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Nomenclature 

Main abbreviations 

AFM   atomic force microscopy 

AdG  Alexander – de Gennes theory 

BSE  back scattered electrons 

CPM   colloidal probe microscopy 

CC, CP  constant charge, constant pressure 

DH  Debye – Hückel theory  

DMA  dynamical mechanical analysis 

DLVO Derjaguin, Landau, Verwey, and Overbeek. Theory of 
surface forces, which includes both van der Waals 
forces and electrostatic double layer forces between two 
charged surfaces in medium.  

DO degree of oxidation 

DP degree of polymerization 

DSC differential scanning calorimetry 

DL electrostatic double layer 

FWHM full width at half maximum 

GC-MS  gas-chromatography mass-spectrometry 

NMR   nuclear magnetic resonance 

PB  Poisson – Boltzmann  

PEB  polyelectrolyte brush 

TGA  thermogravimetric analysis 

SFA  surface force apparatus 

SE  secondary electrons 

SEM  scanning electron microscopy 

SEC   size exclusion chromatography 

SPR  surface plasmon resonance 
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QCM-D  quartz crystal microbalance with dissipation 

vdW  van der Waals 

XRD  x-ray diffraction 

Chemical compounds and sample abbreviations 

BC  bacterial cellulose 

BNC  bacterial nanocellulose 

Buf  in buffer solution 

C1, C2  carbon atom 1, carbon atom 2 in cellulose chain 

CNF   cellulose nanofibrils  

CNC  cellulose nanocrystals 

CNF+polymer  CNF and added polymer 

CNF/Polymer  CNF composite film with added polymer 

CMC  carboxymethylated cellulose 

CMC-g-PEG  carboxymethylated cellulose grafted with PEG 

GG   guar gum 

GGM   galactoglucomannan 

GGMPolyU galactoglucomannan oxidized to its polyuronic acid 
derivatives 

GGhyd  partially hydrolyzed GG 

GGhydHox   partially hydrolyzed guar gum oxidized with high 
oxidation  

GGhydMox   partially hydrolyzed guar gum oxidized with medium 
oxidation  

GGhydLox   partially hydrolyzed guar gum oxidized with low 
oxidation  

GG-g-PEG  oxidized guar gum grafted with PEG 

GO  galactose oxidase 

H2O  water 

NFC  nanofibrillated cellulose 



vii 
 

KGM  konjac glucomannan 

OGG-80 hydrolyzed GG with 80% oxidized galactosyls  

OGG-50 hydrolyzed GG with 80% oxidized galactosyls  

OH  hydroxyl group 

PEG   polyethylene glycol  

PEI  polyethylene imine 

WSP  water-soluble polysaccharide 

XG  xyloglucan 

TEMPO   2,2,6,6,-tetramethylpiperidine-1-oxyl radical  

TOCN  TEMPO-oxidized cellulose nanofibrils 

Most commonly used symbols and respective units 

a.u.  arbitrary units 

β  inverse thermal energy  [eV-1] 

c  concentration  [g L-1] 

D  separation   [nm] 

D   dissipation   [-] 

E´  storage modulus  [Pa] 

E´´  loss modulus   [Pa] 

εr  dielectric permittivity of medium [-] 

ε0  dielectric permittivity of vacuum [F m-1] 

F  force   [N] 

M  molarity   [mol dm-3] 

NA  Avogadro’s number  [mol-1] 

kB  Boltzmann constant  [J K-1] 

κ-1  Debye screening length  [nm] 

T  absolute temperature  [K] 

I  ionic strength   [mol dm-3] 

L  polymer brush length  [nm] 
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Mw  molecular weight  [Da] 

q  elementary charge  [C] 

Π  disjoining pressure  [N m-2] 

ρ(x)  charge density  [C m-3] 

ψ(x)  electrostatic potential  [mV] 

R  radius   [nm] 

Reff  effective radius  [nm] 

RH  relative humidity  [%] 

W  surface free energy per unit area [J m-2] 

σ  stress   [Pa] 

δ  phase shift   [rad] 

ρ  density   [g/L] 
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1 Introduction 

The increasing urge to replace petrol-based materials has aroused interest in 

biodegradable, environmentally friendly, and sustainable novel materials.  Natural 

materials, such as tooth, silk, enamel and wood exhibit remarkable combination of 

stiffness, low weight strength and toughness, all of which are rarely simultaneously 

achieved in manmade materials. (Benítez, Lossada et al. 2016) For example 

hemicelluloses can act as a softening material when combined with nanocellulose 

by creating a dissipating layer on top of the fibrils (Figure 1). 

 

Figure 1. Artistic vision of cellulose nanofibrils covered with dissipating layer of 

hemicellulose. AFM image on the left and overlaid a schematic drawing. Whether 

the hemicellulose forms patches or more evenly distributed coverage is presently 

unclear. 

In wood, hemicelluloses contribute to wood strength by close association with each 

other and cellulose (Bhatnagar, Sain 2005, Eronen, P., Österberg et al. 2011). 

Hemicelluloses cannot be digested by humans. Although they can be used as dietary 

fibers, they don’t compete with food production. As these materials have a lot of 

free hydroxyls, they are often soluble in water and hydrophilic (Mikkonen 2013).  

The aim of the thesis was to understand the relationships between macroscopic 

properties of cellulose-polysaccharide composite thin films and the fundamental 

surface interactions of the constituent materials. The work was started by 

optimizing the procedure for making strong and stiff free-standing thin films from 
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the base material cellulose nanofibrils CNF; in Paper I we developed an efficient 

way to produce CNF films that can be used as a generic environmentally sustainable 

platform for functional materials.   

However, films made only from CNF are fragile (Olszewska, Anna Maria 2013) 

and the films prepared in Paper I had elongation at break between 5% - 8%. The 

breaking fracture can be improved by addition of soft polymers such as 

polysaccharides. Free-standing films were then further developed by adding small 

amounts of various polysaccharides to mitigate crack propagation in the composite 

film. The polysaccharides were added as such and after enzymatic modifications 

that improve their interfacial binding properties (Papers II, III and V). In Paper II, 

purified GGM and GGM oxidized to its polyuronic (PolyU) acid derivatives was 

adsorbed on CNF model films and the accumulation of mass was observed by 

quartz crystal microbalance with dissipation (QCM-D). The amount of adsorbed 

GGMs as a function of GGM degree of oxidation (DO) was investigated; a low DO 

oxidized GGM showed the highest adsorbed amount in both water and salt solutions. 

High DO oxidized GGM could only be adequately adsorbed in salt solution. 

In Paper III we further developed the film preparation method from Paper I by 

adding modified and unmodified hemicelluloses to the films. Especially the wet 

strength of the films was enhanced.  

 

Finally, multilayer laminate films were made from above-mentioned composite 

films and epoxy resin (Paper IV). We built on the composites prepared in Paper III 

by using them as building blocks for layer-by-layer laminate films where epoxy 

resin was used as adhesive between the films. Significant improvements in 

mechanical- and thermal properties were achieved compared to unmodified CNF 

nanopapers. 

In Paper V the surface properties of CNF and CNF-hemicellulose films were 

investigated using QCM-D, atomic force microscopy (AFM) and colloidal probe 

microscopy (CPM).  The knowledge gained in this thesis will help to optimize the 

preparation of new environmentally friendly materials and gain understanding in 

the properties of CNF composites from nano- to macroscopic level. 
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2 Background 

2.1 Cellulose and other plant polysaccharides 

2.1.1 Cellulose 

Cellulose is the most abundant polymer on earth. As a renewable, ecological, strong, 

lightweight material it has aroused increased interest to replace petrol-based 

materials. In nature cellulose does not usually occur as such but together with other 

biopolymers such as lignin and hemicelluloses.  

Natural cellulose consists of glucose units attached by β-(1 -4) glycosidic bonds 

between carbon 1 and 4 (C1 and C4) of neighboring glucose units. The non-

reducing end contains alcoholic OH group at C4 position and the reducing end an 

aldehyde group at C1 position. The C2 and C3 positions also contain OH groups. 

The connected neighboring glucose units are rotated 180 degrees with respect to 

each other due to constraints imposed by the β-(1 -4) linkage. Native cellulose has 

a high molecular weight of about 1.5 million mol/g (Kraemer 1938, Gralén, 

Svedberg 1943).  

Cellulose crystallizes and forms several different crystal structures; the known 

polymorphs are designated as Iα, Iβ, II, IIII, IIIII, IVII ja IVI (Wada, Heux et al. 

2004). All known cellulose crystal structures have lattice constant of 10.3 – 10.4 Å 

along the crystallographic c-axis (Zugenmaier 2001) and the molecular bonds are 

van der Waals- and hydrogen bonds (Nishiyama, Langan et al. 2002). In birch wood 

the Iβ polymorph is the main form. The unit cell of cellulose Iβ is presented in 

Figure 2. 

 

The wood cell wall is built of several layers consisting of hemicellulose, cellulose 

and lignin. Hemicelluloses are discussed in detail in Chapter 2.1.7. Lignin is not 

discussed further in this thesis. These constituents begin to accumulate after the cell 

has stopped dividing. Cellulose, hemicellulose and lignin are created by 

precipitation from cell glucose intake via biochemical processes (Sjöström 1993). 

The dry weight of wood is composed 40 – 50 % of cellulose, 20 – 30 % of 

hemicellulose and 20 – 30 % of lignin (Sjöström 1993). Hemicellulose is composed 

of two or more kinds of sugar units, whereas cellulose is composed of a single kind 
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of sugar unit. Lignin is a completely amorphous material. A Schematic diagram of 

the hierarchical structure of wood is presented in Figure 3. 

 

Figure 2. Unit cell of Cellulose Iβ. Blue planes correspond to (200) and red planes 

correspond to (004) when using Miller indices (hkl). Figure is from the courtesy of 

Pirkkalainen, Kari (2011). 

 

Figure 3. The hierarchical structure of wood. Top part, from left to right, annual 

rings, a micrograph (spruce) into the parenchymatous tissue, and three-dimensional 

model of the cell wall. Bottom part, the packing of cellulose microfibrils.  

Cellulose polymers self-assemble into cellulose nanofibrils, where well-ordered 

and amorphous regions alternate. The amorphous regions make the fibrils flexible. 
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Due to strong hydrogen bonding the tensile strength of cellulose is good (Lee, 

Aitomäki et al. 2014), but solubility is poor due to amphiphilic nature of cellulose, 

which has both hydrogen and van der Waals (vdW) bonds (Lindman, Karlström et 

al. 2010). 

2.1.2 Nanocellulose 

There is common agreement that cellulose fibrils consist of levels of substructures 

ranging from microfibrils to nanofibrils down to sugar chains, where well-ordered 

and amorphous cellulose structures alternate. The amorphous and crystalline nature 

of cellulose has been debated a lot in recent years. Two different models are 

common; In the first model amorphous (less ordered) parts of the chains can be 

found mixed between crystalline regions along the fibril and the polymer chain in 

total can be classified as semi crystalline. The other model suggest that the fibrils 

are less ordered but have a crystalline core chain. This model better explains the 

preparation of CNC fibrils (Usov, Nyström et al. 2015). Usov et al. studied also 

chirality of nanocellulose and found out that fibrils have right hand sided chirality 

and therefore the random alternation of fibrils is less likely. However, not all fibrils 

have chirality. 

Nanocelluloses are cellulose structures (nanofibrils or nanocrystals) of few 

nanometers in width and from tens of nanometers to few micrometers in length. On 

the basis of fibril dimensions, preparation, source material, nanocellulose is often 

classified into three groups; cellulose nanofibrils (CNF), cellulose nanocrystals 

(CNC) and bacterial nanocellulose (BNC) (Kontturi, Laaksonen et al. 2018).  CNF 

and bacterial cellulose (BC) are described below. 

2.1.3 Cellulose nanofibrils 

Wood based CNF can be obtained by mechanical disintegration or chemical 

hydrolysis or a combination of these (Mondal 2017). The CNF discussed in this 

thesis was obtained by extensive fibrillation by high pressure homogenization of 

bleach birch pulp without chemical or enzymatic pretreatment (Pääkkö, Ankerfors 

et al. 2007, Henriksson, Henriksson et al. 2007), except for washing of the pulp to 

sodium form. Figure 4 shows an image of the typical hierarchical fibrillar structure 

of CNF.  
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Figure 4. Cryogenic Transmission electron microscopy image of cellulose 

nanofibrils. The hierarchical structure of the fibrils can be seen at this level. 

The stiffness of cellulose originates from its high crystallinity and the hydrogen 

bonding pattern between intermolecular parts. The Young’s modulus along the 

cellulose crystal chain axis has been reported to be around 120-170 GPa, with 

density of 1.6 g/cm3. However, the measured mechanical strength of various 

nanocellulosic materials is always lower than this, mostly depending on 

crystallinity, degree of polymerization, diameter, alignment and aspect ratio of 

crystallites, content of hemicellulose and lignin, and porosity and moisture content 

of the materials. (Benítez, Walther 2017, Dufresne 2017) The crystallinity of the 

CNF used in this thesis was around 60 ± 5 % (Paper I). This value is smaller than 

the crystallinity of BC (around 70-85 %) due to the presence of hemicelluloses (Lee, 

Tammelin et al. 2012). 

Other common ways to obtain CNF from natural cellulose are TEMPO-mediated 

oxidation (see section 2.1.5) and carboxymethylation (Wågberg, Decher et al. 2008).  

2.1.4 Bacterial cellulose 

Bacterial cellulose is produced by bacteria’s, mainly Acetobacter, Sarcina 

ventriculi and Agrobacterium, in the presence of glucose and oxygen and formation 

media for bacterial growth. The formation media contains carbon, nitrogen and 

https://en.wikipedia.org/wiki/Acetobacter
https://en.wikipedia.org/wiki/Sarcina_%28genus%29
https://en.wikipedia.org/wiki/Sarcina_%28genus%29
https://en.wikipedia.org/wiki/Agrobacterium
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nutrients; pH should be around 4-6, temperature optimal, and oxygen dissolved to 

the medium. Glucose and sucrose are the mostly used carbon sources.   Bacterial 

cellulose is pure compared to plant celluloses and has high crystallinity, up to 85% 

(Cheng, Catchmark et al. 2009). Bacterial cellulose has higher crystallinity due to 

the absence of hemicellulose and lignocelluloses and can be considered purer. (Lee, 

Tammelin et al. 2012) BC fibres are longer which makes composite films made 

from BC often stronger than the ones made from CNF. However, production of BC 

is the more expensive compared to other nanocelluloses. (Kontturi, Laaksonen et 

al. 2018) 

The first part of synthesis involves the formation of carbon compounds like hexoses, 

glycerol and dicarboxylic acids, which then depending on carbon source enter the 

Krebs cycle, gluconeogenesis and pentose phosphate cycle; ursine 

diphosphoglucose is formed, which is then polymerized to unbranched β1 glucose 

chains.   

2.1.5 TEMPO-CNF 

TEMPO (2,2,6,6,-tetramethylpiperidine-1-oxyl) mediated oxidation is also one 

way to produce CNF micro- and nanofibrils. TEMPO is used to catalyze the 

oxidation of cellulose hydroxymethyl groups. In their communication, Saito, 

Nishiyama et al. (2006) found a way to apply TEMPO mediated oxidation to 

disintegrate native cellulose into individual microfibrils by applying it to never-

dried cellulose instead of once-dried cellulose that is known to lose some of their 

reactive properties when dried. In their later study, Saito, Kimura et al. (2007) 

reported on their findings more thoroughly. Using TEMPO-meditated oxidation 

they made individualized cellulose nanofibers with a 3 – 4 nm in width and few 

microns in length, that were almost transparent in dispersions. The advantage of 

this method is that the original crystallinity of cellulose is maintained and thus 

crystallinities ranging from 65 – 95 % are obtained. 

CNFs made in this way are also called TOCNs (Tempo-oxidized cellulose 

nanofibrils). The procedure takes less energy than the other ways to produce CNF; 

less than 1 kWh/kg. (Kontturi, Laaksonen et al. 2018) 
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2.1.6 Cellulose nanocrystals 

Cellulose nanocrystals (CNCs) are prepared from pulp or other cellulosic sources 

by extensive acid hydrolysis where the amorphous parts of cellulose are removed. 

The remaining crystallites are short compared to cellulose nanofibrils; typical 

dimensions are 3-5 nm in with and a few hundred nanometers in length, and the 

dimensions can be tailored for different applications.  

CNCs are further modified e.g. via lipophilic groups which can reduce clustering 

as CNC’s often form chiral assemblies during drying (Kontturi, Laaksonen et al. 

2018). CNCs are often used as stabilizers, and other applications include 

composites materials, drug delivery and foams (George, Sabapathi 2015). 

2.1.7 Hemicelluloses and guar gum 

Hemicelluloses are the second most abundant plant polysaccharides on earth, after 

cellulose. Out of hemicelluloses, xylans and mannans are the most abundant 

polymers. In rough classification hemicelluloses can be divided into five groups, 

according to what kind of sugars they contain. D-mannoses form mannoses, D-

galactose galactans, D-xyloses xylans, L-arabinoses arabinans, D-glucose unit’s β-

glucans. All hemicelluloses can contain also other sugar units in the main chain or 

in the branches.  Hemicellulose branches often contain 1-2 monosaccharide units. 

Guar gum, which is discussed later, is not categorized as a hemicellulose, since the 

mannan is obtained from Cyamopsis tetragonoloba seeds and is not wood based. 

Mannans that are found in seeds and in Amarphphallus konjac, are considered plant 

gums according to their properties, but they have same chemical structure as the 

mannans found in hemicelluloses. 

Despite of their renewability and unique properties, hemicelluloses have been 

considerably less used compared to cellulose and starch, and after removal from 

pulp they are treated as waste and burned. They could be used e.g. as hydrogels, 

absorbents, coatings, and especially xylans and mannans have recently been studied 

for thin films materials (Farhat, Venditti et al. 2017).  Hemicelluloses cannot be 

digested by humans to gain energy, which is why they do not compete with food 

production. However, they are used for dietary purposes. Dietary fibers have many 

health effects, including lowering the risk for certain cancers and heart diseases. 
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(Spiller 2001). Due to their high water-binding capacity, mannans are also efficient 

thickening agents in the presence of water (Mikkonen, Parikka et al. 2014).   

In this study we used guar gum (GG) and the hemicelluloses spruce 

galactoglucomannan (GGM, Picea abies) and xyloglucan (XG). Natural 

galactomannans are non-ionic, but the hydroxyl groups can be modified to change 

the polymer to be anionic, cationic or amphoteric. Galactose side groups have one 

primary and three secondary OH-groups, substitute mannose groups have two 

secondary groups and one primary OH-group. 

2.1.7.1 Guar galactomannan or guar gum (GG) 
GG is obtained from the seeds of guar bean (Cyamopsis tetragonoloba). The Guar 

gum plant grows naturally in India at arid and semiarid regions, besides India, GG 

is also cultured in USA (Texas), Malawi, South Africa and Mexico (Mikkonen 

2013). GG consists of a linear backbone of (1→4)-linked β-D-mannopyranosyl 

units, and side chains of single α-D-galactosyl units attached to mannosyl C-6. Thus, 

the galactosyl content of GG is very high. The chemical structure of GG is 

illustrated in Figure 5. (Parikka, Lepp�nen et al. 2012) GG is soluble in water at 

25°C and a very effective thickening agent. 

In food industry GG has code E4121. GG is allowed in all food products, except the 

ones that are added in water while eating, some candies and small chalices. It is also 

used in baby foods and marmalades where the amounts are limited. Guar gum is 

widely used in food industry as a thickening or gelling agent in various industries 

in. i.e. yoghurt, cosmetics and textile industries.  

Eronen et al. studied the adsorption of various well defined polysaccharides onto 

CNF (Eronen, P., Österberg et al. 2011, Eronen, P., Junka et al. 2011) and found 

that mannans adsorb readily on cellulose.  Thus, the polysaccharides in the focus of 

this study will be galactose-containing mannans. In this study GG is used as such 

and as enzymatically modified.   

 
1 https://www.evira.fi/elintarvikkeet/tietoa elintarvikkeista/koostumus/elintarvikeparanteet/lisaaineet/e-
koodit/e412/ 

https://www.evira.fi/elintarvikkeet/tietoa%20elintarvikkeista/koostumus/elintarvikeparanteet/lisaaineet/e-koodit/e412/
https://www.evira.fi/elintarvikkeet/tietoa%20elintarvikkeista/koostumus/elintarvikeparanteet/lisaaineet/e-koodit/e412/
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Figure 5. Guar gum β-1, D-mannopyranosyl backbones with single D-

galactosylpyranosyl residues linked to mannose C-6 sites. Reprinted from Paper III, 

Reactive & Functional Materials, Vol 85 (2014), 167-174, with permission from 

Elsevier. 

2.1.7.2 Spruce galactoglucomannan (GGM) 
GGM is a hemicellulose found in higher plants −hardwoods contain about 20% of 

GGM and soft woods 2-5%. It can also be found in league seeds and many other 

plants (Timell 1967, Mikkonen 2013, Sjöström 1993).  GGM is widely used as a 

plasticizer and has been studied as a free-standing film material, e.g. together with 

cellulose, carboxymethylated cellulose (CMC), wood and bacterial nanocellulose, 

konjac glucomannan (KGM) polyvinyl alcohol and other polymers (Hartman, 

Albertsson et al. 2006a, Hartman, Albertsson et al. 2006b, Lucenius, Parikka et al. 

2014, Mikkonen, Yadav et al. 2008) 

Spruce galactoglucomannan (GGM, Picea abies) is a by-product of papermaking 

which can be recovered from the process water of mechanical pulp with a yield of 

5 kg/ton pulp and 95 % purity (Willför, S., Sjöholm et al. 2003). The structure varies 

depending on the plant source (Mikkonen, Parikka et al. 2013). Usually GGM 

consists of a linear backbone of (1→4)-linked β-D-mannopyranosyl and (1→6)-

linked β-D-glucopyranosyl units, and side chains of single α-D-galactosyl units 

attached to mannosyl C-6.  

