2 Permeance P of different solvents for NFC-O (a) and NFC-K (b)
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that the calculation of P does not take into account the viscosity
of the solvent.

In addition to this, we also observed that P is dependent on
the grammage, and thus the thickness, of the nanopapers as
well as the diameter of the fibrils (Fig. 2). Using nanofibrils
with larger diameters (NFC-K) for membrane fabrication
resulted in nanopapers with larger pore dimensions as compared
to NFC-O, which, in conjunction with varying the grammage of the
nanopapers, allows the permeance to be controlled over a wide
range. Varying the aspect ratio of randomly packed high aspect
ratio cylinders hardly affects the porosity of a mat.** Since the
number of fibrils per unit mass within the same volume element is
higher for smaller fibrils, this results in a larger number of pores,
which are smaller in diameter due to the constant porosity
(around 35%).

The nanofiltration membrane performance is generally
quantified by the MWCO, which was determined by passing
standard polymer solutions of known concentrations through
the nanopapers. The amount of rejected polymer molecules
was quantified using gel permeation chromatography (GPC,
aqueous: Viscotek GPCmax VE2001, VE3580 RI detector, Malvern,
UK; organic: Waters 515 HPLC pump, Waters 2410 RI detector,
Milford, USA). The MWCO is defined as the molecular weight of a
molecule which is rejected by 90%.> Poly(ethylene glycol) (PEG)
dissolved in deionized water and polystyrene (PS) standards
dissolved in THF with molecular weights ranging from 1 to
13 kDa were used to determine the MWCO for NFC-O nanopapers
with a grammage of 65 gsm. The retention of PEG and PS
standards as a function of the My is shown in Fig. 3(a).

For PS and PEG, the MWCO values were found to be 3.2 kDa
and 6 kDa, corresponding to hydrodynamic radii of 1.6 nm**
and 2.4 nm,* respectively, which represent the pore size. Thus,
our nanopaper membranes have a MWCO at the upper end of
the NF range. In the case of NFC-K papers (Fig. 3(b)), the MWCO
of PEG was 25 kDa, which corresponds to a hydrodynamic radius of
5 nm (ref. 25) and for PS it was 40 kDa, which is equivalent to a
hydrodynamic radius of 5.5 nm.** This demonstrated that by
using differently sized cellulose nanofibrils, around 50 nm for
NFCK and down to 5 nm for NFC-O, it is possible to adjust the
pore dimensions of the resulting nanopapers, which is due to a
reduced pore size in the random packing of cylinders with smaller
diameters.

To summarize, we produced nanocellulose based nano-
filtration membranes by simply using a papermaking process.
These nanopapers are suitable for NF of organic solvents and
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water. It was observed that the permeance of nanopapers was
dependent on the hydrophilicity of the solvents and that P was
governed by the grammage of the nanopapers and the dimensions
of the nanofibrils. We also observed that the MWCO was determined
by the diameter of the nanofibrils, which affects the pore
dimensions of the nanopapers. It is thus possible to tailor the
membrane performance over a wide range of applications by
selecting nanofibrils with different diameters. In conclusion, we
can prepare, as simply as making paper, solvent-stable OSN
membranes from renewable resources. If it eventually becomes
possible to produce NFC with fibrils of evenly distributed
lengths, potentially even thinner active membrane layers with
smaller MWCO could be created, which would drastically
improve the performance of these types of NF membranes.
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University of Vienna for funding KYL. We thank Maria Schachner
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Materials:

Aluminium chloride hexahydrate (purity = 97%) was purchased from BDH (Poole, UK),
tetrahydrofuran (GPC grade) from Fisher Chemical (Loughborough, UK), n-hexane (HPLC grade) from
VWR (Leuven, B), PS-standards from Alfa Aesar (Heysham, UK) and PEG-standards from Polymer
Labs (Shropshire, UK).