Only the mannose units carry acetyl groups, in C2 and C3 positions. In average one 

out of three to four backbone units carry hexose units (Mikkonen, Parikka et al. 

2013, Willför, Stefan, Sundberg et al. 2008). GGM contains 10 % of galactosyl side 

chains. The molar mass of GGM is 20-60 kDa. GGM forms solutions having lower 

viscosity than the high molecular mass mannans (Xu 2008). GGM has been used in 
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this thesis in composites, free-standing films and model films for QCM-D and 

friction and force measurements. The structure is visualized in Figure 6. 

 

 

Figure 6. The structure of GGM. Reprinted from Paper III, Reactive & Functional 

Materials, Vol 85 (2014), 167-174, with permission from Elsevier. 

2.1.7.3 Xyloglucan (XG) 
XG is a hemicellulose found especially in primary cell walls of higher plants in 10-

20% concentrations but is also present in small amounts (2-5%) in grass and in 

Tamarin seeds (Tamarindus in dica). Most of XG is tightly bound to cellulose and 

uniformly distributed across the primary cell wall.  Xyloglucan chains are about 

0.15-1,5 µm long (Fry 1989). The structure of XG is shown in Figure 7. 

XG water solutions have been proven to be interesting for polysaccharide 

composites; XG, chitosan and rice starch blend resulted in good mechanical 

properties (Simi, Abraham 2010). Xyloglucan adsorbs on cellulose (Bodin, 

Ahrenstedt et al. 2007). XG conjugates can be used to form functional groups in 

cellulose materials and to be used as molecular anchors for other molecules. 

(Albersheim, Darvill et al. 2004, Eronen, P., Junka et al. 2011). The functional 

groups in xyloglucan work as food thickening agents, flame retardants, softeners or 

antimicrobial agents. XG has been used in this thesis for free-standing films 

(Mikkonen 2013).  

 

Figure 7. The structure of xyloglucan. Reprinted from Paper III, Reactive & 

Functional Materials, Vol 85 (2014), 167-174, with permission from Elsevier. 
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2.1.8 Carboxymethyl cellulose (CMC) 

The sodium salt of carboxymethyl cellulose is a cellulose derivative and it is known 

by several different names such as cellulose gum, cellulose glycolate and CMC. It 

is synthesized by introducing carboxymethyl groups to some of the hydroxyl groups 

in cellulose backbone (Thakur, Thakur 2015), which increases the water solubility 

of the molecule (Figure 8). It is more preferred than other derivatives due to its 

range of functional properties as thickening, binding and stabilizing agent. CMC is 

widely applied in textiles, pharmaceutics, cosmetics, paper making industry and 

artificial wool, and biomedical applications in tissue engineering and drug delivery. 

(Hollabaugh, Burt et al. 1945, Basta, El-Saied et al. 2016, Monier, Abdel-Latif et 

al. 2016) 

 

Figure 8. Structure of CMC. Reprinted from Paper III, Reactive & Functional 

Materials, Vol 85 (2014), 167-174, with permission from Elsevier. 

2.1.9 Polysaccharide adsorption on cellulose nanofibrils 

The structure of molecules in ultrathin films is often very different from bulk 

structure. The physical properties, e.g. freezing point, can be higher or lower 

depending if the interaction of the bulk molecules is cooperative or disruptive, 

molecular relaxation time may also be longer (Bhushan, Israelachvili et al. 1995).  

Nevertheless, ultrathin films facilitates systematic studies of adsorption and 

interactions to well defined substrates that can give us a better understanding of the 

interactions in the more complex bulk structures. Eronen, Junka et al. (2011) 

showed the adsorption of unmodified and modified GG on CNF surface. GG 

adsorbed well on CNF and formed a dissipating layer.  

Xyloglucan and GGM model films were compared by Eronen, Österberg et al. 

(2011) and the study showed that both adsorbed well on CNF. Their sample 

preparation- and characterization methods were comparable to ours in Papers II and 

V. They observed high dissipation values compared to cationic polymers, which 

tell that the films were viscoelastic in nature. Galactomannas also formed a soft and 
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elastic layer on CNF. The adsorption behavior observed using QCM-D of the 

different galactoglucomannans on CNF was quite similar, which tells that the 

polymer backbone determines the adsorption behavior and viscoelastic properties. 

The galactoglucomannas adsorbed irreversibly on the CNF surface. 

Also negatively charged CMC adsorbs to cellulose (Olszewska, Anna, Junka et al. 

2013), but the adsorption depends on the pH, at higher pH the layer swells more. 

Grafting of a polymer chain (polyethylene glycol, PEG) onto CMC did not 

significantly influence the adsorption of the molecule to CNF.  In their study 

Olszewska et al. correlated the layer properties with surface forces. (Olszewska, 

Anna, Junka et al. 2013, Olszewska, Anna, Valle-Delgado et al. 2013) Repulsive 

forces were observed over significantly longer distance than predicted by DLVO 

theory after the adsorption of CMC-g-PEG polymer onto CNF. Furthermore, the 

effect was more pronounced at high pH. The observed forces were explained by the 

pH dependency of the extension of adsorbed polymer chains due to deprotonation 

of carboxyl groups on CMC. 

2.2 CNF composites  

The nanocellulose composites can be roughly divided into three groups; composites 

with nanocellulose as major component, composites with nanocellulose as minor 

filler component and finally layered composites consisting of two or more layers of 

these materials. (Klemm, Kramer et al. 2011). The composite types are described 

in more detail below. 

2.2.1 Nanocellulose as minor component filler 

CNF has been successfully used as minor reinforcing component in polymer 

matrixes. In these composites CNF introduces new stress transfer mechanisms that 

significantly improve the mechanical properties of the composite; the incorporated 

filler relieves the load applied on the matrix due to hydrogen bonding bridges 

between the constituents. The aspect ratio of fibrils and crystallinity strongly affect 

the efficiency of the stress transfer; high nanocellulose aspect ratio is desirable 

mainly because the resulting high surface area increases the contact area between 

filler and matrix. This is beneficial for tensile strength and Young’s modulus of the 

composite, but tends to decrease the elongation at break (Ng, Sin et al. 2017, Klemm, 
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Kramer et al. 2011). High crystallinity increases the tensile strength of the material 

and adding CNF increases the overall crystallinity of the samples. 

In this thesis guar gum and other polysaccharides was used as a minor composite 

filler. Guar gum and CNF samples have also been prepared in other concentrations. 

Dai et al. prepared transparent films with layer-by-layer film casting method using 

cationic guar gum with 20 % added TEMPO-oxidized CNF (Dai, Long et al. 2017). 

The tensile strength of the composites was around 40 – 80 MPa and the composite 

films had good barrier properties, high water uptake and moisture content.  

Ghafar et al. prepared CNF-GG where GG was enzymatically oxidised using GO   

(Ghafar, Gurikov et al. 2017); strong aerogels were obtained with 20 % of added 

CNF. The aerogels were prepared with solvent exchange and freeze drying. The 

oxidation method is the same as used for guar gum in this thesis. 

Benefits of this approach are that hemicellulose-based films can be improved 

drastically without using much CNF and making CNF from plants often requires 

lot of energy. The prepared films however lack the mechanical properties of films 

with CNF as major component. The aerogel preparation requires many steps and is 

time consuming but could possibly be automatized in the future. 

2.2.2 Nanocellulose as major component matrix 

Nanocellulose as a major composite matrix are obtained when nanocellulose is 

mixed with small amount of other natural polymers (i.e. polysaccharides); in this 

case nanocellulose acts as strong and stiff matrix, while the soft component hinders 

crack propagation and increases ductility. In order to obtain materials where 

mechanical properties clearly exceed the individual properties of constituents, it is 

necessary to mimic the principles behind the strongest natural materials like wood, 

silk and bone; in these materials the interactions between the constituents are non-

ionic (i.e. van der Waals and hydrogen bonding). The soft filler also prevents the 

agglomeration of nanocellulose fibrils when the softener is mixed evenly between 

the fibrils. This is beneficial for tensile properties of the material. (Lucenius, 

Parikka et al. 2014, Benítez, Walther 2017, Svagan, Azizi Samir et al. 2007, 

Sehaqui, Zhou et al. 2011, Fratzl, Weinkamer 2007). 
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2.2.3 Layered composites 

Composites can be layered with other materials to form two- or multi-layer 

laminates in order to add or improve desired properties. For example, epoxy is a 

thermosetting and optically functional polymer with excellent barrier properties, 

easy processing and low cost; laminates of epoxy and bacterial nanocellulose have 

been shown to increase the mechanical properties and still retain the transparency 

required for the intended application such as optical device and flexible displays. 

(Yano, Sugiyama et al. 2005)  

2.2.4 CNF composites processing and challenges 

Due to its superior mechanical properties, CNF is more likely to be used in large 

scale industrial applications and in load bearing composites than cellulose 

nanocrystals. Its properties are comparable to industrial glass fibers, but with higher 

tensile strength and elastic modulus.  

Mechanical disintegration of cellulose into CNF takes a lot of energy.  The energy 

required can be reduced using TEMPO-oxidation of cellulose, which can be also 

considered thoroughly green chemistry. TEMPO-CNF is also valid material for film 

making, composites, and for further modification. Acetic hydrolysis can also be 

used to prepare CNF, but the byproduct acids must be neutralized prior to disposing 

them to waste water and released to environment.  

Water resistance of CNF composites still needs improvement. Without 

modification CNF films, laminates and inorganic hybrids suffer from moisture 

sensitivity. To overcome this, CNF has been hydrophobized prior to preparing films, 

but this usually leads to weaker films due to disruption of the hydrogen bonding 

(Österberg, Peresin et al. 2013). One way to avoid this is to modify the CNF surface 

hydroxyl groups after film forming so that the surface becomes more hydrophobic. 

In this way the strong hydrogen bond network between fibrils is retained. Surface 

modification strategies can rely on also physical adsorption, covalent bond or 

electrostatic interactions (Ansari, Berglund 2018) 

CNF gels usually contain only small amount of CNF 0,5-2% and lot of water to 

prevent aggregation, thus making the transfer and storing of the material difficult 

and energy consuming in large quantities. If the CNF fibrils aggregate, their 

superior properties like high surface contact area and good mechanical properties 
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are lost. Sophisticated drying methods can be used to dry the CNF to aerogel, which 

is lighter to transfer and can have interesting applications as such (Ansari, Berglund 

2018, Ghafar, Gurikov et al. 2017).  

Scalable processing methods are needed, for both CNF films and composites. 

Solution casting has been one of the most common ways to prepare composites for 

lab scale studies due to its simplicity, but the process is slow and does not necessary 

lead to the best mechanical properties, inhibiting its application in industrial scale. 

Film stacking is one of the other common ways to prepare composites using 

thermoplastic matrices; a polymer phase is introduced between nanopapers 

(Oksman, Aitomäki et al. 2016). The process is described as easy and leads to a 

layered structure that has improved mechanical properties However, the process 

leads to composited where the interaction between the matrix and the reinforcing 

filler interaction is not optimal due to limited filling of the pores in the nanopaper. 

Also, upscaling for industrial scale needs still processing. 

In order to attain biomimetic composites, there are at least couple of options. One 

alternative could be thermoset CNF’s, which can further improve mechanical 

properties (Kontturi, Laaksonen et al. 2018). Bioinspired functionally graded 

materials (FGMs) could be another way to prepare composites with mechanical 

properties similar to natural systems. These are heterogeneous composites where 

the mechanical properties, e.g. elastic moduli, have been locally tuned in different 

regions to inhibit fracture propagation (Oksman, Aitomäki et al. 2016).  

More flexibility is however also needed from the composite to successfully replace 

plastics. The ductility of the CNF based composites needs to be further improved, 

and the obtained properties of the materials are still far from the predicted ones 

(Kontturi, Laaksonen et al. 2018). 

2.3 Surface and friction forces  

Intermolecular and surface interactions play a crucial role in the preparation and 

properties of CNF-polysaccharide composites. This section contains a brief 

description of fundamental concepts and theories related to interfacial forces. 

Interfacial forces can be measured directly with a surface force apparatus (SFA) or 
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an atomic force microscope (AFM) using the colloidal probe technique (CPM, 

colloidal probe microscopy). (Israelachvili 2011, Ducker, Senden et al. 1991) 

In theories concerning surface forces between bodies, interactions are usually 

calculated and presented in plate-to-plate geometry between two ideal infinite 

surfaces; this approach simplifies calculations. However, experimental 

determination of the forces is often done in cylinder-to-cylinder (SFA), plate-to-

sphere (CPM) or sphere-to-sphere geometries. The equations can be transformed 

between these geometries using the Derjaguin approximation; the force F in curved 

geometry is related to the surface free energy per unit area W in planar geometry as 

(1)  𝐹(𝐷) = 2𝜋𝑅eff𝑊(𝐷) = 2𝜋𝑅eff ∫ Π(𝐷′)𝑑𝐷′∞

𝐷
, 

where П is the disjoining pressure in planar geometry, and D is the normal 

separation between the bodies, Reff = R1×R2 / (R1+R2) is an effective radius which 

depends on the geometry of the bodies; for plate-sphere case, the plate radius is 

assumed infinite and the Reff is equal to the sphere radius. Derjaguin approximation 

is valid in cases where the normal separation of the bodies is much smaller than the 

curvatures of the involved bodies. (Israelachvili 2011) 

2.3.1 DLVO theory 

DLVO theory is named after Derjaguin, Landau and Verwey and Overbeek 

(Derjaguin, Landau 1941, Verwey, Overbeek 1948). The theory states that the 

interplay between Electrostatic double layer- (DL) and van der Waals (vdW) forces 

explains the behavior of two charged surfaces in liquid medium. However, it 

doesn’t consider all the effects in biological systems; nevertheless, it gives a good 

starting point for the interpretation of system interactions, which can be 

complemented by adding other type of forces not considered by the theory.   

Van der Waals forces arise from polarization of molecules. Electron clouds 

fluctuate around the atoms or molecules creating permanent and temporary dipoles. 

The dipoles change orientation in space creating a fluctuating force. VdW 

interaction between atoms and molecules is rather weak and short ranged but 

always present, since all materials are polarizable. It is one of the most important 

interactions to consider in biological systems. (Israelachvili 2011) 



18 
 

The vdW forces decay with increasing distance D; for atoms and molecules the 

interaction decays as 1/D7 and for macroscopic parallel plate and sphere as 1/D2. 

(Israelachvili 2011) The Hamaker method can be used to derive van der Waals 

forces between macroscopic bodies (Hamaker 1937); it is assumed that the 

interactions in the material consist of additive atomic pair-potentials which can be 

integrated to obtain the two-body potential for an atom near the surface for various 

geometries. However, the assumption of pairwise additivity ignores the influence 

of neighboring atoms, which in the case of condensed media is significant.  Lifshitz 

theory gives a more rigorous treatment and is thus more commonly used 

(Israelachvili 2011); here the atomic structure is ignored and material is treated as 

continuous media with bulk properties such as dielectric constants and refractive 

indices. The experimentally determined dielectric properties of the media as a 

function of electromagnetic radiation frequency can be used to calculate the 

Hamaker constant, which sets the scale of vdW forces.  

For macroscopic bodies the Hamaker constant can be defined as a material property; 

for cellulose, values between (3-8)× 10−21  have been suggested for the Hamaker 

constant in aqueous solutions (Bergström, Stemme et al. 1999, Notley, Pettersson 

et al. 2004, Holmberg, Berg et al. 1997). 

Electrostatic double layer forces (DL) are the other contributor to DLVO theory and 

they are present between charged surfaces in liquid. The surface charge can arise 

from dissociation of surface groups, desorption of lattice ions or adsorption of 

charged species (Israelachvili 2011). 

A DL forms when a charged surface is immersed in fluid. The first layer is the 

surface charge which consists of dissociated groups or ions adsorbed onto the 

surface, and the second layer consists of counter-ions attracted to the surface. The 

surface charge is balanced by the oppositely charged counter ions and the whole 

system drives toward electro neutrality. A schematic picture of a simple situation 

with negatively charged surfaces is presented in Figure 9. Close to the charged 

surface the counterions are very strongly bound and immobile, this layer is called 

the Stern layer (Israelachvili 2011). Further from the surface a diffusive layer region 

of mobile ions loosely associated with the surface is found.  
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Figure 9. Concentration distribution of oppositely charged counter ions ρ and 

electrostatic potential ψ. Figure adapted from Israelachvili (2011). 

When two charged surfaces approach each other, their corresponding double layers 

overlap, and double layer force arises because of osmotic pressure generated by 

accumulation of ions. If the surfaces have same charge, the force will be repulsive. 

If the surfaces have opposite charge, the double layer force will be attractive.  

The double layer force is often calculated using the Poisson-Boltzmann (PB) model. 

The ion concentrations between the charged surfaces are assumed to follow a 

Boltzmann distribution; the ion charge density as a function of separation x from 

the mid-plane is 

(2)  𝜌(𝑥) = 𝑞 ∑ 𝑧𝑖𝑐𝑖𝑒
−𝑞𝑧𝑖𝛽𝜓(𝑥)

𝑖 , 

where ci is the concentration and zi is the charge expressed in units of elementary 

charge q, of ion species i in an electrolyte solution, and β is the inverse thermal 

energy (kBT)-1, where kB is the Boltzmann constant and T is absolute temperature.  

The electrostatic potential ψ(x) between the plates is described using the PB 

differential equation (Trefalt, Szilagyi et al. 2013, Ninham, Parsegian 1971) 

(3)  
𝑑2𝜓(𝑥)

𝑑𝑥2
= −

𝜌(𝑥)

ɛ𝑟ɛ0
,  

where εr is the (relative) dielectric permittivity of the medium and ε0 is the dielectric 

permittivity in vacuum. The PB equation can be solved by assuming either constant 

charge (CC) or constant potential (CP) boundary conditions that give limiting upper 
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and lower bounds for interaction at low separations; however, upon approach the 

surfaces regulate their charge and the actual behavior is somewhere between the 

limiting cases. In principle it is possible to take this into account, but this would 

require detailed description of adsorption equilibrium of all ions in the system. 

However, it is possible to approximate the regulation effect by applying constant 

regulation (CR) boundary condition that assumes a constant inner layer capacitance 

and is often parametrized with a regulation constant p that has a value between 0 

(CP) and 1 (CC). (Trefalt, Szilagyi et al. 2013, Ninham, Parsegian 1971) 

The PB equation can be solved analytically in various special cases and 

approximations. In the case of low surface potentials, the PB differential equation 

can be linearized to obtain the Debye-Hückel (DH) theory. According to DH theory 

and Derjaguin approximation, the normalized force acting between a flat surface 

and a sphere can be given by exponential dependence on the separation as (Trefalt, 

Szilagyi et al. 2013) 

(4)  𝐹(𝐷)

𝑅
= 4𝜋휀𝑟휀0𝜅𝜓1𝜓2𝑒−𝜅𝐷, 

where ψ1 and ψ2 are the surface potentials of the plate and sphere respectively, and 

κ-1 is the decay length known as Debye screening length defined as 

(5)  𝜅−1 = √
ɛ𝑟ɛ0𝑘𝐵𝑇

2𝑞2𝑁𝐴𝐼
, 

where NA is Avogadro’s number and ionic strength is defined as 𝐼 =
1

2
∑ 𝑧𝑖

2 𝑐𝑖𝑖 .  

The general solution to PB equation under CP and CC boundary conditions can be 

obtained using the method described by Ninham and Parsegian (1971). 

2.3.2 Non-DLVO forces 

The van der Waals and double layer forces are based on continuum theories where 

the interaction is calculated based on bulk properties such as density, dielectric 

constant and refractive index. When the surfaces or particles are in close contact, 

also the individual properties, such as size, shape and chemistry, of the molecules 

involved start to play a role; these are often termed non-DLVO forces in literature 

and the most common of these are hydration forces, hydrophobic forces and steric 

forces. At small separations these forces can be much stronger than the DLVO 
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forces and they can be either repulsive, attractive or oscillatory. (Liang, Hilal et al. 

2007, Israelachvili 2011) 

2.3.2.1 Solvation and hydration forces 
Liquid structure close to an interface is usually different from bulk structure; for 

many liquids the profile differs to several molecular diameters. When two surfaces 

approach each other, and come close to contact, other smaller molecules in the 

liquid are pushed out of the closing gap. The attractive interactions between the 

surfaces and the liquid, and on the other hand the constraint posed by the 

approaching surfaces on the liquid molecules, result in a controversial interaction 

known as solvation force. If the solvent is water, the interaction is called hydration 

force. 

The hydration force is of short range and decays exponentially as a function of 

distance between the surfaces D as 

(6)  𝐹(𝐷) = 𝐾𝑒−
𝐷

𝑙 , 

where l is correlation length of water molecule orientational order and the multiplier 

K > 0 relates to hydrophilic repulsion force and K < 0 to hydrophobic attraction 

force.  

The physical mechanisms of hydration forces are connected to the energy required 

to dehydrate the surfaces, that is, to remove the hydration layers around the surfaces 

formed either by hydrogen bonds between water molecules and surface groups or 

by the adsorption of hydrated counterions. (Liang, Hilal et al. 2007, Israelachvili 

2011) 

2.3.2.2 Hydrophobic forces 
Molecules that cannot participate in hydrogen bonding’s have a local ordering of 

water molecules around them; this leads to local decrease in entropy, increasing the 

free energy. When hydrophobic molecules are brought closer to each other, the 

ordering is perturbed, thus resulting in an attractive hydrophobic interaction with a 

magnitude of roughly 10-20 J. (Jones 2002) The effect can also be seen for 

hydrophobic surfaces in water. Water molecules confined in small space cannot 

form cluster bigger than certain size, which results in an increase of the free energy 

of water compared to bulk material where hydrogen bonds can be formed freely. 
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The hydrophobic forces are long ranged, decaying exponentially with a decay 

length of 1 to 2 nm in separations between 0 to 10 nm, and more gradually further 

out. The forces can be stronger than predicted from mere van der Waals interaction, 

especially for hydrocarbon surfaces with small Hamaker constant. (Liang, Hilal et 

al. 2007, Israelachvili 2011)  

 

Conclusive theory on hydrophobic forces which applies well both to simulations 

and experimental results is missing. Many phenomena can be held as manifestations 

of the importance of hydrophobic forces; low solubility of hydrophobic solutes, 

contact angle phenomena, micelle formation, and protein folding (Leckband, 

Israelachvili 2001). Nano-bubbles on silica surface cause long range stepwise 

attractive forces.  Bridging can occur due capillary forces between the bubbles 

(Meyer, Rosenberg et al. 2006). The main methods to investigate hydrophobic 

forces are CPM, SFA and computational simulations. 

2.3.2.3 Depletion forces 
Depletion force is a small attractive force between the surfaces caused by the non- 

interacting polymers in the solution that are not adsorbed on the surface.  When the 

distance between the surfaces is smaller than the radius of gyration of the polymers 

in solution, the polymers are pressed away from the depletion zone into the outer 

region which causes an attractive force between the surfaces due to osmotic 

pressure. (Israelachvili 2011) 

The attraction can be described by Asakura–Oosawa theory and has a maximum 

range of about 5 nm, which is a typical diameter of a protein (Marenduzzo, Finan 

et al. 2006). The magnitude of the attraction is of the order of unity in units of 

thermodynamic temperature, which is comparable to the energy of one hydrogen 

bond in a protein and is larger if particles are aggregated and smaller if surface 

irregularities limit the close contact of the particles. 

Larger particles generate larger overlap volumes and are more likely to aggregate 

than smaller ones. Rods create large overlap volumes if aligned. Folding a tube 

creates a large overlap volume as well. Depletion force between particles attached 

to a string can cause looping of the string (e.g. polymer chain), which would 

normally not be entropically favorable. Strings can also aggregate together partly 
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or align and aggregate perfectly, as may be the case when bringing together surfaces 

with grafted end-grafted polymer brushes. (Lekkerkerker, Tuinier 2011) 

2.3.2.4 Forces in the presence of polymers 
On surfaces covered with polymers the overlapping of the polymer chains results 

in repulsive entropic forces known as steric or overlap repulsion; this unfavourable 

entropy associated with compressing or confining polymer chains between the 

surfaces has an important role in many industrial processes related to colloidal 

particles e.g. paint industry and food technology. (Scheutjens, Fleer 1985, 

Israelachvili 2011)  

In cases when adsorbed amount of polymer is low, bridging can occur. A polymer 

on a surface may contain a ligand group at its free end or functional groups along 

its chain that can bind to nearby structures through chemisorption or physisorption; 

after initial binding the two surfaces are pulled further together leading to bridging 

attraction. However, polymers do not need to bind to physically to surfaces. 

Especially in the case of polyelectrolytes bound to oppositely charged surfaces it is 

enough that the polymer comes close to the other particle or surface. 

At high polymer concentrations the colloidal particles are fully covered, and the 

polymer layer forms a steric barrier against flocculation. (Scheutjens, Fleer 1985, 

Leckband, Israelachvili 2001) 

Steric effects can be used to stabilise dispersions: colloidal particles that would 

normally aggregate might be stabilized by adding polymer to the medium, leading 

to steric stabilization. So far, comprehensive theory on steric forces has not been 

written. The steric force depends on coverage, concentration and charge of the 

polymer on the surface, and if the polymer is desorbed or adsorbed on the surface, 

and the quality of the solvent. 

For theta solvents and poor solvents there are some theories available in the case of 

high and low polymer coverage. For poor coverage with no overlap, the repulsive 

force is exponential. Low coverage can also lead to bridging attraction. For high 

coverage of neutrally charged polymers grafted from the end on the surface, where 

two brushes come in contact to each other, the force can be described by Alexander–

de Gennes (AdG) theory (Liang, Hilal et al. 2007). The disjoining force between 

two polymer grafted planar surfaces can be calculated by AdG equation 
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(7)  ∏ =
𝑘𝑇

𝑠3 [((
2𝐿

𝐷
)

9

4
− (

𝐷

2𝐿
)

3

4
)] , 𝐷 < 2𝐿 

where the normal separation is D, the detected polymer interaction brush length is 

L, k is Boltzmann constant, T is the temperature, and s is the mean distance of the 

grafted polymer attachment points. The first term arises from the osmotic repulsion 

between the coils which favors their stretching, and the second term is due to the 

elastic energy of the chains which opposes stretching. The theory assumes that the 

polymer is completely soluble in the chosen solvent and the surfaces are well 

covered with the polymer. The interactions between polyelectrolyte brushes can be 

described by the theory of Pincus (1991). 

  

Interactions between surfaces grafted with charged polymers (i.e. polyelectrolyte 

brushes) are longer ranged than interactions between neutral brushes; the 

polyelectrolyte brushes repel each other beyond contact, viz. two times the brush 

length L. This long-range repulsion can be attributed to the mixing entropy of 

counterions between the surfaces, and the disjoining pressure scales as D-1. After 

the polyelectrolyte brushes are in contact and the brushes are compressed (D ≈ L), 

the interaction is again repulsive and can be attributed to counterion osmotic 

pressure, which scales as D-2. The exact details of the interaction depend on the 

brush properties, e.g. grafting density and charge of grafter polymers, and 

electrolytic properties of medium. 

In Paper V the polyelectrolyte brush model was used to describe the observed forces. 

The model assumes strong screening of forces due to added electrolytes. The brush 

force model consists of separate short and intermediate ranged interactions and the 

equations are transformed to plane-sphere geometry via the Derjaguin 

approximation: 

(8)  𝐹(𝐷)

𝑅
= 4𝜋𝑘𝑇 (

𝑑2

𝑁𝑓
)

−1

ln (
2𝐿

𝐷
) ;  for 𝐷 < 2𝐿,   

(9)  𝐹(𝐷)

𝑅
=

𝜋𝑘𝑇

𝐶buf𝑁𝐴
(

𝑑2

𝑓𝑁
)

−2

(
1

𝐷
−

1

𝐷∗) ;  for 2𝐿 ≤ 𝐷 ≤ 𝐷∗,   

where L is the measure of thickness of the brush layer for fully extended chains 

(brush length), 𝑑2

𝑁𝑓
 is area per charge of the brushed surfaces, 𝑐buf  is the 

concentration of the buffer, NA is the Avogadro’s constant and kBT is the thermal 
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energy. The intermediate repulsion cut-off separation is D*. The model in this form 

was originally described by Österberg, Laine et al. (2001). 

2.3.3 Friction and lubrication 

Friction forces were first studied by Leonardo da Vinci (1452-1519), but his 

notebooks were not published at the time. Guillaume Amontons re-discovered the 

forces in 1699, when he studied friction in machines (Wisniak 2005). In Amontons 

law friction depends on the load applied on the surface 

 (10)  Ff = µL 

Where Ff  is the friction force, µ is the friction coefficient and L is the applied load. 

However, nowadays it is known that the law is not valid in broader ranges of load 

or sliding velocities (Yoshizawa, Chen et al. 1993, Schwarz, Bluhm et al. 1996). 

For smooth surfaces the friction forces also depend on adhesion 

(11)  Ff = µ(L +Ladh) 

Where Ladh is the adhesion i.e. the tendency of dissimilar particles to attach. 

Van der Waals forces can also cause secondary attraction force, causing adhesion. 

Even in complex force functions friction and adhesion are closely related (Bhushan, 

Israelachvili et al. 1995). 

The friction force is related to the real contact area and, therefore, is affected by the 

roughness of the sliding surfaces. All surfaces are rough and are covered with 

asperities (Greenwood 2013). In order to know the true contact area of the surfaces, 

deformation should be considered.   

Over certain critical value of applied load, depending on the properties of the 

surface, the sliding probe may cause wear of the surfaces. In fatigue wear the 

material fails due to mechanical stress; with adhesive material, part of the surface 

could be lost and transferred elsewhere.  

2.3.3.1 Lubrication 
Lubrication can be defined as reduction of friction and wear between two sliding 

surfaces. It is usually achieved by introducing lubricant molecules or films between 

them. Lubrication regimes are defined by the thickness of the lubricant layer; three 

regimes are presented below: 
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◦ Hydrodynamic lubrication or elasto-hydrodynamic lubrication. In 

this lubrication type surfaces are separated by fluid or film.  

◦ Mixed lubrication. In this lubrication regime surfaces are partly in 

contact and partly separated 

◦ Boundary lubrication. In this lubrication regime the surfaces come 

into contact and the surface asperities carry the load. 

The Stribeck Curve (Figure 10) shows how friction coefficient relates to the bearing 

number of the surface. The friction coefficient µ is shown in the vertical axis; in the 

horizontal axis is the bearing number, which depends on the relative sliding velocity 

U, the lubricant viscosity, and the load L. In the first part of Stribeck curve 

(boundary lubrication) the combination of low speed, low viscosity and high load 

can cause high friction coefficient. 

 

Figure 10. Stribeck curve: relation between friction coefficient and applied load, 

sliding velocity and viscosity of the medium. Figure is adapted from Coles et al. 

(2010). 

In the second part of Stribeck curve (mixed lubrication) the surfaces start to separate 

as the viscosity increases, velocity increases, and load decreases. The minimum of 

the friction is obtained in elasto-hydrodynamic lubrication region. In the third part 

of Stribeck curve (hydrodynamic lubrication) the friction starts to grow again as the 

viscosity and the velocity increase. 
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Reducing friction is extremely important in industries like papermaking, engines 

and electronics, and in medical applications (joints).  

2.3.3.2 Surface and friction forces in cellulose materials 
Neuman et al. (1993) were the first to measure surface forces of cellulosic materials 

using SFA; they measured the surface forces between cellulose and xylan.   

However, their surfaces were not well defined and stable. They observed 

polyelectrolyte brushes and long-range repulsion ranging to hundreds of 

micrometers. The work inspired further investigations using smoother and more 

stable films. 

Thin cellulose films prepared using the Langmuir-Blodgett method were first used 

by Holmberg et al. (1997); they deposited  trimethylsilyl cellulose on 

hydrophobized mica, followed by desilylation in humid HCl atmosphere and 

measured forces between these cellulose films using the SFA. They estimated the 

Hamaker constant for cellulose across air and water; the value was later confirmed 

by more thorough ellipsometry measurement by Bergström et al. (1999). 

The AFM colloidal probe measurement technique was first applied to cellulose 

materials by Rutland et al. (1997); they measured weakly charged amorphous 

cellulose surfaces. The resulting forces could be described by DLVO theory and 

steric repulsion at small separations. Stiernstedt et al. (2006) noticed that difference 

in crystallinity did not affect surface forces; they also observed double layer forces 

in all studied surfaces. Van der Waals attraction has been observed when repulsive 

forces have been screened at low pH solutions (Notley, Pettersson et al. 2004).  

Ahola et al. (2008) introduced the use of CNF and measured the interactions 

between CNF substrates and cellulose microsphere probes. Steric and electrical 

double layer forces were detected. Surface charge, pH and salt concentration 

affected the results. The electric double layer repulsion was enhanced by highly 

charged CNF and high pH; also, swelling and steric repulsion were affected by pH 

and salt concentration. 

Comparing the results to the ones present between pulp fibers is ambiguous since 

they have complex morphology and chemistry. The charge on pulp fibers affects 

dewatering interactions with additives. Nevertheless, the understanding on 

interactions between cellulose fibrils and polyelectrolytes gained by force 
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measurements have been of practical relevance and the results have been used to 

confirm e.g. that low surface coverage and conformation of polyelectrolytes are 

important for retention of fines and fillers. Still, force measurements are limited to 

well defined substrates that can be used for reproducible results (Österberg, Valle-

Delgado 2017).  

In papermaking, flocculation happens through charge neutralization, polymer 

bridging and between covered and uncovered patches (Österberg, Valle-Delgado 

2017). Force measurements suggest that polymer bridging is the most important 

flocculation mechanisms; however, this is still under investigation. Force 

measurements do not give straightforward information about paper strength; 

strength is related to mechanisms during paper drying and would be a topic for 

further study. 

The effect of chitosan and xyloglucan adsorption on the interaction forces between 

cellulose surfaces was studied by Nordgren et al. (2009) and by Stiernstedt et al. 

(2006), respectively. Regardless of their different structure, both chitosan and 

xyloglucan increased the adhesiveness and reduced the friction between cellulose 

surfaces. Stiernstedt et al. (2006) studied friction on cellulose model surfaces with 

AFM, using an amorphous cellulose sphere as the probe. The experimental setup 

was closely related to the one used in Paper V.  

Lignin adsorption on cellulose was studied e.g. by Maximova et al. (2001). Lignin 

adsorbed irreversibly to cellulose with the help of cationic polyelectrolytes and 

increased bonding between the fibers.  

Nano-reinforcement between the fibrils and soft matrix of the composite material 

leads to enhanced interfacial shear strength. Therefore microscopical friction 

studies can give understanding of the composite phases (Olszewska, Anna Maria 

2013, Lachman, Wagner 2010, Lachman, Wiesel et al. 2012) 

Few studies have been made on forces and friction of cellulose model surfaces. By 

comparing results from previous studies (Olszewska, Anna Maria 2013, Olszewska, 

Anna, Valle-Delgado et al. 2013, Stiernstedt, Nordgren et al. 2006), the friction 

coefficients in cellulose model surfaces with similar roughness are relatively similar.  

Roughness seems to increase friction coefficient µ and decreases adhesion. 
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Adsorbed polymers affect the friction forces between two cellulose surfaces. At low 

concentrations the friction coefficient decreases approximately linearly as a 

function of added polymer concentration, but at higher concentrations the trend 

evens out (Zauscher, Klingenberg 2001).  

 

The friction between cellulose surfaces can also be decreased by adsorbing 

carboxymethyl cellulose (Olszewska, Anna, Valle-Delgado et al. 2013). 

Specifically, designed polyethyleneglycol grafted carboxymethyl cellulose (CMC-

g-PEG) polymer also significantly increased toughness of CNF composite and 

reduced friction.  The interactions in solution in the presence of CMC-g-PEG could 

not be fit by DLVO theory. 

Feiler et al. (2007) studied the force of two cellulose colloidal probes in different 

humidity’s and noticed increase in adhesion at high humidity. Friction forces 

increased in magnitude as humidity arose from RH = 7% to RH = 80%. However, 

when humidity was returned to RH = 7%, the frictional force also returned to 

original level. The separation between loading and unloading curves, i.e. hysteresis, 

increased as humidity increased, and was highest for intermediate value of humidity 

RH = 55%. At lower humidity hysteresis was not observed. The hysteresis behavior 

was explained by capillary condensate forming at the contact zone; at intermediate 

humidity the condensate is incomplete and causes time dependent frictional 

behavior. 

2.4  Aims and scope of the thesis 

The aim of the thesis was to identify the basic interactions in the composites from 

nano- to macroscopic size scales that contribute to their excellent mechanical 

properties. The main research questions were as follows: How do the selected 

materials and modifications affect the mechanical properties? What are the 

optimized preparation steps for the composites? How do the composites hold 

against environmental stress and various solvents? How do these new materials 

compare against the ones that already exists? 

In this work, ways to make good solvent resistant films based on natural 

biopolymers, was studied. First, we presented a rapid method to prepare robust and 

solvent resistant cellulose nanofibril films that can be further surface modified for 
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functionality. It was found that pure unmodified CNF films are good barriers for 

oxygen and grease. However, the largest advantage of these films was their 

resistance to various solvents such as water, methanol, toluene, and 

dimethylacetamide. Hot-pressing was introduced as a convenient method to, not 

only increase the drying speed of the films, but also enhance the robustness of the 

films. 

In order to better understand the reinforcing and lubricating effect of WSPs in the 

CNF based composites, the adsorption behavior and surface interactions in these 

systems was studies using model surfaces. For example, the adsorption of modified 

galactoglucomannans (GGMs) to various cellulose model surfaces was investigated. 

It was found out that GGMs with low degrees of oxidation had high affinity to 

adsorb in pure water solution and could be used as molecular anchors to alter 

surface properties or to activate the surface of cellulose. 

Next step was to introduce small amounts of water-soluble polysaccharides (WSPs) 

to the CNF prior to film formation. The prepared films retained their good 

resistances against water vapor, oxygen and grease. The addition of WSPs 

significantly increased the wet strength of the films. These CNF based composites 

were later used as component on layer-by-layer nanopapers where epoxy was used 

as adhesive between the composite layers. 
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3 Materials and methods 

3.1 Materials 

3.1.1 Cellulose nanofibrils 

Cellulose nanofibrils (CNF) was prepared by disintegrating unmodified never dried 

industrial bleached birch in a high-pressure fluidizer (Microfluidics, M-110Y, 

Microfluidics Int. Co., Newton, MA) according to the procedure described in more 

detail in Paper I. CNF used in free-standing films and layer by layer composites 

was fluidized with six passes. CNF used for model films studies with AFM or 

QCM-D was fluidized 20 times.  

Prior to fluidization the pulp was washed to sodium form according to procedure 

by (Swerin, Ödberg et al. 1990) to control the ionic strength and counter ion 

concentration (Olszewska, Anna, Valle-Delgado et al. 2013). The unmodified CNF 

was weakly anionic due to carboxylic acid groups introduced during pulping.  

3.1.2 Galactoglucomannan 

Spruce galactoglucomannan (GGM) from Picea Abies, with Mw of 20-60 kDa, was 

obtained from process water of a Finnish pulp mill in an industrial-scale isolation 

after ethanol precipitation (Xu, Willför et al. 2007) and used in Paper III, IV and V. 

GGM was dissolved in water at 80 °C and cooled to room temperature, then stirred 

overnight. The GGM was filtered with glass microfiber filters to remove 

undissolved molecules (Whatman, Scheicher & Schnell Cat No. 1820 125).  

 

In Paper II GGM was laboratory grade with a Mw of approx. 29 kDa and the raw 

material was obtained by the following procedure: the suspension of 

thermomechanical pulp was stirred in hot water; the extract water was purified with 

cationic coagulant resin and the water was concentrated by rotatory evaporator. 

Then GGM was isolated by precipitation in ethanol. The details of the modifications 

of GGM can be read in Paper II.  
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GGM was also used in oxidised, TEMPO-oxidised and amidated form (Figure 11) 

as described in (Leppänen, Xu et al. 2013)  

 
Figure 11: Structure of TEMPO-oxidised GGM left and animated form right on the 

right. Reprinted from Journal of Applied Polymer Science, Vol 120 (2013), 3122-

3128, with permission from John Wiley and Sons. 

 

3.1.3 Guar gum 

Commercial guar galactomannan (GG, guar gum) was obtained from Sigma 

Aldrich (Lot#041M0058V, Pcode 10011170894), and used as such and after 

enzymatic modification. The molecular weight is higher than 1000 kDa (Wielinga 

2009). 

Commercial endo-1,4-b-mannanase and enzyme extracted from Aspergillus niger 

(EC number 3.2.1.78 and specific activity of 42 U/ mg), was used to partially 

hydrolyse the guar gum. The GG was first dissolved to obtain 1% (w/v) solution, 

then the enzyme was added, and solution was incubated in a water bath at 40 °C for 

4 hours. Then enzyme was inactivated by heating the solution at 100 °C for 10 

minutes. The solution was centrifuged at 5000 rpm and the supernatant was 

collected and freeze dried. 

 

Guar gum and hydrolyzed guar gum were enzymatically oxidized either prior to or 

after the GG suspension was combined with the CNF suspension. The dosages of 

enzymes was based on the approximate amount of galactose present as described 

by Parikka et al (Parikka, Lepp�nen et al. 2009). Oxidized GG was grafted with 
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PEG (GG-g-PEG) to study the effect of grafted polymer chains on the interactions 

between CNF coated surfaces and final composite properties in Paper V. GG-g-

PEG was synthesized as described in Paper V. 

 

The reactive aldehyde functionality obtained by the oxidation enables the linking 

of different polymer chains onto the guar gum backbone. The synthesis was 

confirmed using NMR. The structure of GG-g-PEG is presented in Paper V. 

3.1.4 Other materials and chemicals 

3.1.4.1 Enzymatic modification of GG 
GG and partially hydrolyzed GG (GGhyd) were oxidized with galactose oxidase 

(GO). Catalase and horseradish peroxidase were used with GO to enhance the 

reaction. The system is well known and optimized (Parikka, Tenkanen 2009). GO 

is used to oxidize the primary OH groups of galactosyls (Cooper, Smith et al. 1959). 

The oxidation results in strong and tough gel in dilute solution; therefore oxidized 

mannans have potential as additives for papers and nanofilms to enhance toughness 

in dry and wet applications, hydrogels and aerogels (Parikka, Ansari et al. 2012, 

Mikkonen, Parikka et al. 2013, Saha, Bhattacharya 2010). Oxidized mannans have 

also been used together with CNF in gel matrices (Ghafar, Parikka et al. 2015). 

 

In the reaction molecular oxygen functions as electron acceptor (Figure 12). 

The reaction follows three steps:  

1) The GO contains copper atom and tyrosine. In the active form, the copper 

is a radical and at oxidation state +2.   

2) Inactive form of GO can be oxidized with radical peroxidases (Hamilton, 

Libby et al. 1973). H2O2 is produced from oxidation reaction and its 

concentration is high.  

3) Catalase breaks H2O2 and therefore enhances the reaction (Cooper, Smith et 

al. 1959). 

The reactions can occur in water. Besides guar gum, GO can be used to oxidase 

other galactose containing polysaccharides such as, GGM, xyloglucan and locust 

bean gums. (Parikka, Tenkanen 2009) 
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Figure 12. Oxidation of guar gum with galactose oxidase. Figure courtesy of 

(Parikka, Master et al. 2015). Reprinted from Journal of Agricultural and Food 

Chemistry, Vol 58 (2015), 262-271, with permission from American Chemical 

Society. 