Nanofibrillated cellulose (NFC-K) was produced by mechanical grinding of elemental chlorine free
(ECF) never-dried bleached birch kraft pulp (UPM-Kymmene Corporation, Pietarsaari, Finland) as
also described in Lee et al.'4. The carbohydrate composition of the pulp and the NFC produced from
were similar. The composition was 73% glucose, 26% xylose and 1% mannose.! The pulp
furthermore contained 0.2% residual lignin and 0.09% residual extractives.? The charge of the pulp
was approximately 0.04 mmol/g, which was determined using the standard titration method (SCAN
CM 65:02). The grinding process of the kraft pulp was conducted using a Masuko Mass Colloider
(MKZA10-15J) Supermasscolloider, Masuko Sangyo Co., Kawaguchi, Japan). The pulp was passed
through the grinder seven times and the final consistency of the aqueous gel-like NFC-K was
approximately 1.8 wt-%. NFC-K fibrils possess a fibrous structure with diameters of approximately
50-100 nm and lengths of several micrometres.!*

TEMPO-oxidized cellulose nanofibrils (NFC-O) with the trade name of UPM Biofibrils was supplied as
2.5 wt-% aqueous dispersion by UPM-Kymmene Corporation, Helsinki, Finland, for testing purposes.
Prior to mechanical disintegration, the never-dried bleached birch kraft pulp with the similar
chemical composition as above was TEMPO-oxidized as described elsewhere3*. The charge of the
oxidized pulp was 1.03 mmol/g determined by conductometric titration as reported by the supplier.
The fibril diameter distribution varied within 5-25 nm (55% of fibrils possess the diameter of 10-15
nm) as also reported by the supplier. In addition to this, the size of the fibrils was analysed using
Atomic Force Microscopy (AFM). AFM imaging was performed using a Nanoscope lla Multimode
scanning probe microscope (Digital Instruments Inc., Santa Barbara, CA, USA). The nanofibril samples
were prepared by spin coating a dilute NFC dispersion on a silica surface as described in Ahola et al.>
The images were scanned in tapping mode in air using silicon cantilevers (uUMasch, Tallinn, Estonia)
with nominal resonance frequencies of 320-360 kHz. No image processing except flattening was
made and at least 5 areas on each sample were characterised. The diameter of the fibrils analysed
using AFM gives a slightly higher average value of approximately 30 nm. This is due to the fact that
the actual width of the fibrils is lower as that gained by AFM due to the finite AFM tip dimensions
and curvature.

1P. Eronen, M. Osterberg, S. Heikkinen, M. Tenkanen and Laine J., Carbohydr. Polym. 2011, 86, 1281-1290.
2S. Asikainen, A. Fuhrmann and L. Robertsen, Nord. Pulp Pap. Res. J. 2010, 25, 269-276.

3WO Pat., WO 2012/168562 A1, 2012.

4R. P6nni, T. Padakkénen, M. Nuopponen, J. Pere and T. Vuorinen, Cellulose, 2014, under revision.

5S. Ahola, J. Salmi, L.-S. Johansson, J. Laine and M. Osterberg., Biomacromolecules, 2008, 9, 1273-1282.
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Fig. $3. AFM topography image with typical height profile (left) and fibril diameter-distribution provided by supplier (right) of NFC-O. The AFM image size is 2

Hm x 2 pm

%

60

50

40+

30+

20+

0
0

T
5

10 15 20 25nm



©
~
(o]
©
ol
N
o
o
\‘
©
ol
o
=~

ISBN 978-952-60-7856-4 (printed) 978-951-38-8619-6 (printed)

ISBN 978-952-60-7857-1 (pdf) 978-951-38-8618-9 (pdf)
ISSN-L 1799-4934 2242-119X

ISSN 1799-4934 (printed) 2242-119X (printed)
ISSN 1799-4942 (pdf) 2242-1203 (pdf)

Aalto University

School of Chemical Engineering
Department of Bioproducts and Biosystems
www.aalto.fi

BUSINESS +
ECONOMY

ART +
DESIGN +
ARCHITECTURE

SCIENCE +
TECHNOLOGY

CROSSOVER

DOCTORAL
DISSERTATIONS