 

Oxidized galactoaldehyde products form hemiacetal linkages with suitable 

hydroxyl groups. Inter- and intramolecular hemiacetal formation is the supposed 

bonding mechanism. The hemiacetal bonding’s explain the gelation of oxidized 

galactomannans. (Parikka, Lepp�nen et al. 2009) 

 

GG was also hydrolyzed (GGhyd). GG and GGhyd was used as such and as various 

low or high oxidized forms in the thesis, in composites, free-standing films and 

model films for QCM-D and friction and force measurements. 

3.1.4.2 Carboxymethylated cellulose 
Sodium salt of carboxymethyl cellulose (CMC), with Mw of 250 kDa and degree 

of substation of 0.7, was dissolved in water to 5 g/L. The solution was then dialyzed 

with continuously running ionized water for 4 days. The solution was frozen to -

70 °C and freeze dried.  

3.1.4.3 Xyloglucan 
Tamarind seed galactoxyloglucan (XG) from Tamarindus indica, was obtained 

from Dainippon Sumitomo Pharma. Xyloglucan chains are long 0.15 – 1.5µm. 

According to (Fry 1989) molecular weight XG might be divided into two or several 

subpopulations. The XG used in this work was characterized previously by Parikka, 
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Ansari et al. (2012) and Parikka, Leppänen et al. (2009) and the Mw was determined 

to be 470 kDa. 

3.1.4.4 Polyethylene glycol 
Polyethylene glycols (PEGs) are hydrophilic polymers or oligomers consisting of 

repeating units of [O-CH2-CH2] and are synthesized from ethylene oxide. Usually 

oligomers or low Mw molecules are called PEG and higher Mw polymers are called 

polyethylene oxide.  Reactive functional groups can be attached to the terminal sites 

of the PEG polymer, making the polymer very useful in biomedical applications; 

covalent grafting of PEG derivatives onto other molecules (i.e. PEGylation) 

improves biocompatibility and water solubility. PEG derivatives are frequently 

used for PEGylation of proteins, nanoparticles, small molecules and surfaces and 

applications include drug delivery, medical diagnostics, wound sealing and 

hydrogels. (Hutanu, Frishberg et al. 2014) 

Commercial poly (ethylene glycol) (Sigma-Aldrich, Lot# HBCBG5776V) 

monomethyl ether with average molecular weight 5 kDa was used. PEG was mixed 

with CNF suspension similarly as other polymers in Lucenius and Parikka et al. 

(2014).  

PEG has been used as plasticizer in mannan films; the effect has been earlier studied 

in locust bean gum films with different molecular weights (Aydinli, Tutas 2000); 

the water vapor permeability of the films was comparable to all cellulose films. 

PEG increased the elongation at break of mannan films depending on the molecular 

weight of PEG (Aydinli, Tutas 2000). 

3.1.4.5 Araldite 
Bisphenol epoxy resin Araldite was used in CNF –araldite composite films in Paper 

IV.  Araldite Epoxy resin, otherwise known as bisphenol A-(epichlorhydrin), was 

used for composites in Paper IV. It is a commercial epoxy resin (Mouldlife, Suffolk, 

UK) and it is used combined with amine hardener.  

3.1.4.6 Polyethylene imine 
Polyethylene imine (PEI) is a cationic, nontoxic synthetic polymer obtained by 

cationic polymerization of aziridine. Linear PEIs contain only secondary amino 

groups, whereas branched PEI contains primary, secondary and tertiary amino 

groups, with a ratio of 1:2:1 respectively. The amino groups are chemically reactive 
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and allow wide range of chemical modifications. Due to its hydrophobicity and 

positive charge, PEI has applications as antimicrobial agent. (Yudovin-Farber, 

Golenser et al. 2010). PEI (Mw 70 kDa) purchased from Polysciences (Hirscberg 

an der Bergstrasse, Germany) was used in Paper V as coating on the quartz crystals 

used for QCMD-D.  

3.2 Methods 

3.2.1 Mechanical testing 

In tensile testing the sample is uniaxially elongated at a constant rate and the applied 

load is measured as a function of elongation. The sample is usually elongated to the 

point of fracture; at this point the sample is irreversibly deformed and fractured. 

When the original length l0 and cross-sectional area A0 of the specimen are known, 

the engineering stress σ and engineering strain ε can be defined as 

(12)  𝜎 =
𝐹

𝐴0
;  

(13)  휀 =
𝑙𝑖−𝑙0

𝑙0
=

∆𝑙

𝑙0
, 

where F is the perpendicular load applied to the sample cross section and li is the 

instantaneous length, and Δl is the change in length at some instant. The result of 

the test is a stress-strain (σ-ε) curve from which tensile properties of the sample are 

estimated. Usually the curve contains at least regions of elastic deformation and 

plastic deformation. In elastic deformation, at low strains, the stress and strain have 

a linear relationship according to Hooke’s law σ=Eε, where the slope corresponds 

to the modulus of elasticity E (also stiffness or Young’s modulus). The sample can 

have several elastic and inelastic regions before it breaks.  In materials such as 

polymers, the stress-strain curve may be non-linear even at small strains; in these 

cases, the modulus can be estimated as secant or tangent modulus at some given 

point of σ-ε curve. The deformation in the elastic region is reversible; the sample 

returns to its original shape when the applied load is released. On atomic scale the 

elastic region corresponds to small changes in interatomic spacing and stretching 

of interatomic- and molecular bonds.  (Callister, Rethwisch 2012) 
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When the material is further deformed, the stress is no longer proportional to strain 

and the deformation is irreversible; this corresponds to plastic deformation. The 

stress level where plastic deformation occurs is defined as the yield strength. After 

yielding the stress usually increases to a maximum value, defined as the tensile 

strength after which further elongation does not increase the measured stress.  

(Callister, Rethwisch 2012) 

In the breaking point the sample breaks. The area under the stress-strain curve 

starting from applying load until the sample breaks is defined as Toughness. 

(Callister, Rethwisch 2012) 

The tensile tests in Paper I were performed using an Instron 4204 testing machine, 

(Mound Road, Warren, USA) using rectangular strips with dimension 5,3 x 30 mm2.  

Different tensile testing instruments were used for tensile testing. In Paper III the 

tensile testing were performed using an MTS 400/M vertical tester (MTS System 

Corporation, Eden Prairie, USA) with rectangular strips with dimensions 50 x 15 

mm2. In Paper IV a 5969 Dual Column Universal Testing System (Instron, 

Darmstadt, Germany) and rectangular strips with dimensions 50 x 15 mm2 were 

used. The tensile tests in Paper V were done using MTS 400/M vertical tester (MTS 

System Corporation, Eden Prairie, USA) using and 50 x 5,3 mm2 bone shaped strips. 

3.2.2 Preparation of free-standing cellulose film 

In the case that polymers were added to the CNF, the polymer was mixed with the 

CNF gel. The resulting solution was mixed intensively for at least four hours in 

order to evenly distribute the polymer.  

The free-standing cellulose films were prepared by pressurized filtration (�sterberg, 

Vartiainen et al. 2013). CNF suspension was filtrated through a Sefar Nitex filter 

2,5 bar pressure. Remaining moisture was immersed to paper by wet pressing for 4 

min. Then the films were further pressed in Carver Laboratory press (Fred S. Carver 

Inc.) at temperature of 100 °C and pressure of 1800 Pa. Pressing was normally 2 h 

which seemed optimal, but shorter 1 h and 30 min pressing times were tested in 

Paper 1 (Figure 13).  The resulting dry films were stored for over 46 hours at 

temperature of 23 °C and 50 % RH prior to testing. 
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Figure 13. The film preparing process. The sample was pressed with 1800 Pa at 
100 °C temperature. 

3.2.3 Thin films 

3.2.3.1 Thin films for AFM and QCM-D experiments 
The thin films used for surface sensitive methods like QCM-D and AFM were 

prepared by spin coating. In spin coating a droplet of solution or dispersion is 

dropped onto the substrate and then the substrate is rotated to remove excess of 

solvent and evenly distribute the polymer, fibrils etc. on the substrate (Figure 14). 

By optimizing solution concentration, rotation speed and time the thickness and 

smoothness of the film can be altered (Ahola, Salmi et al. 2008).  

 

Figure 14. Spin coating on top of quartz crystal. 

The thin films were prepared on quartz crystals to be later characterized as model 

films in QCM-D, AFM or SPR. The crystals were first cleaned with three steps: 1) 

rinsing with Milli-Q water, 2) drying with nitrogen gas and 3) ozonizing for 20 min. 

After the cleaning, the crystals were covered with polyethylene imine 1 g/L solution 

(PEI Mw, Mw 70 kDa). The unattached PEI was then washed away softly for 8 

minutes with Milli-Q water. The crystals were dried again with nitrogen gas.  Next, 
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the crystals were ready to be spin coated, first with water (30 s) and then with CNF 

supernatant (1 min), with 2000 rpm. The crystals were then dried in oven at 80°C 

for 20 min. The CNF covered crystals where then swollen in a Petri dish for 12 

hours. The crystals were stored in ambient conditions to stabilize the water moisture 

content in ultrathin film before the measurement. 

3.2.4 Quartz crystal microbalance with dissipation (QCM-D)  

In quartz crystal microbalance a piezoelectric quartz crystal is set between a pair of 

gold electrodes. When a voltage is applied between the electrodes the crystal 

oscillates with a resonant frequency f, which depends on the total oscillating mass; 

when material is added or adsorbed on the sensor the resonant frequency decreases. 

The change in frequency ∆𝑓 is related to the change in mass ∆𝑚 on the sensor. 

When adsorbed layers are thin and rigid, the adsorbed mass as a function of change 

in frequency can be estimated using the Sauerbrey equation (Sauerbrey 1959) 

(14)  ∆𝑚𝑛 = −
𝐶∆𝑓

𝑛
, 

where C is sensitivity constant of the device, in this case 0.177 mgs/m2, for a quartz 

resonator at 5 MHz, and n is the number of the used frequency overtone. For 

viscoelastic adsorbed layers, this equation underestimates the absorbed mass 

(Johannsmann, Diethelm 2008). 

The viscoelastic nature of the adsorbed films cannot be determined from the 

frequency response alone, because soft material dampens the sensor’s oscillation. 

The damping is quantified by energy dissipation D, which occurs when voltage to 

the crystal is turned off and the energy of the oscillating crystal dissipates. The 

definition of dissipation is 

(15)  𝐷 =
𝐸𝑙𝑜𝑠𝑡

2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
, 

where the energy lost during one oscillation is Elost and stored total energy of the 

oscillator is Estored. 

Low dissipation indicates a rigid, and high dissipation indicates a viscoelastic 

adsorbed film. The viscoelasticity can also be quantified by plotting 𝐷 as a function 

of ∆𝑓 and calculating the slope (in units of dissipation per Hertz) of the resulting 
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curve. In viscoelastic adsorbed layers, the slope has higher magnitude than in more 

rigid layers.  

In the case the Sauerbrey conditions are not met, the masses calculated by the 

Sauerbrey equation vary as a function of overtone frequencies, viz. multiples n of 

resonant frequency, and cannot be reliably used to estimate the actual sensed mass 

𝑚0 . Johannsmann and Mathauer et al. (1992) proposed a model where an 

“equivalent mass” �̂� can be interpreted as the Sauerbrey mass ∆𝑚𝑛  at overtone 

frequency f, and written as  

(16)  �̂� = 𝑚0 (1 + 𝐽(𝑓)
𝑑2𝜌𝑓2

3
), 

where 𝜌 is the density of the fluid, d is the thickness of the film, 𝐽(𝑓) the complex 

shear, and 𝑚0 is the sensed mass. If the complex shear is assumed a constant in the 

measured overtone range, the sensed mass can be estimated from linear 

extrapolation to zero frequency from the measured (𝑓2, ∆𝑚𝑛) data points, where f 

is the overtone frequency. This model makes data analysis somewhat more 

complicated and is still a gross simplification of the real situation. For the materials 

in this thesis, the model worked reasonably well for the first three frequency 

overtones (n = 3, 5 and 7). However, the behavior of higher overtones was not 

reproduced well, which indicates that shear compliance is approximately constant 

as function of frequency at first but starts to deviate at higher overtones. Both 

models gave similar results for the materials of this thesis, and thus the results were 

calculated using the more lightweight and easily interpretable Sauerbrey model.  

The absorption on the quartz crystals was monitored using QCM-D apparatus (Q-

Sense E4, Västra Frölunda, Sweden). All measurements were done in a clean room 

at ambient temperature of 24°C. The flow rate was set to 100 µL/min. 

The CNF coated crystals were prepared as follows. First the silica coated quartz 

crystals (QSX 303, Västra Frölunda Sweden) were rinsed with Milli-Q water for 10 

min and dried in nitrogen gas, after which they were UV/ozone treated for 15 min. 

The crystals were then immediately immersed in 1 g/L PEI solution for at least 1 

hour. Afterwards the crystals were once again rinsed with Milli-Q water to remove 

any loosely attached PEI. Finally, the crystals were dried with nitrogen gas. Then 

CNF was spin coated onto the PEI coated crystals from CNF dispersion. 
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QCM-D measurements started by measuring the crystal frequencies in air and in 

pure Milli-Q water. Then any loosely attached CNF was removed from the surface 

by rinsing with Milli-Q water for 30 min, in order to create a proper baseline for the 

subsequent absorption of other polysaccharides and for CNF to have time to swell 

as water adsorbs to the CNF. Then pure water was replaced with the buffer solution 

used in the polymer adsorption experiments. In QCM-D the adsorption was 

monitored until no significant change was detected in frequency overtones. 

Afterwards the loosely attached polysaccharides were once again removed from the 

quartz crystal by injecting pure solvent on the crystal for at least 30 min.   

3.2.5 AFM imaging 

AFM imaging can be used to map the morphology of substrates and adsorbed 

polymer layers. A cantilever with a sharp tip is brought close to a surface. The 

bending of the cantilever due to surface forces is monitored by a photodetector that 

detects laser light reflected from the top of cantilever. AFM imaging can be 

performed in contact mode where the probe slides over the surface and non-contact 

or intermittent contact/tapping mode where the probe oscillates over the surface. 

Here the AFM imaging was performed in tapping mode.  

In tapping mode, the cantilever is oscillated near its resonance frequency. When the 

tip approaches the surface, the oscillation amplitude and phase changes due to 

interaction with the surface. The phase and amplitude are analyzed by lock-in 

amplifier and amplitude is also used as a feedback signal for sample probe distance.  

The voltage signal is related to the deflection of the cantilever. The method is non-

destructive to soft biological samples and provides good image resolution. 

(Bhushan 2011) A MultiMode 8 AFM with a Nanoscope V controller (Bruker) was 

used for imaging. Silicon cantilevers (NSC15/AIBS, MicroMasch, Tallinn, Estonia) 

with resonance frequencies around 300-360 kHz and tip radius under 10 nm were 

used. The imaging was done in air. The same instrument with different scanner was 

used in CPM experiments (see next section). E-imaging scanner was used for 

imaging and PicoForce scanner was used in CPM. 

3.2.6 X-ray diffraction (XRD) 

In many cases, the atomic- and nanostructure of the films may contribute to the 

overall mechanical properties of the films. For example, the films are often 
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polycrystalline materials, where crystalline regions are embedded in non-ordered 

regions, as was found in studies of cellulose reinforced galactoglucomannan 

(Mikkonen, Stevanic et al. 2011) and arabinoxylan thin films (Stevanic, Joly et al. 

2011). The atomic arrangement was studied by XRD. The resulting diffraction 

pattern allows the determination of e.g. crystal structure, crystallinity, size and 

orientation of the crystallites.  

The crystallite sizes were estimated with XRD. The samples were illuminated with 

monochromatic x-ray beam (Rigaku rotating anode X-ray tube Cu Kα λ=1.54 Å; 

point focus; Montel multilayer monochromator) in perpendicular transmission 

geometry. The resulting x-ray diffraction pattern is recorded on the other side of the 

sample with a two-dimensional detector (MAR345 image plate). The two-

dimensional patterns are integrated over the azimuthal angle to provide one 

dimensional diffraction intensity vs. scattering angle curves. Diffraction maxima 

are observed in positions given by Bragg’s law 

(17)  2𝑑ℎ𝑘𝑙 sin(𝜃ℎ𝑘𝑙) = 𝜆, 

 where dhkl is the distance between lattice planes defined by miller indices hkl, λ is 

the wavelength of incident x-ray radiation and θhkl is the Bragg angle of the 

diffraction maxima. Lattice is a mathematical idealization of the crystal structure. 

(Cullity, Stock 2001) 

The average size of crystallites in the direction of perpendicular to hkl plane can be 

estimated using the Scherrer formula 

(18)  𝐵ℎ𝑘𝑙 =
𝑘𝜆

Δ2𝜃∙cos(𝜃)
 

where Δ2θ is the FWHM  (full width at half maximum) of the hkl diffraction 

maxima, θ is the Bragg angle of the reflection, λ is the wavelength of x-ray radiation 

and k is material dependent constant in the ranging from 0.89 – 1.0 (Klug, 

Alexander 1974). For cellulose 200- and 004 reflections a value of 0.9 was used 

(Andersson, Wikberg et al. 2004). The instrument effect on broadening of 

diffraction maxima was deconvolved by assuming Gaussian diffraction maxima 

and instrument profile; the resulting form for the FWHM is √(∆2𝜃)2 − (∆2𝜃𝑖)2, 

where ∆2𝜃𝑖 is the instrument broadening which was measured from 111 reflection 

of crystalline Si from silicon powder sample (Andersson, Wikberg et al. 2004). 
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The degree of crystallinity (i.e. volume fraction of ordered cellulose) is determined 

by comparing the measured diffraction pattern of the sample with fully amorphous 

and fully crystalline diffraction patterns, which can be either measured from 

suitable reference or computationally modelled. The degree of crystallinity was 

calculated by the formula (Ahvenainen, Kontro et al. 2016) 

(19)  𝐾(%) = (1 −
𝐼𝐴

𝐼𝑀
) ∙ 100%, 

where IA is integrated intensity of a fitted fully amorphous pattern and IM is the 

integrated intensity of tested sample. The scale for IA is determined by linear least-

squares fitting a modeled fully crystalline diffraction pattern and measured fully 

amorphous diffraction pattern to the pattern from sample of tested sample. The 

amorphous diffraction pattern was measured from a lignin reference sample 

(Andersson, Wikberg et al. 2004). 

3.2.7 Additional techniques 

3.2.7.1 Gas chromatography-mass spectrometry (GC-MS) 
Gas chromatography-mass spectrometry (GC-MS) is an analytical method which 

combines gas-chromatography and mass-spectrometry to identify substances. The 

main advantage is that GC-MS can be used to detect trace amounts of elements and 

compounds in tested sample with high accuracy. GC-MS is utilized e.g. in drug 

detection, environmental analysis and fire detection. (Sneddon, Masuram et al. 

2007) 

In GC-MS, an inert carrier gas, such as nitrogen or helium, is mixed with evaporated 

compound, which then is transported through a stationary phase. Stationary phase 

is a column which is made from glass, plastic or metal. Each constituent of the 

compound elutes at different times from the column. The time difference that arises 

from gas chromatograph part makes it possible for the mass-spectrometer part to 

ionize, capture, accelerate and finally detect each of the constituents separately. The 

amount of sample substance is quantified by comparing the relative concentrations 

among atomic masses in spectrum. In comparative analysis the substances are 

identified by comparison with spectrum library. The value of the parent peak can 

be used with chemical formula to calculate the number of other elements in the 

compound. Isotopes can be distinguished from each other from isotope patterns. 
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(Braithwaite, Smith 1985) The used GC-MS was HP 6890-5973 GC-MSD 

instrument equipped with a HP-1 column. 

The used GC-MS analysis method was developed for the determination of the 

degree of oxidation of aldehyde products. The method was first presented in 

(Parikka, Lepp�nen et al. 2009).  

The carbonyl groups are reactive and might be lost during acid methanolysis 

(Sundberg, Sundberg et al. 1996).  In the method carbonyls were first reduced to C-

6 hydroxyls with NaBD4 after oxidation. The galactosyls become deuterium 

labelled. Then the sample is acid methanolysed and silylated. The methanolysation 

degrades the polysaccharide to monosaccharide units and attaches –OMe groups in 

the C1 positions.  Silylation, attaches –OTMS groups in C1 positions and enables 

the monosaccharides pass thorough the column in gaseous state to MS detector.  

The method has been characterised with methyl-α-galactosepyranoside and d1- 

methyl–α-D-galactosepyranoside and monosaccharide standard samples have been 

analysed prior the analysis with the used column. Total ion current chromatograms 

of the monosaccharide peaks are well known. The ratio of the peaks of m/z 362 and 

m/z 362 of non-deuterated and deutered monosaccharide peaks were compared to 

ratio to amounts methyl-α-galactosepyranoside, which is the most abundant 

fragment. The ratio of deutered galactopyranosides is calculated according to  

(20)  Degree of oxidation =
(𝐵−

𝐴

3
)×100%

𝐴+𝐵−
𝐴

3

, 

where A is the abundance of m/z 361 (unoxidized galactosyls units). Dividing with 

1/3 comes from the natural amount of C13 in the sample, which overlaps with peak 

at m/z 362. In the peak 361 the carbon atoms are C12 form. The analysis is 

qualitative. 

3.2.7.2 Scanning electron microscope (SEM) 
Scanning electron microscope forms an image of scattered electrons from the 

surface. Anne Manfred patented the idea but never build an actual device. In 1965 

a first commercial device was built. An electron beam is focused towards the sample 

with electromagnetic lenses. Part of the electrons are scattered inelastically, and 

they are drawn to the detector with positive charge.  The theoretical resolution is 

defined by the acceleration potential and objective lens angle aperture. The 
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microscope can detect backscattered electrons (BSE), secondary electrons (SE), and 

characteristic X-rays using an array of different detectors. (Lounatmaa 1980) In a 

modern scanning electron microscope the electron emission is stable, and vacuum 

systems well developed. The best image resolution is around 1 nm. 

The focused electron beam is raster scanned over the sample surface and the high-

resolution topography image is formed using secondary electron imaging. The 

secondary electrons have low energy and originate from the surface of the sample. 

Backscattering electrons and characteristic X-rays are usually used to map the 

elemental composition of the sample. During the measurements the sample must be 

in vacuum and moisture evaporated from the sample. In the measurements for this 

thesis the samples were freezed with nitrogen gas and sputtered with gold particles 

to make the surface conductive. 

The morphology of CNF-GGM composite films was studied using high resolution 

scanning electron microscope (JEOL JSM-7500FA, Tokyo, Japan) in 

Nanomicroscopy center at the Aalto University, Espoo, Finland. The samples were 

freeze-dried in liquid nitrogen and cut in half using tweezers while in the liquid 

nitrogen bath. The dust and loose particles were removed from samples by blowing 

with nitrogen gas. Thin layer of gold/palladium was sputtered on the sample surface 

(Emitech K100) to promote conductivity. 

3.2.7.3 Size exclusion chromatography (SEC) 
Size exclusion chromatography (SEC) was used to determine the Mw of hydrolysed 

GGs in Paper III. In SEC the polymer is diluted to a solvent (liquid phase). The 

solvent then flows through stationary phase made from porous material. Small 

molecules penetrate deeper than larger molecules, which are excluded from the 

column faster than smaller ones. (Robinson, Frame et al. 2014) 

The HPSEC instrument consisted of an integrated autosampler and pump module 

(GPCmax, Viscotek Corp., Houston, Texas). The detectors used in this study were 

based on light scattering and viscometric detector (270 Dual Detector, Viscotek 

Corp.) and refractive index RI detector (VE 3580, Viscotek Corp.).  The light 

scattering detector consist of two scattering angles: low angle scattering of 7 and 

right angle scattering 90 degrees. The used wavelength was 670 nm.  Two columns 

were used (OHpak SB-806 M HQ, 8 x 300 mm, exclusion limit 2 x 107, Showa 

Denko, Ogimachi, Japan).  Changes in refractive index i.e. degree of 
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polymerization, dynamic viscosity and Mw can be studied. Ideally, the polymers do 

not bind to the column. 

The results are interpreted to Mw values of hydrolyzed GG. The samples were 

diluted to D2O with 0,1M NaNO3 as an eluent. Pullulan narrow standard was used 

for calibration. The flow rate was 1 ml/min and injection volume 100 µL.   

3.2.7.4 Solvent absorption 
The solvent adsorption to the free-standing films was estimated by dipping the 

samples in the solvent and measuring the increase in weight using a balance. The 

humidity of the samples was stabilized prior the measurement and excess water 

removed. At least three parallel measurement were performed to verify the 

reproducibility of the results. 

3.2.7.5 Dynamical mechanical analysis 
In DMA an alternating small deformation is applied to a sample of known geometry. 

A controlled sinusoidal stress or strain is applied at a set frequency; if the stress is 

known, then the sample will deform also sinusoidally with a lag (phase shift) related 

to the viscosity of the material. For fully elastic material the stress σ and strain ε are 

in phase and for fully viscous material there is a phase shift δ of 90 degrees between 

them; viscoelastic materials have an intermediate phase shift between these 

extremes. 

The quantities of interest are the storage modulus 𝐸′ =
𝜎0

𝜀0
cos 𝛿, loss modulus 𝐸′′ =

𝜎0

𝜀0
sin 𝛿  and damping which is the tangent of the phase angle tan 𝛿 =

𝐸′′

𝐸′
. The 

storage modulus is the elastic response of the material, roughly comparable to 

stiffness and Young’s modulus in static stress-strain analysis. Loss modulus is the 

viscous response of the material, which is the materials ability to dissipate energy. 

The moduli change as a function of temperature and frequency (i.e. the rate in which 

the material is deformed). The variation of the moduli as a function of temperature 

is used to detect phase transitions e.g. melting and glass transition temperatures, 

and also other transitions in the glassy and rubbery region. DMA can be used to 

detect more subtle phase changes than for example thermomechanical analysis 

(TMA) or differential scanning calorimeter (DSC). The variation of the moduli as 

function of frequency is used to characterize the viscous nature of the material, 

which may behave quite differently with various shear rates. The most 
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comprehensive characterization of the material can be done by combining 

temperate and frequency scans. (Robinson, Frame et al. 2014) 

The DMA measurements were performed with G2 RSA (TA Instruments, Eschborn, 

Germany). 

3.2.7.6 Thermogravimetric analysis (TGA) 
In TGA the mass of the sample is measured as a function of temperature. The 

sample is set on a precision balance inside a temperature-controlled chamber. 

During the thermal scan the material loses or gains weight and this can be attributed 

to e.g. phase transition and loss of moisture. The measurement chamber atmosphere 

can be adjusted; for example, the combustion of sample constituents can be 

monitored in air or oxygen gas, and pyrolysis in inert gases such as nitrogen. The 

applications of TGA include monitoring of reactions with reactive gasses, 

evaporation of solvent, identification of organic materials by bond scissions, and 

determination of purity of materials. (Robinson, Frame et al. 2014) 

The used instrument was a High resolution modulated TGA (Discovery TGA, TA 

Instruments, Eschborn, Germany). 
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4 Results and discussion 

In this section the most important results are gathered and combined from five 

published scientific articles included in this thesis. See the included articles for all 

results and more details.  

4.1 Adsorption of water-soluble polysaccharides 
on model CNF surfaces  

The main objective of this work was to develop CNF-hemicellulose composite 

films with improved mechanical properties. The hemicelluloses which adsorb 

rapidly and irreversibly on CNF can act as a softening agent in the CNF films.  The 

adsorption of various modified and unmodified hemicelluloses on model CNF films 

was studied with QCM-D in order to evaluate the affinity of the chosen 

hemicelluloses for CNF. In the different papers two different approaches were 

applied to prepare CNF substrates; 1) spin coating and 2) adsorption in situ in QCM-

D while monitoring the sensed mass and dissipation. In both cases the CNF forms 

a rigid, thin homogenous layer on PEI, but due to the different methods the results 

are not directly compared. The GGMs used in Paper II (Figure 16 and Figure 17) 

had a higher purity and hence better solubility than the GGM used in Paper V 

(Figure 15a) This may be the reason for the slightly higher observed sensed mass. 

The unmodified GGM seems to form the most rigid layer on cellulose. This could 

be interpreted as the strongest affinity to cellulose. 

Main findings were that all the polysaccharides adsorbed onto cellulose in water or 

in the presence of salts. Addition of a long PEG chain to GG increased the 

dissipation of the layer i.e. increased the water binding capacity of the layer. The 

adsorption of GG-g-PEG was slower compared to GGhydHox. Hydrolysed and 

oxidized GG formed a water swollen layer. TEMPO mediated oxidation of GGM 

clearly decreased the absorption onto cellulose due to increased negative surface 

charge leading to increased electrostatic repulsion. 

The adsorption of enzymatically oxidized hydrolysed GG (the DO of total 

polysaccharides is 24%, which corresponds to approx. 80% of oxidized galactoses) 
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hydrolysed GG, and GGM, was investigated in Paper V. Oxidized GG was also 

grafted with PEG (GG-g-PEG) through chemical reaction at the oxidized site. The 

total oxidation DO of GGhydHox used for grafting PEG was 15%, and 65% the 

conversion to the oxime was 65% resulting in 10% of PEG moiety. The adsorption 

curves from Paper V are shown in Figure 15a and the respective dissipation curves 

are shown in Figure 15b. 

          

                                                 

Figure 15. a) Sensed adsorbed masses of polysaccharides on CNF measured with 

QCM-D (arrows show when the rinsing started) b) Dissipation curves from 

polysaccharide adsorption on CNF measured with QCM-D. Reprinted from Journal 

of Colloid and Interface Science, Vol 555 (2019), 104-114, under Creative 

Commons Attribution 4.0 International Public Licence 

(https://creativecommons.org/licenses/by/4.0/legalcode). 



50 
 

Selectively oxidized GG, where only galactose side chains are oxidized, could be 

adsorbed on model films in varying degrees of oxidation. Both hydrolyzed GG, 

hydrolyzed oxidized GG, and GG-g-PEG had good affinity for CNF model films. 

GG-g-PEG is moderately oxidized, and results are comparable to hydrolyzed 

(highly) oxidized GG and GGM. Oxidized hydrolyzed GG was the most dissipative 

and easily formed a thick gel-like structure. 

The dissipation values were positive and increased as more GGM was adsorbed; 

thus, the addition of GGM changed the nature of the film from rigid to viscoelastic. 

The dissipation was highest for adsorbed modified GG. Obviously, in preparing 

biocomposites, good affinity to cellulose is beneficial for film properties. As it will 

be shown later, hydrolyzed oxidized GG and unmodified GGM were the best 

materials for improving tensile properties of CNF films, combining a good affinity 

for CNF with a small enough size to be mixed among the cellulose fibrils and 

creating a lubricating layer. Also, the ability to form gels is important for wet 

strength considerations.   

The adsorption of unmodified and TEMPO-oxidized galactoglucomannans (GGM 

oxidized to its polyuronic (PolyU) acid derivatives) on non-spin coated CNF films 

was investigated in Paper II and it is shown in Figure 16. It is important to notice 

that the GGM used in Paper II was purer and, consequently, more soluble in water 

and finely grained than the GGM used in other Papers of this thesis. Therefore, the 

GGMs of Paper II and other Papers should be considered as separate cases. GGMs 

with low degree of oxidation (DO) showed high affinity to cellulose surfaces and 

could be adsorbed on cellulose in pure water (Figure 16). Part of the sensed mass 

was removed while rinsing after adsorption; this suggest some of the GGM was not 

irreversibly adsorbed. Moderate amount of GGM with high DO was adsorbed on 

model films in the presence of salts; in water the adsorption was diminished (Figure 

17). These results indicate that the high negative charge of oxidized GGMs hindered 

the adsorption on CNF. 
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Figure 16. Sensed adsorbed masses of GGMs on CNF in water solution, measured 

with QCM-D. Reprinted from Journal of Applied Polymer Science, Vol 120 (2013), 

3122-3128, with permission from John Wiley and Sons. 

 

Figure 17. Sensed adsorbed masses of highly oxidized GGM on CNF, in water- and 

in salt solution, measured with QCM-D. Reprinted from Journal of Applied 

Polymer Science, Vol 120 (2013), 3122-3128, with permission from John Wiley 

and Sons. 

More specifically, unmodified and mildly modified GGMs adsorbed well on the 

model films. Unmodified GGM had highest affinity to adsorb and about 31% of the 

adsorbed mass was removed while rinsing with Milli-Q water after adsorption. Also, 

the rate of absorption was highest for unmodified GGM. GGMs with low DO (6% 

and 8%) had slightly lower affinity to absorb and about 47% of the adsorbed mass 
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was removed during rinsing. Highly oxidized GGMs did not adsorb to model film 

irreversibly in water solution; only half of the adsorbed mass compared to 

unmodified GGM was observed and all of it was removed during rinsing. However, 

in the presence of salt solution also high DO GGMs could be adsorbed. The effect 

of salt confirms that the adsorption of highly oxidized GGM is hindered by the 

charges (the ions in the medium screen the electrostatic repulsion). 

Reduced adsorption of GGMs with high DO is caused by steric hindrance of 

TEMPO-oxidized carbonyl groups and backbone groups; steric hindrance and 

electrostatic repulsion between individual polymers and CNF films causes the 

reduced adsorption on CNF-coated QCM-D crystals as well as reduced the sorption 

observed in GC-MS studies. The three-dimensional structure of the polymer, DO 

and Mw, all affect the adsorption affinity on cellulose surfaces. However, the high 

affinity for CNF is retained if only side chains of galactoses are selectively oxidized.  

The adsorption of natural state hemicelluloses and mannans is mostly determined 

by polymer backbone (Tammelin, Paananen et al. 2009). Hemicelluloses have high 

affinity to adsorb on each other and can be adsorbed on nanocellulose as well. 

Different Mw’s affect the adsorption only slightly. In modified hemicelluloses side 

groups affect to adsorption profiles. 

In Paper II we noticed that unmodified and mildly modified GGM’s adsorbed well 

on CNF surfaces. The used GGM was 29 kDa and laboratory scale. In comparison, 

the GGM used in Papers III, IV, and V was industrial scale with an Mw of 60 kDa. 

Nevertheless, the adsorption profiles of all studied unmodified GGM’s had similar 

shape which is in line with the claim that the polymer backbone determines the 

adsorption (Tammelin, Paananen et al. 2009). Tammelin, Österberg et al. (2007) 

adsorbed GGM with Mw 50 kDa on CNF, where it formed a rigid layer on CNF.  

Lozhechnikova, Dax et al. (2014) performed study where GGM block fatty acids 

and GGM block PDMS were adsorbed on CNF surfaces on QCM-D, creating a soft 

swollen film. The adsorbed masses are comparable with this study, 2,5-9,8 mg/m2. 

The Mw for their unmodified GGM was 70 kDa.  

Xyloglucan and GGM on CNF surfaces were studied by Eronen, Österberg et al. 

(2011). XG adsorbed well, with adsorbed masses higher than GGM. For GGM, 

their adsorbed masses were slightly lower than ours was in Paper II and Paper V; 

however, their used concentrations were as well smaller (100 mg/L). The shape of 
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their adsorption profiles is quite similar to ours including also correspondingly 

small effect of rinsing. Hardwood and softwood CNF were compared in the study. 

The hemicelluloses adsorbed more on hardwood CNF as it has more 

hemicelluloses. The molecular structure of hemicellulose affects more to the 

adsorption than the origin of CNF surface substrate.  

Commercial GG samples have been studied earlier by Eronen (2011); the polymer 

absorbed irreversibly on CNF and formed a soft dissipating layer. Unmodified GG 

is however, not beneficial for tensile strength (Lucenius, Parikka et al. 2014) and 

cannot form gels.  

Highly charged polymers can be used as softening material and adsorb readily on 

CNF surfaces. Anionic and highly charged CMC and CMC-g-PEG can be adsorbed 

on CNF in different pH’s to form soft and swollen layer. The deprotonation of 

carboxylic groups makes the effect stronger in high pH as it leads to stronger 

double-layer forces. These are beneficial in lowering friction on CNF. (Olszewska, 

Anna, Junka et al. 2013) However we noticed that CMC is detrimental for wet 

strength (Paper III) which is due to its high charge and PEG alone does not enhance 

dry or wet strength (Paper V). 

4.2 Free-standing films and composites  

4.2.1 Effect of water-soluble polysaccharides on the mechanical 
properties of CNF composites 

The mechanical properties of free-standing cellulose films were modified by 

addition of water-soluble polysaccharides (WSPs) as softeners to reduce friction 

between cellulose fibrils and to enhance the ductility of the films. The properties of 

the composites depended on the type of cellulose base material and the type of 

added WSPs. CNF and BC were used as base material. 

In Paper I, we presented a rapid method to prepare robust, solvent-resistant, CNF 

films that can be further surface modified for functionality. It was found that pure 

unmodified CNF films are good barriers for oxygen gas and grease. However, the 

largest advantage of these films was their resistance to various solvents, such as 

water, methanol, toluene, and dimethylacetamide. Hot-pressing was introduced as 
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a convenient method to, not only increase the drying speed of the films, but also 

enhance the robustness of the films.  

Previously solvent casting and evaporation had been used to prepare films; however, 

these methods take several hours or days. In our approach the total time for film 

preparation at laboratory scale was reduced to 1 - 2,5 h and could be shortened by 

automation. The gel was first dewatered using overpressure technique, then hot 

pressed for 0,5 – 2 hours. Longer hot pressing produced denser films with thickness 

of 65 µm to 75 µm in thickness and improved the tensile- and barrier properties of 

the films. Significant difference on tensile properties of films hot pressed for 1 h 

and 2 h were not observed, but films hot pressed for 0,5 h had lower Young’s 

modulus and tensile strength. The results are visualized in Figure 18. Denser films 

may have less pores. All the produced films were smooth and semitransparent and 

comparable in strength to e.g. ones made in by Stepan, Ansari et al. (2014). The 

developed CNF films can be used as a platform for other functional materials as 

well. 

 

 

Figure 18. Effect of the time in the hot press on the tensile stress−strain curves for 

the free-standing CNF films. Reprinted from Paper I, Applied Materials & 

Interfaces, Vol 5 (2013), 4640-4647, with permission from American Chemical 

Society. 

 
In the Paper III, we discussed the preparation of all-polysaccharide composite films 

from birch CNF mixed with water-soluble polysaccharides; CMC, unmodified 

GGM, XG, and GG. Composite films were manufactured by pressurized filtration 

and hot pressing. GG was furthermore selectively hydrolyzed and oxidized using 
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galactose oxidase and the effect of the degree of oxidation on the final composite 

film properties was shown. The tensile properties of the free-standing composite 

films were tested in controlled humidity (dry state) and after 24 hours soaking in 

water (wet state), the latter being presented in Figure 19 a, b and c.  

All the added polysaccharides enhanced the strength and toughness of the dry 

composite films already at 2 weight percent addition to CNF well in accordance 

with the findings of Olszewska et al. (2013). They explained the effect by the 

lubricating effect of CMC-PEG.  

Unmodified GG is very viscous, tends to aggregate and is thus difficult to disperse 

evenly in composites. Pitkänen et al. showed that removal of galactoses reduces 

Mw of GG and decreases aggregation. The result is interesting with respect to 

composite materials of GG, since aggregates are destructive to tensile properties.  

(Pitkänen, Tuomainen et al. 2011) 

The wet strength tensile tests were performed after soaking the sample films for 24 

hours in ionized water. Addition of unmodified GG did not improve wet strength 

of the films. However, added oxidized GG clearly improved the tensile strength, 

Young’s modulus and toughness of the films. The average tensile strength was 43 

MPa, Young’s modulus was 0,4 GPa and toughness was 2,4 MJ/m3 for films added 

with 10% of oxidized GG. In contrast to the results observed in dry state, here the 

addition of higher amount of WSPs was still beneficial for tensile properties; 

compared to pure CNF films the tensile strength and toughness more than doubled, 

and Young’s modulus increased by a factor of 1,3. Added GGM had similar 

beneficial effects on the wet strength properties. Overall, the higher amount of 

oxidized galactosyls of GG the better the wet strength properties were.  
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a) 

b) 

c) 

Figure 19. Mechanical properties of CNF and with of 2% added polysaccharide 

films in wet state after 24h soaking in water. In gray and white results from Paper 

III and in blue and light grey results from paper V.  
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GGM and oxidized GG improved the stiffness and the toughness of CNF composite 

films in wet state the most. Addition of the CMC, which is an anionic 

polysaccharide, degraded the wet strength due to the high charge of CMC molecules 

leading to extensive swelling of the film (Figure 19 a, b and c). 

However, uncharged GG and CMC had similar trends in their enhancing behaviour 

in dry state; 1-2% addition of these improved the tensile strength by 40% while 

decreasing the Young’s modulus only slightly, about 10%. For dry samples with 

10% added WSPs, the improvement in tensile properties was already diminished 

(Figure 20 a, b and c). 

In Paper V, oxidized GG was grafted with PEG (GG-g-PEG) and added into CNF 

films. The addition did not improve the dry- or wet state tensile properties (Figure 

20 a, b and c). Also, PEG alone was not beneficial for tensile properties. The used 

GG had relatively low DO and high Mw leading to very low degree of PEG 

substitution. The molecule is bigger than PEG used earlier for example in 

Olszewska and Junka et al. (2013), where the molecular weight was 2 kDa. Both 

these facts could be the reason why no positive effect of GG-g-PEG was observed, 

although crafting directly PEG with CNF is beneficial for mechanical properties  

(Hatton, Engström et al. 2017). The most beneficial additives of Paper III were high 

DO and small Mw GG’s and unmodified spruce GGM.  

The strength enhancing effect of added WSPs can be explained by the composite 

structure, where the WSPs act as ductility enhancing plasticizers for the stiff highly 

crystalline CNF regions.  Based on the properties of the dry state films, no major 

differences between the polysaccharides were found. The degree of oxidation (DO) 

of added WSPs did not significantly affect the dry state tensile properties. All the 

tested WSPs are potential candidates for further chemical modification. 

Added GGM, and oxidized GG had positive effects on the tensile strength in both 

dry and wet states and leads to smaller deviation of the results. In the wet state, also 

the Young’s modulus of the composites was improved with respect to pure CNF 

films.  

CNF films containing CMC can bind high amounts of water in short time, which is 

detrimental for wet strength properties. In contrast, adding GGM and hydrolyzed 



58 
 

oxidized GG to CNF improved the hydrophobicity of the films as was measured in 

Paper III. 

a)

 
b) 

 
c) 

Figure 20. Mechanical properties of CNF films, without and with 2% added 

polysaccharides, in dry state. In dark gray and white results from Paper III and in 

blue and light grey results from paper V. The last five bars are for layer-by-layer 

composite films, with two layers of nanopapers from paper IV.  
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The effective mixing is essential when preparing the free-standing cellulose films, 

due the high surface ratio of fibrils in CNF gel. When mixing with cellulose, smaller 

polymers are easier to distribute evenly; hard thick gel is difficult to mix with CNF 

fibrils properly. Small CNF concentration and long mixing time and right 

equipment is essential. Also, repulsive forces (both hemicellulose and CNF are 

negatively charged) helps the mixing with CNF fibrils. The viscosity of the 

hydrolyzed GG solutions was low at all degrees of oxidation and therefore mixing 

of the solutions with CNF suspension was easy. Therefore, hydrolyzed oxidized 

GG is easier to use as a lubricant material to give full evenly distributed coverage 

on CNF fibrils than oxidized GG without hydrolyzation. 

Compared to CNF films described in more recent publications, e.g. Kontturi et al. 

(2018), our pure CNF films are quite weak and brittle. However, this can partly be 

attributed to the fact that our CNF gel raw material was quite old already when 

making the films; also the tensile testing parameters (sample size, geometry, 

instrument setting) of our study were not optimized for best strength, but rather to 

get realistic results for practical applications. 

It’s difficult to prepare the sample for tensile testing by slicing without damaging 

them. Smaller size samples generally lead to higher tensile strength results 

especially when drawn faster. Here large samples were used to keep practical 

applications in mind, like artificial skin or for blood vessels, packing, sensors 

and electronics (Benítez, Walther 2017).  

Mikkonen, Stevanic et al. (2011) had proven that addition of CNF to hemicellulose 

films useful, this approach used CNF as minor component. Small amount of CNF 

is faster to mix with hemicellulose due its high aspect ratio than other way around. 

Prakobna, Kisonen et al. (2015) used GGM as an enhancing agent in CNF gels.  

Hatton et al. recently used Xyloglucan in CNF composites, enhancing their 

mechanical properties.  Although PEG mixed with CNF did not have an enhancing 

effect in our films, PEG grafted directly to CNF has been successfully used to get 

higher Young’s modulus and toughness (Hatton, Engström et al. 2017). Aligning 

the fibrils in the direction to the pull can enhance the tensile strength and toughness 

of the composites (Rahman, Netravali 2016), and could be relatively easy to do for 

the composites discussed in this work. Different kind of CNF blends have 

synergetic effects when mixed together (Mautner, Mayer et al. 2017)  e.g.  CNCs 
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can be used to fill voids in BC nanopapers. Recently progress has been made to 

prepare CNFs cheaper, faster and less energy consuming. One such way is to 

prepare CNF- microfibrils with enzymatic TEMPO-oxidation. (Khanjani, Väisänen 

et al. 2017) 

The layered composites with epoxy were quite weak. Although CNF improved the 

mechanical properties of epoxy remarkably, the need to use epoxy with CNF 

remains questionable, and other additives could be considered instead. 

Although advances have been made in terms of mechanical properties, there are 

still challenges in transferring the remarkably good tensile properties of individual 

cellulose fibrils into practical materials (Kontturi, Laaksonen et al. 2018). In 

addition to common applications, they predict that future advanced nanocellulose 

materials are used as platform for sensors and flexible devices, as well as raw 

material for 3D printing. 

Further studies should be made on less energy consuming and more 

environmentally friendly methods to prepare CNF (Saito, Kimura et al. 2007, 

Wågberg, Decher et al. 2008, Pääkkö, Ankerfors et al. 2007).   

4.2.2 Effect of WSPs and nanocellulose source on the mechanical 
properties of layered nanocellulose composites 

In Paper IV our previously developed CNF composite films (or nanopapers) were 

used to prepare CNF reinforced resin-based composites. The CNF films were 

layered and infused with a resin in combination with nanocellulosic reinforcement. 

This process is called vacuum assisted resin infusion. The objective was to 

understand how the properties of the nanopapers affect the properties of the final 

layered composites. Several layers of nanopapers were infused and these pre-forms 

were then cured in a hot-press to result in a proper composite. Of the final 

composites, specimens for mechanical (e.g. tensile and flexural tests, DMTA, 

Charpy impact strength) and thermo-physical (e.g. DSC, TGA) measurements, 

were produced, tested and compared to conventional nanopaper-composites. 

Corresponding tensile test curves are presented in Figure 21. 

Layers with two nanopapers and four nanopapers were prepared, with epoxy resin 

between the nanopapers. Various nanopapers were used; nanopapers from birch 
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CNF as such and enhanced by adding WSP’s (hydrolyzed oxidized GG with 50% 

and 80% of oxidized galactosyls or GGM), and nanopapers prepared from BC. 

 

Figure 21. The corresponding stress-strain curves for two-layer composites. Figure 

is adapted from paper IV. The guar gum used in the samples was oxidized, the 

degree of oxidation (DO) of oxidized galactosyls in OGG was 50% (OGG-50), the 

total amount of oxidized 20% and 80% (OGG-80) and respectively total amount of 

oxidized galactosyls 31%. 

Two-layer sheets were made from all nanopaper variants and four-layer sheets were 

made from CNF-GGM composites or BC. The mechanical properties of layered 

sheets were tested using DMTA and tensile testing. In two-layer sheets the best 

tensile performance was obtained using CNF-GGM composite or BC nanopapers. 

In four-layer sheets a small decrease in storage modulus was observed; this can be 

attributed to existence of more resin layer which in turn decreases the total fibril 

content of multi-layer composites. For CNF-GGM the fibril content decreased 

approximately from 90% to 80% and for BC composites from 80% to 70%. Overall, 

the DMTA results agreed with the tensile strength results.   

For CNF nanopapers the storage modulus was 20 GPa and dropped slightly when 

WSP’s were added since they worked as lubricants. The storage modulus for BC 

nanopapers was 18.5 GPa, which is similar than CNF nanopapers enhanced with 

WSP’s. The addition of WSP’s into nanopapers improved the tensile strength and 

toughness of the final layered sheets significantly; the improvement versus CNF 

pure nanopaper layered sheets was from 84±4 MPa and 0,34MJ/m3 to 107±6 MPa 

and 0,63±0,09 MJ/m3 for added hydrolysed oxidized GG and to 107±6 MPa and 

0,69±0,11 MJ/m3 for added GGM. For BC nanopapers the values were 150±9 MPa 

and 2,7±0,29 MJ/m3. The results are visualized in Figure 20. It was noted that the 
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strength and ductility of CNF composite and epoxy laminates decreased compared 

to pure CNF films with 2% addition of GGM or GGHydHox, making them more 

easily cracking than non-layered composite films. Further studies for more 

convenient hardeners for layered composites are required. 

 

Bacterial cellulose fibrils are long, entangled and homogenous; the crystallinity is 

higher, and the fibrils are purer due to lack of hemicelluloses and lignin, leading to 

improved tensile properties compared to wood-based CNF’s. While there are no 

covalent crosslinks between the fibrils, the fibrils can realign during loading. 

In tensile testing the exact details of the experiment have significant effect on the 

results; therefore, paper and steel industry have created uniform standards to 

perform the tests. Generally, fast elongation speeds lead to higher tensile strength 

values and slower speeds to higher elongation at break and toughness values. In 

addition, sample size and shape also play a role; larger sample cross sections often 

yield lower tensile strength and toughness but give a good overall picture of tensile 

properties in terms of application. Even though care is taken to normalize the results 

for these effects, the values measured from different experiments often cannot be 

directly compared with certainty. In this work relatively large samples were used 

for testing to allow reliable evaluation for practical applications. The layered 

composites in Paper IV followed the results of water-soluble polysaccharides and 

CNF films in Paper III, without compromising thermal properties when softener 

was added.  

4.2.3 Crystallinity 

The crystallinity of birch-based CNF was analysed in Paper I with X-ray diffraction; 

the crystallinity measured from free-standing CNF films was about 60 ± 5% and 

did not vary with hot pressing time.  Crystallinity calculation model fit to diffraction 

pattern is shown in Figure 22. 

The BC used in Paper V had a higher crystallinity of about 72 ± 1 % (Lee, 

Tammelin et al. 2012), and had higher tensile strength than CNF. The BC and CNF 

nanopapers were compared in Paper IV. Crystallinity results correlate with general 

knowledge that BC has higher crystallinity than CNF, since BC does not contain 

amorphous constituents such as hemicelluloses and lignocelluloses. However, 

comparison of crystallinities determined by x-ray diffraction and between other 
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measurement techniques is difficult and ambiguous since exact details of analysis 

method has moderate effect on results (Ahvenainen, Kontro et al. 2016). 

Crystallinity has effects of many physical properties of the sample. For example, 

the thermal degradation of CNF based nanofilms happens at 275–280 °C, whereas 

for BC it occurs at 320 °C.   

 

Figure 22. Crystallinity calculation model fit, giving a crystallinity of 60 ± 5% for 

CNF film. 

4.2.4 Thermal degradation behavior 

The thermal degradation behavior samples of CNF nanopapers and layered 

composite films was investigated with TGA in Paper IV. As the heating begins, the 

CNF based composites release moisture which can be detected more clearly in CNF 

than in BC based composites. The glass transition in epoxy happens around 170 ˚C 

and for layered composites the CNF paper dominates the glass transition point. For 

CNF and BC composites, the first degradation step in nitrogen atmosphere, i.e. the 

rupture of glycosylic linkages of cellulose, was around around 275–280 °C and 

320 °C for CNF and BC, respectively. In air atmosphere the first degradation started 

around 250˚C when the low molecular weight glycosidic compounds degraded. The 

second degradation step in air atmosphere, i.e. the degradation of pyran structures, 

occurred around 450˚C for both BC and CNF composites. At 600°C, a char residue 

in nitrogen atmosphere of about 12 % to 13 % was found for samples with oxidized 
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GG and CNF, 16 % for samples with GGM and CNF and 17 % for pure BC and 

CNF. The polysaccharides added to pure nanopapers and layered composited had 

negligible effect on TGA results. CNF and BC samples had similar thermal 

properties. Laminating with CNF and BC increased the application temperature 

range by raising the glass transition temperature compared to pure epoxy matrix. 

4.3 Explaining composite properties through 
surface and friction forces between CNF and 
water -soluble polysaccharides  

The mechanical properties of CNF films critically depend on the surface and 

friction forces between individual cellulose nanofibrils at micro/nanoscale. The 

adsorption of polysaccharides can alter those interactions and, consequently, affect 

the macroscopic properties of CNF-hemicellulose composite. The surface forces 

and friction between cellulose surfaces coated with enzymatically modified GG, 

GG grafted with PEG and unmodified GGM were measured by CPM using 

amorphous cellulose microspheres (probes) and the results were compared to 

uncoated cellulose surfaces.  

The interactions (surface forces) between cellulose surfaces were studied in two 

different modes 1) by measuring the surface forces when the WSPs had already 

been adsorbed in QCM-D, and 2) by measuring the surface forces after the WSPs 

had been adsorbed in situ in the AFM. In the latter case, the friction and surface 

forces between bare cellulose surfaces (that is, a cellulose probe and a CNF model 

surface) were measured before and after the adsorption of WSPs, and after rinsing 

the system with Milli-Q water. One difference between the modes is that in 1) the 

amorphous cellulose probe was not coated with WSPs, so the interaction between 

cellulose and WSP-coated CNF was measured, whereas in 2) the WSPs were 

adsorbed on both the amorphous cellulose probe and the CNF film and interaction 

between WSPs coated cellulose surfaces was measured.  

The representative normal surface force curves upon approach and respective 

model fits are shown in Figure23a for the WSPs adsorbed in AFM and in Figure 

23b for the WSPs adsorbed in QCM-D. A repulsive force was observed for all the 

samples. Repulsion decreased monotonically as a function of separation. For CNF 

the decay was exponential, and range of repulsion was less than 20 nm. The 



65 
 

repulsion for composite samples was more complicated; the decay didn’t follow 

any elementary power law for all separations but had at least two regions of 

different behavior. For the GGM and GG-g-PEG samples adsorbed in situ in AFM 

the repulsion reached to more than 100 nm relative separation, whereas for the 

GGM and GG-g-PEG adsorbed in QCM-D the repulsion reached only to 20 nm 

separation.  

The measured normal surface forces were attempted to be explained by either a 

polyelectrolyte brushes (PEBs) model or by DLVO theory. The interaction between 

CNF model films fitted well to DLVO theory assuming an ionic strength of 14 mM, 

whereas the interactions in the presence of adsorbed polysaccharides were better 

described by the PEB model.  

The studied samples had a very low negative charge. The GGM contains small 

amounts of galactoglucoronic acid 4%, glucoronic acid 1%, 4-o methyl gluronic 

acid that give it a low negative charge.  (Xu, Willför et al. 2007). The sample might 

also have small amount of salt (Mikkonen, Stevanic et al. 2011). The GG sample 

contains approx. 5-6% proteins (Thombare, Jha et al. 2016). These give the 

polymers small residual charge. It has been speculated oxidation might in some 

cases lead to acid form. These give the polymers small residual charge.  

The calculated polyelectrolyte brush lengths (Table 1) were longer for WSPs 

adsorbed in AFM than for pre-adsorbed samples since the adsorption happens on 

both the cellulose probe and model film surface and the sample is never dried. For 

the WSPs adsorbed in QCD-D the adsorbed polymer was dried on the model film 

surface after rinsing extensively for at least 30 minutes. The repulsive forces due to 

polyelectrolyte brushes were dominating but of course other interactions like van 

der Waals and electrostatic forces are also present, but their magnitude is weaker.  

The models were fitted only to the region of the approach curves where the model 

could satisfactorily explain the behavior.  
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a) 

 

b) 

 

Figure 23. a) The representative normal force curves for WSPs adsorbed in AFM. 

b) The representative normal force curves for WSPs adsorbed in QCM-D. The 

respective model fits are in solid and dashed lines. Reproduced with minor 

modifications from Journal of Colloid and Interface Science, Vol 555 (2019), 104-

114, under Creative Commons Attribution 4.0 International Public Licence 

(https://creativecommons.org/licenses/by/4.0/legalcode). 

After rinsing the system with Milli-Q water, the results did not change, showing 

that the adsorption of the polymers does not change. 
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Table 1. Polyelectrolyte brush (PEB) lengths calculated for the WSPs adsorbed in 

AFM and in QCM-D. The result is shown for the representative curves (Fig. 23) 

and averages over all the measured curves.  

Sample Adsorption 

environment 

PEB length L (nm) 

CNF coated with Representative Average 

GGM  

AFM 

39 44,0 ± 1,9 

GG-g-PEG 35 24,0 ± 1,4 

GGhydHox  

QCM-D 

20 16,0 ± 1,5 

GGM 14 13,0 ± 0,6 

GG-g-PEG 12 12,0 ± 0,7 

 

All WSPs lowered the friction between cellulose surfaces by 24-46% depending on 

the adsorbed polysaccharide after adsorption on cellulose model film. In particular, 

the adsorption of hydrolyzed oxidized GG reduced the friction coefficient between 

a CNF film and a cellulose probe from 1,44 ± 0,12 to 0,97 ± 0,05. Figure 24 presents 

the friction-versus-applied load curve for the studied systems.   

 

Figure 24: AFM friction loops for CNF, GGhydHox and GG-g-PEG. The friction 

forces decreased after the adsorption of polysaccharides. Reproduced with minor 

modifications from Journal of Colloid and Interface Science, Vol 555 (2019), 104-

114, under Creative Commons Attribution 4.0 International Public Licence 

(https://creativecommons.org/licenses/by/4.0/legalcode). 
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Nevertheless, it must be noted that the friction between cellulose surfaces varied 

depending on the CNF sample and the cellulose probe used in the measurement. 

The effect of the cellulose sphere probe was also observed by Stiernstedt et al. 

(2006), where the friction results for different probes showed significant deviation. 

In comparison, poly(ethylene glycol) grafted carboxymethylated cellulose (CMC-

g-PEG) on CNF  lowered significantly the friction between cellulose surfaces 

(Olszewska, Anna, Valle-Delgado et al. 2013). An important difference compared 

to our adsorbed WSPs is that CMC is highly charged and thus creates a swelling 

layer on top of CNF fibrils. All the adsorbed WSPs in this study have low charge 

and the lubrication effect is smaller since the surfaces are not swelling.  
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5 Concluding remarks 

This thesis described a fast method to prepare CNF films and an easy way to 

enhance mechanical properties of films by adding WSP’s. The mannans and 

xyloglucans used as additives are environmentally friendly and sustainable. Only a 

small amount, about 2-10 wt%, of added WSP’s are needed to enhance the 

mechanical properties of the CNF films. However, addition of 2 wt% of WSP’s was 

considered to be close to optimal, as further addition resulted only slight 

improvements to tensile properties. The added WSP’s lowered the friction between 

CNF fibrils, thus adding a lubricating layer and protecting the fibrils under 

mechanical stress. Composite films were made from CNF and WSP’s, such as XG, 

GGM, CMC and GG.  

Similarities and differences in the properties of composite films depending on the 

added WSP’s were found. In the dry state composite films, all WSP’s improved the 

mechanical properties of the films, without major differences between WSP’s. In 

wet state composite films, however, clear differences were obtained between the 

added WSP’s; GGM and oxidized GG significantly improved stiffness and 

toughness. The composite films absorbed a substantial amount of water, indicating 

that they could be used in application where hydrated and strong materials are 

needed. The wet strengths of the composite films were good even after the 

composites had been soaked in water for 24 hours. 

Based on adsorption studies on CNF model films, all tested WSP’s, except highly 

oxidized GGM’s, adsorbed well on cellulose surfaces in water solution. However, 

even the oxidized GGM’s could be adsorbed moderately well on CNF in the 

presence of salt. Oxidized GG forms an especially dissipating layer onto cellulose 

model films; this correlates with enhanced mechanical properties of final free-

standing films in terms of toughness and elongation at break values. The addition 

of unmodified spruce GGM’s was beneficial for tensile strength and toughness as 

well.  
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Normal force experiments showed that the forces between CNF surface and 

cellulose sphere correspond well with electric double layer force predicted by 

Debye-Hückel theory and could be thus explained via DLVO theory. However, 

when one or both CNF surfaces were covered with WSP’s, the observed decay 

length of forces was significantly longer than predicted by DLVO theory. In these 

cases, the interfacial forces could be explained by surfaces covered with grafted 

polyelectrolyte brushes; in many cases the longer brush lengths indicated improved 

tensile strength; however these measurements alone are not expected to fully 

explain the mechanical properties in the corresponding free-standing films, needing 

also complementary methods such as GC-MS and NMR in order to validate the 

modifications made to the WSP’s. All the CNF surfaces with adsorbed WSP’s 

exhibited only minor adhesion. Friction force studies show clear tendency; 

adsorbing WSP’s on the cellulose surface lowers friction to some extent, indicating 

that WSP’s work as lubricants, although it must be notes that the friction coefficient 

was still much higher than for common lubricants.  

Strong multi-layer nanopapers from epoxy and CNF were made; also, here the 

addition of small amount of WSP’s had positive effects on the mechanical 

properties. Multi-layer nanopapers made from bacterial cellulose exhibited even 

better tensile properties than the CNF based ones. Addition of WSP’s did not affect 

the thermal properties of the nanopapers. Generally, there is a lot of room for 

improvement in layered composites, starting with replacement for a more 

environmentally friendly replacement filling material than epoxy, which was used 

to infuse the films/papers together. 

In nature these materials also have a hierarchical order, which we were not able to 

mimic in the scope of this work. In future this can be considered for a way to prepare 

extraordinary materials. In biomimetic composites hierarchical order could be 

obtained e.g. by aligning the CNF fibrils and 3D printing.  
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ABSTRACT: In this study, we present a rapid method to
prepare robust, solvent-resistant, nanofibrillated cellulose
(NFC) films that can be further surface-modified for
functionality. The oxygen, water vapor, and grease barrier
properties of the films were measured, and in addition,
mechanical properties in the dry and wet state and solvent
resistance were evaluated. The pure unmodified NFC films
were good barriers for oxygen gas and grease. At a relative
humidity below 65%, oxygen permeability of the pure and
unmodified NFC films was below 0.6 cm3 μm m−2 d−1 kPa−1,
and no grease penetrated the film. However, the largest
advantage of these films was their resistance to various solvents, such as water, methanol, toluene, and dimethylacetamide.
Although they absorbed a substantial amount of solvent, the films could still be handled after 24 h of solvent soaking. Hot-
pressing was introduced as a convenient method to not only increase the drying speed of the films but also enhance the
robustness of the films. The wet strength of the films increased due to the pressing. Thus, they can be chemically or physically
modified through adsorption or direct chemical reaction in both aqueous and organic solvents. Through these modifications, the
properties of the film can be enhanced, introducing, for example, functionality, hydrophobicity, or bioactivity. Herein, a simple
method using surface coating with wax to improve hydrophobicity and oxygen barrier properties at very high humidity is
described. Through this modification, the oxygen permeability decreased further and was below 17 cm3 μm m−2 d−1 kPa−1 even
at 97.4% RH, and the water vapor transmission rate decreased from 600 to 40 g/m2 day. The wax treatment did not deteriorate
the dry strength of the film. Possible reasons for the unique properties are discussed. The developed robust NFC films can be
used as a generic, environmentally sustainable platform for functional materials.

KEYWORDS: nanofibrillated cellulose, barrier, film, oxygen permeability, solvent resistance, wet strength

■ INTRODUCTION

Nanofibrillated cellulose (NFC) is one of the most interesting
renewable nanomaterials obtainable in nature. In addition to
the obvious environmental reasons, the renewability, non-
toxicity, and availability of cellulose, the growing interest for
this material is due to its extraordinarily high specific strength,
thermal stability, hydrophilicity, and broad capacity for
chemical modification. Recently, the development in cellulosic
fibrillation methods has facilitated the production of nanoscaled
NFC from cellulosic sources, such as wood and crops, with
reasonable low energy consumption.1−3 The width of the
nanofibrils depends on the production method but is typically
around 5−20 nm. The length of the fibrils is more challenging
to determine but may exceed 5 μm, and thus, the aspect ratio of
NFC is more than 250. The high aspect ratio is advantageous

and contributes to the high strength of network structures and
composite materials prepared from NFC.
There is a great demand for flexible, strong, transparent,

thermally stable films with excellent barrier properties for
various packaging applications, such as food, medicine, and
electronics. Especially, the gas barrier properties are important
since even a very small amount causes most products to
deteriorate. Petroleum-derived polymers have been extensively
used due to their simple processing, low manufacturing costs,
and excellent barrier properties. However, the increased
environmental consciousness has promoted the utilization of
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biopolymers. Starch and regenerated cellulose films, such as
cellophane, have been explored, but their strength properties
are not always sufficient. Thus, they are traditionally mixed with
synthetic ones or chemically modified4 to improve their
properties. The strong interaction between nanofibrils during
drying can be utilized to prepare NFC films.5 The inherent
strength of the cellulose crystals combined with the strength of
interactions between the fibrils leads to the formation of very
strong films based on NFC. NFC films also show excellent
oxygen barrier properties in dry conditions. For a compre-
hensive review on the potential of NFC as a barrier material,
the reader is referred to the recent review by Lavoine et al.6

However, most practical applications demand that the film can
stand at least 50% relative humidity. Only a few attempts have
been made to enhance the barrier properties of NFC at
elevated humidity. Spence et al.7 found that lignin present in
the NFC actually increased the water vapor transmission
through the film, although the opposite was expected. This was
concluded to be due to the increased porosity of the film.
Similarly, acetylation of cellulose nanofibrils prior to film
formation enhanced the barrier properties only at very low
degrees of substitution and had a deteriorating effect at higher
levels of substitution.8 Nanocomposite films containing nano-
clay and NFC were found to retain good oxygen barrier
properties even at high humidity.9,10 Although the barrier
properties of NFC films have gained much attention lately, the
films’ resistance to solvent has not been explored earlier.
Another disadvantage of most approaches reported in the

literature is the extremely slow dewatering of NFC. NFC films
are typically prepared from water suspensions by film-casting
and water evaporation.9,11Alternatively, the suspension can be
gradually pressed in a mold with porous plates, where the water
can pass through.12 Afterward, the molded compound is freeze-
dried to a moisture content of 2%, followed by hot-pressing.
Filtration on a Bu chner funnel, followed by drying, can also be
used.13 With these approaches, the film preparation takes from
several hours to a few days, which is not practically feasible.
We introduce a method based on overpressure filtration and

hot-pressing for fast preparation of NFC films. The formed film
is surprisingly robust and resistant to many solvents, which
opens up numerous application and functionalization possibil-
ities. For example, through simple surface modification, the film
could be a platform for diagnostic assays. The effect of hot-
pressing on both dry and wet strength, water absorption, and
barrier properties is discussed, and finally, an example of a
simple, cheap, and environmentally friendly method to further
increase the water resistance is shown.

■ EXPERIMENTAL SECTION
Materials. The cellulose nanofibrils (NFC) were prepared in the

Finnish Centre for Nanocellulosic Technologies. Never-dried
industrial bleached hardwood kraft pulp was washed into sodium
form following a procedure introduced by Swerin et al.14 to control
both the counterion type and ionic strength. The washed pulp was
disintegrated through a high-pressure fluidizer (Microfluidics, M-110Y,
Microfluidics Int. Co., Newton, MA) in 6 or 20 passes. No chemical or
enzymatic pretreatment was used prior to disintegration. If not
otherwise specified, the six-pass sample was used. The charge density
of the pulp used was 0.065 meq/g, and the zeta-potential of the
corresponding NFC gel was −3 mV.15 Paraffin wax (Sigma-Aldrich,
mp 54−56 °C, CAS: 8002-74-2) was used for surface modification of
films.
Film Preparation. The films were prepared by pressurized

filtration. A 150 mL portion of 0.84% NFC suspension was filtrated

through a Sefar Nitex polyamine monofilament open mesh fabric with
a 10 μm pore size at 2.5 bar pressure. Using this technique, 120 μm
thick (dry thickness) and 137 cm2 large films (corresponding to a
diameter of 13.2 cm), which were dry enough to handle, were
prepared in less than 1 hour. The films were wet-pressed for 4 min,
whereupon they were further pressed in a Carver Laboratory press
(Fred S. Carver Inc.) at about 100 °C and 1800 Pa, varying the
pressing time between 0.5 and 2 h. The basis weight of the films was
about 55 g/m2. There was always about 40% loss of material during
the filtration. The dry films were stored for at least 48 h at 23 °C and
50% relative humidity until further measurements. For comparison,
some of the dry film was treated with paraffin wax by melting the wax
and dipping the film into the melted wax, removing excess wax from
the surface, and allowing the films to dry in 23 °C and 50% relative
humidity without any further treatments.

Apparent Film Density. The apparent film density was calculated
from the 2 × 4 cm strips of about 70 μm in thickness used for solvent
absorption measurements by dividing the mass with the sample
dimensions. The thickness was measured three times/per sample with
a Lorenz Wetter paper thickness meter.

Oxygen Transmission Rate. The oxygen transmission rate
(OTR) through the films was determined according to the ASTM
standard F1927 using an Ox-Tran 2/20 oxygen transmission rate tester
(Mocon, Modern Controls Inc.). The test area of the sample was 50
cm2. The tests were carried out at 23 °C and different relative
humidities using 100% oxygen as a test gas. The OTR was multiplied
by the thickness of the film, and the corresponding oxygen
permeability (OP) was reported.

Water Vapor Transmission Rate. Water vapor transmission rates
of the films were determined gravimetrically using a modified ASTME-
96 procedure. Samples with a test area of 25 cm2 were mounted on a
circular aluminum dish (H.A. Buchel V/H, A.v.d. Korput, Baarn-
Holland 45 M-141), which contained water. Dishes were stored in test
conditions of 23 °C and 50% relative humidity and weighed
periodically until a constant rate of weight reduction was attained.

Grease Resistance. Grease resistance was determined according
to a modified Tappi T 507 method. First, standard olive oil was
colored with Sudan II dye and applied onto 5 cm × 5 cm sized blotting
paper. A stain-saturated piece of blotting paper was placed against the
films, and a piece of blank blotting paper (stain absorber) was placed
against the other side. The whole stack was pressed between two plates
and kept in an oven at 60 °C for 4 h. At the end of the test period, the
assembly was removed and the stain absorbers were examined. For
each absorber, the area and the number of stained spots, if any, were
determined.

Solvent Resistance and Solvent Absorption. Pieces of the
films were immersed in solvent for at least 18 h, whereupon they were
photographed and removed from the solvent and photographed again
after a few minutes of drying. The absorption of solvent was
determined by immersing 2 × 4 cm strips in solvent, removing them
periodically, and weighing them. The samples were equilibrated in
50% RH and 23 °C for at least 72 h before measurements, and the
measurements were performed in the same conditioned room. The
thickness of the dry films was around 70 μm, but thickness and weight
were measured for each sample strip before solvent immersion.
Average values from four measurements are shown. The solvent
uptake (%) was calculated from eq 1:

= − ×m m mSolvent uptake (%) ( ) 100/t 0 0 (1)

Mechanical Properties in Dry and Wet State. The mechanical
properties of the dry films were determined with a tensile test using an
Instron 4204 testing machine. Strips with dimensions of 5.3 × 30 mm2

were cut from the uniform film, and the thickness was separately
measured for each sample before measurements. To avoid slippage at
the sample holders, small pieces of paper were glued to the edges of
the samples. The grip distance was 20 mm, the maximum cell load was
1 kN, and the testing speed was 1 mm/min. Wet films were measured
using an MTS 400/M vertical tester. Strips with dimensions of 50 ×
15 mm2 were cut from the uniform film, and the thickness was
separately measured for each sample before measurements. The
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samples were immersed in water for 1 h and measured immediately
after removal. The grip distance was 40 mm, the maximum cell load
was 200 N, and the testing speed was 0.5 mm/min. For both dry and
wet strengths, at least seven parallel samples were tested, and the
samples were conditioned for at least 3 days at 23 °C and 50% before
testing or alternatively soaked in water and tested under wet
conditions. Average results are shown.
Contact Angle Measurements. The contact angle of water on

the films was determined using the sessile drop method employing a
CAM 200 (KSV Instruments Ltd., Helsinki, Finland) video camera
based fully computer-controlled contact angle meter. The determi-
nation of contact angles is based on the analysis of drop shape using
the full Young−Laplace equation. The measurements were performed
at room temperature using pure water, and at least three areas were
measured on each sample. The drop volume was ∼6 μL.
Scanning Electron Microscopy. Scanning electron microscopy

(SEM), employing a LEO 1450 SEM equipped with a W-cathode
(Carl Zeiss Inc.), was used to characterize the cross sections of the
films. Slices of the film were dried in liquid nitrogen and quickly
cleaved to obtain a clean cut. A thin layer of gold/palladium was
sputtered on the specimen before imaging.
Atomic Force Microscopy. For the characterization of NFC fibril

dimensions and film surface morphology, atomic force microscopy
(AFM) imaging in air was applied. The Nanoscope IIIa multimode
scanning probe microscope (Digital Instruments Inc., Santa Barbara,
CA) operating in tapping mode was used. Silicon cantilevers (NSC15/
AIBS, MicroMasch, Tallinn Estonia) with a driving frequency around
300−360 kHz were used. The radius of the tip according to the
manufacturer was less than 10 nm. At least three different areas on the
sample were scanned.
Wide-Angle X-ray Scattering. Wide-angle X-ray scattering

measurements (WAXS) were made for determining the crystallinity
and the width of cellulose crystallites. The measurements were made
using the perpendicular transmission geometry with the equipment
and methods described by Svedstro m et al.16 The average width of
cellulose crystallites was determined from the measured diffraction
patterns from the cellulose Iβ 200 reflection using Scherrer’s
equation.17 The relative crystallinity was determined by fitting the
amorphous background and the theoretical intensity of crystalline
cellulose to the experimental diffraction pattern.17 The accuracy was
±5%.

■ RESULTS AND DISCUSSION
Film Formation. Nanofibrillated cellulose forms dense films

with good barrier properties.18,19 Still, the slow dewatering is
one main challenge limiting industrial use of these films.
Solvent casting and evaporation7,19 or filtration18,20 have been
used to produce NFC films. However, the film formation using
these approaches may take from several hours to days
depending on technique and NFC used. Hence, possibilities
to speed up the dewatering were evaluated. A technique based
on overpressure was employed to filtrate the gel. Surprisingly,
the dewatering was rather rapid, and 130 mm diameter films,
having a dry thickness of 120 μm, were formed in less than 30
min for the six times fluidized NFC sample. After 0.5−2 h of
hot-pressing, the film was ready for use. The most time-
consuming step in this approach is not the dewatering, as is the
case in most other preparation methods, but rather the hot-
pressing. The total film preparation time was 1−2.5 h
depending on the time in the hot press. This is comparable
with the fastest preparation method reported for NFC films
using a Rapid Ko then equipment.21 They reported a total film
preparation time of 1−2 h for 200 mm diameter and 45 μm
thick films.
Effect of Applied Load on the Mechanical Properties

of Pure and Dry NFC Films. The drying at elevated
temperature and under high load was initially employed in

order to avoid wrinkling of the NFC films. However, in
addition to leading to smooth, rather transparent films (Figure
1), this treatment also increased the strength and barrier

properties of the film, as demonstrated below. The structure of
the fabric used in filtration and pressing gives some nanometer
scale roughness to the film surface (Figure 1b).
In Figure 2, the tensile stress−strain curves of pure NFC

films as a function of time in the hot press is shown. If the film

was dried without the hot-pressing step, it was too wrinkly to
measure; thus, the first measured point is after 0.5 h of hot-
pressing. In general, the films were strong and comparable to
previously reported values.18,19,21−23 However, here, we note
that measurement procedures, relative humidity, and sample
dimensions strongly influence the results, and thus, mechanical
properties obtained in different studies should be compared
with some caution. The 0.5 h pressed film has a lower Young’s
modulus and tensile strength, suggesting that, indeed, the
pressing increases the strength of the film. However, no
remarkable change was observed between the 1 and 2 h pressed
films. The corresponding modulus, tensile strength, and
elongation are shown in Table 1. The modulus and strength
increase upon hot-pressing. We speculate that a denser film
with a higher amount of bonds and fewer voids is formed when
the film is dried at high applied load and elevated temperature.
A slight decrease in film thickness from 74 ± 3 μm for
nonpressed to 65 ± 4 μm for 2 h pressed sample indicates
densification during pressing. The thickness of the 0.5 and 1 h

Figure 1. (a) Photograph of the translucent free-standing film on top
of a conventional copy paper. (b) 25 μm2 AFM height image showing
the surface topography of the film and (c) photograph illustrating the
flexibility of the sample. The film was prepared from NFC passed six
times through the fluidizer (F6).

Figure 2. Effect of the time in the hot press on the tensile stress−strain
curves for the free-standing NFC films prepared from F6 NFC.
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pressed samples was in between these two extremes (67−68 ±
3 μm). Nevertheless, the changes in density were within the
error limits, and clear correlation between hot-pressing and
density was consequently not found.
Oxygen Barrier Properties of Pure NFC Films. In Figure

3, the effect of fibril size on the oxygen transmission rate

through the film is shown. Films were made from NFC
dispersion after 6 (F6) and 20 passes (F20) through the
fluidizer. The increased fibrillation led to more homogeneous
samples, with a smaller amount of thick fibrils in the size range
of 50−100 nm, but the major part of the fibrils were already in
the width range of 5−20 nm in both samples (Figure 3b,d).
The fibrils are many micrometers long, and it is difficult to
evaluate the length of the fibrils. Thus, the width of fibrils and
fibril aggregates are compared. The size of the fibrils affected
the dewatering time, which was clearly slower for the F20
sample, further supporting that, indeed, there is a difference in
fibril size range between the two samples. However, no
significant difference in the barrier properties between the
samples could be observed (Figure 3e). The few thicker fibril
aggregates still present do not deteriorate the very dense
network that is formed during drying and pressing.
Consequently, the rest of the experiments were conducted

with the F6 sample, due to the clear advantage of quicker
dewatering.
The effect of hot-pressing time on barrier properties was

evaluated for the F6 sample (Figure 4). The measurements

shown in the figure are representative values, and some
variation in parallel measurements was observed. Thus, the
difference between 0.5 and 1 h samples is within the error
range. However, the 2 h pressed sample clearly differs from
these, having a lower oxygen transmission rate at elevated
humidity than the samples pressed for shorter times. The OP
for the 2 h hot-pressed NFC film is below 0.2 cm3 μm m−2 d−1

kPa−1 at 53% RH, and even at 96% RH, the OP is 55 cm3 μm
m−2 d−1 kPa−1. From these results, we can conclude that all the
films prepared had very good oxygen barrier properties at a
humidity below 70% as compared to previously published
results for NFC films and other biopolymer or polymer films.6

The high degree of crystallinity of the fibrils (60%; see the
Supporting Information) prevents oxygen transmission through
a fibril, and close packing of the fibrils during film formation
reduces the free volume and thus prevents the transmission of
oxygen through the film. The high surface polarity of nanosized
fibrils results in enhanced fibril-to-fibril attraction at low
humidity. The fibrils are strongly bound to each other by
hydrogen bonds and van deer Waals attraction, and the
movement of fibrils is efficiently restricted, thus preventing the
oxygen permeation. Typically, the barrier properties of
biopolymers are very sensitive to moisture variations. Water
enters the polymer and breaks the hydrogen bonds that hold
the chains together. At high humidity conditions, the
nanocellulose film swells, thus allowing permeation to increase.
Our results have significant practical relevance since most

applications require the material to retain its barrier properties
in a large humidity range. Nevertheless, most OP values
reported in the literature are for 0% RH and are thus difficult to
compare to the results presented here. As a comparison, we
note that oxygen permeabilities of 3.5−518 and 0.85 cm3 μm
m−2 d−1 kPa−119 have been reported at 50% RH for unmodified

Table 1. Mechanical Properties of NFC (F6) Films

sample Young’s modulus (GPa)a tensile stregth (MPa)a elongation (%)a

NFC (0.5 h pressed) 8.1 ± 0.7 121 ± 16 7.9 ± 0.8
NFC (1 h pressed) 11 ± 1.0 180 ± 19 5.1 ± 0.4
NFC (2 h pressed) 11.2 ± 2.3 230 ± 23 7.2 ± 2.1
NFC (2 h pressed) + wax 11 ± 0.8 180 ± 19 5.1 ± 1.0

aThe standard deviation from 7 to 11 parallel measurements is indicated.

Figure 3. Comparison between coarse NFC and fine NFC. The coarse
NFC corresponds to 6 passes and the fine NFC to 20 passes through
the fluidizer. In (a) and (c), 9 μm2 AFM height images of diluted fibril
dispersions dried on clean mica sheets are shown for F6 and F20 NFC
samples. The corresponding 1.5 μm line scans are shown in (b) and
(d). The oxygen permeation (OP) as a function of relative humidity
for the two different NFC grades is shown in (e). Both films were hot-
pressed for 2 h.

Figure 4. OP as a function of relative humidity for NFC films after
varying pressing times. To emphasize the differences between the
samples, a close-up of OP below 10 cm3 μm m−2 d−1 kPa−1 is shown in
the inset. The lines are only guides for the eye.
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NFC and carboxymethylated NFC (MFC), respectively. Using
a film formation approach that, similar to the method presented
here, involved elevated heat and pressure, Liu et al.10 reported
an OP as low as 0.47 cm3 μm m−2 d−1 kPa−1 at 50% for
unmodified NFC, but the value increased to 175 cm3 μm m−2

d−1 kPa−1at 95% relative humidity, showing the sensitivity of
the film for an increase in humidity. In a recent study, an OP
value of 45 cm3 μm m−2 d−1 kPa−1 was reported for NFC film
at 82% RH.24 NFC films are, in most cases, superior in respect
to strength and oxygen barrier properties compared to other
biodegradable or synthetic films.19 Only the flexibility is slightly
low. For example, the OP of the often used barrier plastic
ethylene vinyl alcohol is 0.01−0.1 cm3 μm m−2 d−1 kPa−1 at dry
conditions,1 and for poly(lactic acid), it is around 200 cm3 μm
m−2 d−1 kPa−1.25 It has been argued that carboxymethylation
prior to fibrillation gives improved oxygen barrier properties
because thin, well-dispersed fibrils are easier to obtain, and thus,
the film is denser.19 While an excess of carboxylic groups
indeed facilitates fibrillation, and thin fibrils are obtained both
by carboxymethylation3 or TEMPO-mediated oxidation,2 these
films are more sensitive to water and increased humidity.
Fukuzumi et al. reported that OP increases exponentially with
humidity for films made from TEMPO-oxidized nanofibrils.26

We did not find a clear effect of the fibril size on the barrier
properties of the films (Figure 3), provided most of the fibrils
are nanosized. On the contrary, the properties of unmodified
native NFC films are sufficient for many applications, and
modification of the NFC prior to film formation may not only
increase the cost of the NFC but also deteriorate the properties
of the film. The reason for this being that the modifications may
hinder the hydrogen-bonding ability of the fibrils, thus
introducing pores, and leading to decreased barrier properties,
as was seen for highly acetylated8 and lignin-containing7 NFC.
Robustness of the NFC Film. The strength and oxygen

barrier properties reported above already indicate that the films
are strong and dense. The density of the films was estimated
from mass/volume from the samples used for water absorption
testing, and it was about 1250 kg/m3. However, the standard
deviation (100 kg/m3) between samples pressed for the same
time was higher than the difference between samples.
Nevertheless, the values are in accordance with literature
values.5 The robustness and resistance to solvents was further
tested by soaking the films in various solvents. Chemical
modification of NFC prior to film formation is often used to
increase the compatibility to an organic matrix;27 however,
these modifications interfere with the strong self-association
tendency of NFC and may lead to a weaker and more porous
film. Henriksson et al. have shown that nanopaper made from
less-polar solvent is more porous and consequently weaker.5 To
retain the advantageous properties of the NFC film, it would be
beneficial to conduct chemical modification on the film surface
and, in this manner, improve barrier properties or induce
reactivity. Water, methanol, and acetone were chosen as
cellulose-compatible solvents and toluene as a common
nonpolar solvent. Surprisingly enough, no visible change in
the films was detected after 18 h in solvent. The 0.5, 1, and 2 h
hot-pressed films were all tested, but in this time period, they
could all withstand the solvents. Thus, only the 2 h samples are
shown in Figure 5. Attempts to systematically determine how
long the films could withstand the solvents were not made,
since most treatments of interest can be done in a few hours.
However, samples have been stored for weeks without visible
changes. The films were less transparent after redrying (Figure

5b), indicating some swelling in the solvent as will be discussed
later. Nevertheless, the surface topography was similar as prior
to solvent treatment (Figure 5c). The strength of 2 h pressed
wet films was measured to illustrate the robustness of the film
(Figure 5d). Only water was tested as solvent, since, from an
environmental point of view, that is the most desired solvent to
use in further applications. For comparison, the wet strength of
standard copy paper is also shown. Without the use of wet
strength additives, the strength in the wet state is about 3−10%
of the dry strength.28 For the copy paper used here, the wet
strength (1.8 ± 0.3 MPa) was 4% of the dry strength (50 MPa).
The NFC film retained more than 10% of its original strength.
The extreme resistance to solvents, even to water, is a very

advantageous property of the NFC films and opens up many
application possibilities. For example, a normal pulp sheet
interacts strongly with water through hydrogen bonds and
becomes very weak after soaking in water and may even
decompose into individual fibers. The NFC films, on the other
hand, remained robust. Thus, efforts were made to understand
the mechanism behind this property.
One possible explanation is that the combination of heat and

load applied to the film induces additional bonding between
fibrils, hindering solvent penetration into the film. Drying of
cellulose is known to induce irreversible agglomeration,
decreasing the swelling ability of dried pulp as compared to
never dried pulp. This phenomenon is called hornification and
has been suggested to be due to formation of additional
hydrogen bonds in the amorphous regions of cellulose.29,30 The
aspect of hornification of NFC gel upon drying has recently
been discussed.31 The effect of elevated temperature and
pressing on the strength properties of normal pulp sheets made
from macroscopic cellulose fibers has also been investigated.
The most pronounced effects are found on lignin-containing
pulp.31 In contrast, no significant effect on dry sheet properties
was found for pulp containing only cellulose and hemicellulose,
which is most comparable to the NFC used in this study.

Figure 5. (a) 2 h pressed F6 films after 18 h of soaking in various
solvents. (b) The corresponding redried films. (c) A 9 μm2 AFM
height image showing that no noticeable change in the surface has
occurred during solvent soaking. (d) Wet strength of 2 h pressed films
after 1 h of soaking in water.
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However, interestingly enough, a clear increase in wet-strength
properties was found.32 The phenomenon was explained by a
decrease in the moisture content of the press-dried sheets as
compared to wet-pressed sheets. It was speculated that this
could be due to covalent cross-linkages (only applicable to pulp
containing lignin) or irreversible hydrogen bonding. Because of
the substantially larger specific surface area of NFC compared
to the macroscopic fibers studied by Seth et al., the effect
observed here is even stronger, and a very strong and resistant
film is formed. In Figure 6, the effect of the hot-pressing on film

structure is shown. Clearly, the film becomes very dense due to
the pressing, supporting that, indeed, the enhanced properties
are due to a decrease of the film porosity, which restricts the
solvent diffusion through the film. Nevertheless, the crystallinity
does not change (Supporting Information), due to the
treatment. Our previous investigations have shown that the
media affect the surface chemistry of cellulose,31 and Rodinova
et al.8 recently also showed the effect of surface hydroxyl group
passivation on water vapor transmission, thus confirming our
hypothesis. Hence, we cannot rule out the possibility that, in
addition to the densification of the film, the hot-pressing also
affects the hydroxyl groups at the surface, further restricting
solvent penetration.
Systematic solvent absorption tests were conducted to

quantify the interaction with solvent. In Figure 7, the water
uptake is shown for films after varying pressing times. All films

absorb substantial amounts of water; their weight increases by
several hundred percent. Hot-pressing decreases the water
absorption, but the difference between samples pressed 1 or 2 h
is not significant. This correlates well with barrier and strength
properties, where these two samples were comparable (Figures
2 and 4 and Table 1). The thickness of the films increased
correspondingly, and the increase was 160 ± 5% for unpressed
film and 110 ± 5% for 0.5 h, 100 ± 8% for 1 h, and 110 ± 10%
for 2 h pressed films. Regardless of the large scatter in the
results, there is still a clear difference between pressed and
unpressed samples. Similar experiments were also performed
for acetone and toluene (Supporting Information data). The
trends are similar; the 1 and 2 h pressed films absorbed less
solvent than the unpressed film. As expected, the mass increase
was not as high for these solvents as for water. After 18 h in
toluene, the increase for the 2 h pressed sample was only ∼80
wt % as compared with ∼190 wt % in water (Table S2,
Supporting Information).
Densification and possibly partial hornification during hot-

pressing may explain the difference between hot-pressed and
unpressed samples, but clearly most of the film still is accessible
to solvent. For comparison, we note that the water uptake for a
standard copy paper is in the same range as the hot-pressed
sample (Supporting Information data). We conclude that,
although the relatively high degree of crystallinity (60%) and
density of the film can explain the good barrier properties, the
robustness in solvent must be due to the very high contact area
between fibrils in the entangled network of nanoscaled fibrils.

Effect of Surface Treatment on Film Properties.
Although the unmodified NFC showed good oxygen barrier
properties and excellent resistance to solvents, we explored the
possibility to enhance the barrier properties even further,
especially at high humidity. Our goal was to employ a simple
method that would not deteriorate the properties of the film.
Thus, we surface-coated the film using a commercial parafin
wax. The strength of the film stayed unchanged after the wax
treatment (Table 1); however, both oxygen transmission and
water vapor transmission rates decreased considerably (Figure
8). The values are comparable and, at high humidities, even
lower than what has been obtained for NFC nanoclay
composites.10,33,34 To facilitate comparison with OP values in
the literature, the results were normalized with the film
thickness, as in Figure 4. However, we recognize that this is not
strictly correct. The wax-treated film has a three-layered
structure where the dense NFC film is the main oxygen barrier
while the role of the wax layers is to protect the NFC from the
destructive effect of moisture. Thus, one could argue that the
oxygen transmission rate should be normalized with the pure
NFC film thickness. Nevertheless, since it is experimentally
challenging to distinguish between the layers and they are partly
mixed, the results are normalized with the whole film thickness,
which leads to slightly higher OP values.
Wax treatment decreased the OP of NFC film by 70% at 96%

RH. The water vapor transfer ratio also decreased substantially
due to the wax treatment from 600 to 40 g/m2 day. Wax is
highly nonpolar and thus a very good barrier to polar
permeants, such as water. The amount of wax was about 10
wt %, and it formed a hydrophobic surface layer, hindering
water vapor from penetrating through to the film (Figure 9).
Possibly, the wax also closed some pores in the film; however,
due to the very dense structure of the unmodified film, the
closing of the surface is the main reason for the enhanced
barrier properties. The water contact angle increased from 40 to

Figure 6. SEM images of the cross section of the films. The upper
image shows the freely dried film, and the lower image shows the NFC
film after 2 h in the hot press.

Figure 7. Effect of hot-pressing on water uptake for NFC films (F6).
Standard deviation for three measurements is indicated.
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110° due to the wax surface treatment. Both untreated and wax-
treated films were resistant to olive oil; that is, no stains were
visible on the blank blotting paper after testing.
The simple wax coating demonstrated here was efficiently

enhancing the water vapor barrier properties of the NFC films
without loss in film strength. However, the resistance to
solvents facilitates plenty of other possibilities for topological
modifications, and the possible functionalities are not restricted
to hydrophobicity.

■ CONCLUSION
A method to produce strong, dense, and robust biofilms from
nanofibrillated cellulose was described. Drying of the films
using elevated pressure in combination with heat resulted in a
film with unforeseen resistance to solvents. The films could be
soaked in both polar and nonpolar solvents for more than 18 h.
Although the films swelled considerably in the solvents, the wet
strength of the films was high, and they were thus easy to
handle also in the wet state. The wet strength of the films
allows for further topological surface functionalization, which is
beneficial in several applications. Because of their very dense
structure, the films, in addition to the high resistance to
solvents, also showed excellent barrier properties against
oxygen and grease. At a relative humidity below 65%, the
oxygen transmission rate of the pure and unmodified NFC
films was below 0.6 cm3 μm m−2 d−1 kPa−1. By further surface
modification, in this case, a wax layer, the resistance to water

vapor or oxygen at very high humidity could be increased
without deteriorating the strength of the film. The film, made
from fully renewable resources without chemical modification,
can be used as a generic platform for functional materials.
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Supporting information includes fits of the theoretical intensity of crystalline cellulose to the 

experimental diffraction pattern from the wide angle x-ray scattering measurements (WAXS, Figure 

S1), a table of amount of solvent uptake for NFC films (Table S2) and comparison of water uptake 

for a standard copy paper and NFC film (Figure S3). 

S1 X-ray diffraction patterns of NFC films 

Fig. S1 X-ray diffraction patterns of NFC films samples hot pressed for 0h, 0,5h or 2h. The relative 

crystallinity of all the samples was 60% ±5%. The graphs have been shifted on the intensity scale 

for clarity. Based on this fit the degree of crystallinity was determined. The average crystal width 

was 40Å for all samples. 
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S2 Solvent uptake of NFC films after 18hrs  

Hot pressing  Solvent uptake after 18h (wt-%) 

time (h) Acetone Toluene Water 
 

0 71 178 270 
 

0,5 42 117 n.d. 
 

1 59 72 224 
 

2 36 76 186 
 

     

Table S2. Relative increase in weight of NFC film after soaking in various solvents for 18 hrs. 

S3 Water uptake of NFC film versus copy paper 

 

Figure S3. Comparison between relative increase in weight of NFC film compared to standard copy 

paper (80g/m2
).  
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ABSTRACT: Modified spruce O-acetyl galactoglucomannans (GGMs) can be used as molecular anchors to alter the surface properties

or to activate the surface of cellulose. To selectively introduce functionalities, GGMs were oxidized on C-6 of hexoses by 2,2,6,6-tetra-

methylpiperidin-1-oxyl-mediated oxidation. Different degrees of oxidation were successfully obtained by varying the reaction parame-

ters. Low degrees could be obtained by performing the oxidations in bromide-free conditions. The formed uronic acids were further

modified by a carbodiimide-mediated amidation reaction, which opens a window for introducing various functionalities selectively

on hexoses. The adsorption of the modified GGMs to various cellulose samples was investigated. Indirect bulk sorption to fibers was

compared to direct adsorption to nanofibrillated cellulose ultrathin films. GGMs with low degrees of oxidation showed high affinity

to cellulose surfaces and could be sorbed onto cellulose in pure water. Moderate amounts of GGMs with high degree of oxidation

could be sorbed onto cellulose in the presence of salts. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2013

KEYWORDS: polysaccharides; functionalization of polymers; synthesis and processing; adsorption
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INTRODUCTION

Wood and plant hemicelluloses are potential starting materials

for environmentally sustainable industrial processes and renew-

able materials. Polysaccharides are already widely used in, for

example, the cosmetic, food, and pharmaceutical industries. A

wood-derived polysaccharide that is of interest especially for the

Nordic forest industry is O-acetyl galactoglucomannan (GGM).

GGM is the main hemicellulose in industrially important soft-

wood species and can be isolated in industrial scale from the

process waters of mechanical pulping.1 GGM has a backbone

consisting of (1 ! 4)-linked b-D-mannopyranosyl (Man) and

b-D-glucopyranosyl (Glc) units, and single (1 ! 6)-linked a-D-

galactopyranosyl (Gal) units are attached to some of the man-

nose units. Part of the mannose units are acetylated at either

two- or three-position, the degree of acetylation (DA) being

�0.3. GGM naturally has a high affinity toward cellulose, and

modified GGMs can be used, for instance, for the modification

of cellulosic surfaces.2,3 The degree of sorption of GGM to

bleached kraft pulp (BKP) can be increased by some chemical

modifications, such as deacetylation and removal of galactose

side-chains,2 whereas introduction of anionic groups, such as

carboxylic acids or carboxymethyl groups, decreases the sorp-

tion.2,4,5 Despite that it lowers the tendency to adsorb onto cel-

lulose, carboxylation of GGM is an interesting pathway for the

modification of polysaccharides. Not only does the adsorption

allow introduction of charged groups to fibers, the carboxylic

acids can also be further functionalized with.6 Other anionic

polysaccharides, such as carboxymethyl cellulose (CMC), have

been added to chemical pulp to improve the tensile strength of

paper7 and to be used as molecular anchors for the introduc-

tion of bioactive molecules to cellulose.8,9

The nitroxyl radical 2,2,6,6-tetramethylpiperidin-1-oxyl

(TEMPO) can catalyze the selective oxidation of primary alco-

hols to carbonyl compounds. De Nooy et al.10 showed that the

TEMPO-mediated system is also selective to primary alcohols in

carbohydrates. TEMPO-mediated oxidation has been used for

the oxidation of several different polysaccharides, such as cellu-

lose, starch, and pullulan.11 Recently, it has been shown that

VC 2013 Wiley Periodicals, Inc.
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TEMPO-mediated oxidation is an efficient method for the car-

boxylation of spruce GGM.3 When using the commonly applied

procedure using sodium bromide (NaBr) and sodium hypochlo-

rite (NaClO) as cooxidants, high degrees of oxidation are

obtained within minutes after addition of reagents, the maxi-

mum degree of oxidation (�80%) is reached in 50 min, and no

significant degradation of the polysaccharide can be observed.

NaBr and NaClO function as regenerating oxidants: the in situ-

formed hypobromite regenerates TEMPO to the active form,

but the active species of TEMPO can also be regenerated by

direct oxidation by hypochlorite.12 Brochette-Lemoine et al.13

showed that the primary alcohols of carbohydrates could also

be oxidized without the use of NaBr, although the rate of oxida-

tion was low. The NaBr-free oxidation has been applied on dif-

ferent polysaccharides.12 Because the rate of the bromide-free

reaction is lower than that of the normal bromide-containing

one, this procedure is applicable when aiming at low degrees of

oxidation (DO). Another benefit of the bromide-free method is

a more economical and environmentally friendly oxidation pro-

cedure when using fewer chemicals. Ma et al.14 studied con-

trolled TEMPO-mediated oxidation of polysaccharides. By

adjusting the amount of reactants, different degrees of oxidation

were obtained. However, the authors concluded that the

amounts of reactants needed for different polysaccharides could

not be extrapolated from the results of a certain polysaccharide.

Thus, optimization of the reaction parameters needs to be done

separately for each polysaccharide.

The TEMPO-oxidized polysaccharides can be further derivat-

ized, for instance, by coupling of amines to the formed carbonyl

groups. A commonly used method is the carbodiimide-

mediated amidation, where the coupling of amines to carboxylic

acids through amide bonds is activated by N-ethyl-N0-(3-(dime-

thylamino)propyl)carbodiimide (EDC) and N-hydroxysuccidi-

mide (NHS). One benefit of the carbodiimide-mediated

reaction compared to other amidation reactions is that no

organic solvents are needed, and thus water-soluble polysaccha-

rides can be amidated with water-soluble amines in mild condi-

tions in aqueous solutions. New biopolymers and biologically

active materials have been developed by amidation of, for exam-

ple, TEMPO-oxidized cellulose, CMC, chitin, and chito-

san.8,9,15–23

In this work, we present a method for controlled TEMPO-

mediated oxidation of spruce GGMs. The carboxyl groups were

further amidated using arginine and the 1,6-diaminohexane.

The adsorption of the modified GGMs to cellulose and nanofi-

brillated cellulose (NFC) surfaces was investigated.

MATERIALS AND METHODS

All chemicals were of commercial grade. TEMPO and 1,6-dia-

minohexane were purchased from Merck (Hohenbrunn, Ger-

many), NaClO solution (available chlorine 10–15%), EDC

(purum � 98.0%), and NHS (98%) from Sigma-Aldrich (Stein-

heim, Germany). Arginine was purchased from Merck (Darm-

stadt, Germany).

GGM was prepared from spruce thermomechanical pulp (TMP)

by a large laboratory-scale method modified from the method

reported by Willf€or et al.1 In short, a suspension of TMP in hot

tap water was stirred for 3 h, and the pulp was removed. The

extract water was purified from colloidal wood resin and aro-

matic residues using a cationic coagulant (Raifix 120, Raisio

Chemicals Oy, Finland) and XAD-7 resin (Amberlite, Rohm

and Haas, UK). The water was concentrated by rotary evapora-

tion before GGM was isolated by precipitation in ethanol and

air-dried.

Analytical Methods

The carbohydrate content was determined by gas chromatogra-

phy (GC) and by gas chromatography and mass spectroscopy

(GC–MS) after methanolysis and silylation.24,25 GC analysis was

done on a PerkinElmer AutoSystemXL Instrument (Norwalk,

USA) equipped with an HP-1 column. The temperature pro-

gram used was 100–175�C, 4�C/min, 175–290�C, 12�C/min.

Injector 260�C; detector 290�C. GC–MS was done on an HP

6890-5973 GC-MSD instrument equipped with an HP-1 col-

umn. The temperature program used was 80�C (0.5 min) –

300�C at 8�C/min.

Acetyl groups released from GGM were determined in the form

of acetic acid by high-pressure liquid chromatography (HPLC)

with a refractive index (RI) detector (Shimadzu Corporation,

Japan). The original GGM was first deacetylated by alkali treat-

ment at pH 11 at 60�C for 2 h. The deacetylated GGM solution

was titrated to pH 2.7–2.9 by 3% H3PO4 and then sampled for

HPLC analysis. A Synergi 4u hydro-RP 80A 250 3 4.60 mm

column (Phenomenex, CA) equipped with a guard column was

used. About 0.02M KH2PO4 was used as the elution solvent at a

flow rate of 0.5 mL/min. The samples were filtered through a

0.22-lm nylon syringe filter before injection. The injection vol-

ume was 100 lL.

Weight–average molar mass, Mw, and number–average molar

mass, Mn, were determined by size-exclusion chromatography

(SEC) in online combination with a multiangle laser-light-

scattering instrument (miniDAWN, Wyatt Technology, Santa

Barbara, USA) and with a RI detector (Shimadzu Corporation,

Japan). A two-column system, 23 UltrahydrogelTM linear 7.8

3 300 mm column (Waters, Milford, USA), in series was used.

About 0.1M NaNO3 was used as the elution solvent at a flow

rate of 0.5 mL/min. The injection volume was 100 lL. Astra

software (Wyatt Technology, Santa Barbara, USA) was applied

to analyze data.

FTIR spectra were recorded on an FTIR spectrophotometer

(Bruker ALPHA series) using a KBr disc containing 100–120

mg of dried KBr and about 1–5 mg sample. The spectra were

obtained in the frequency range of 4000–400 cm21 at a resolu-

tion of 2 cm21 in the transmittance mode.

NMR spectra of the modified GGMs were recorded on a Bruker

AV 600 instrument. D2O was used as solvent.

TEMPO-Mediated Oxidation of GGM

GGM (200 mg) was dissolved in distilled water (40 mL). The

oxidation was performed either at room temperature or at 2–

4�C. The influence of NaBr was evaluated by performing the

oxidation either with or without NaBr. TEMPO (2 mg), NaClO

(10–15% solution, pH adjusted to 10, 4 mL), and, in some
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cases, NaBr (300 mg) were added. The pH of the solution was

kept at 10 by adding 0.5M NaOH. After 120 min, the reaction

solution was neutralized by the addition of 1M HCl. To remove

salts and oxidation reagents, the TEMPO-oxidized GGM

(GGMPolyU) was dialyzed against distilled water for 3 days

(membrane cut-off 12,000–14,000 g mol21). The purified prod-

ucts were freeze-dried.

The DO was determined by GC-analysis after methanolysis and

silylation. During oxidation, samples (0.1 mL) were taken every

15 min, and they were directly precipitated in ethanol, isolated

by centrifugation, washed a few times, and dried in a vacuum

desiccator. The DO was calculated by comparing the amount of

uronic acids to the total amount of sugars in the sample. For

the determination of the DA, samples were taken every 15 min.

To inhibit any further oxidation or deacetylation, the pH of the

samples was directly adjusted to �3, and the samples were kept

frozen until analysis. Samples for the determination of the

molar mass (0.5 mL) were directly precipitated in ethanol,

washed, and finally dried in a vacuum desiccator. The samples

were redissolved, reduced by NaBH4, and filtered through a

0.22-lm nylon syringe filter before injection to the HPLC.

Amidation of Oxidized GGM

The amidation of GGMPolyU was performed using a method

reported earlier by Araki et al.15 GGMPolyU (150 mg, correspond-

ing to �0.8 mmol of uronic acids) was dissolved in distilled water

(10 mL). NHS (140 mg, 1.2 mmol) was added, and the polysac-

charide solution was stirred until the NHS was completely dis-

solved. The amine was added (1.5 equiv. relative to the amount of

uronic acid groups), and the pH was adjusted to 7.5. EDC (220

mg, 1.2 mmol) was dissolved in distilled water (2 mL) and added

dropwise to the reaction solution. The pH was kept at �7.5 by the

addition of NaOH (0.5 M), and the reaction was stirred at room

temperature over night. Afterward, the pH was lowered to 2, and

the solution was dialyzed for 2 days (membrane cut-off 12,000–

14,000 g mol21). The product was finally freeze-dried.

Sorption of Modified GGMs onto Pulp Fibers

Fully bleached BKP (in dry lap form) was obtained from a Fin-

nish pulp mill. The pulp was suspended in distilled water and

homogenized by a household mixer. The pulp suspension, with

a fiber concentration of 13%, was stored at 218�C. Aliquots of

this suspension were used for the bulk-sorption experiments.

Polysaccharide solution (�40 mg/g fiber) in distilled water was

added to a suspension of BKP (100 mg o.d.), giving a final fiber

concentration of 1%. The suspension was stirred overnight, after

which the fibers were removed by centrifugation. The carbohy-

drate content of the supernatant was analyzed by GC after

methanolysis and silylation. The amount of sorbed polysaccha-

rides was calculated by subtracting the amount of polysaccha-

rides left in the solution from the amount added. The effect of

the ionic strength of the sorption medium was investigated by

performing the sorption in water and in 0.01M and 0.1M NaCl.

The samples were analyzed in duplicate or triplicate.

Adsorption of GGM onto NFC Ultrathin Films Monitored by

Quartz Crystal Microbalance with Dissipation

The adsorption onto NFC ultrathin films was monitored using

QCM-D (Q-Sense E4, V€astra Fr€olunda, Sweden). NFC was

prepared from fully bleached hardwood pulp, from which excess

of salt had been removed26 by disintegration in a Microfluidizer

(M110P fluidizer, Microfluidics Corp, Newton, USA). Possible

aggregated fibril bundles were removed by ultrasonification and

centrifugation.27 The nanofibrils were collected from the super-

natant. An anchoring layer of poly(ethylene imine) was

adsorbed onto silica-coated quartz crystals, and the adsorption

of NFC (�0.17 g/L) onto these sensors was monitored in the

QCM-D. Excess of NFC was removed by rinsing before adsorp-

tion of GGM samples. Solutions of GGM samples were pre-

pared fresh before experiments and stirred for at least 2 h. All

adsorption measurements were done in a clean room at ambi-

ent temperature of 24�C. The GGM samples were adsorbed

from 0.5 g/L aqueous solutions at a flow rate of 100 lL/min.

Fully oxidized GGMPolyU was also adsorbed from 0.1M NaCl

solution. Adsorption was monitored until no significant changes

in frequency were observed, but for at least 1 h. Afterward, the

loosely attached polysaccharides were removed by rinsing with

either water or electrolyte solution. Measurements were repeated

at least twice.

The frequency shift Df of the quartz crystal resonator can be

related to the adsorption of material on top of the quartz crys-

tal. The basic relationship between frequency shift and the

adsorbed mass Dm is given by the Sauerbrey equation

Dmn52
CDf
n

; (1)

where C is a device sensitivity constant (0.177 mg/m2) for a

quartz resonator at 5 MHz, and n is the number the used fre-

quency overtone. The Sauerbrey equation holds only for rigid,

sufficiently thin-adsorbed layers, and underestimates the

adsorbed mass in the case of viscoelastic films.

In the case, the Sauerbrey conditions are not met, and the

sensed mass was calculated from a linear extrapolation to zero

frequency from a (f 2; Dmn) dataset, where f is the overtone

frequency, using overtones 3, 5, and 7. The method is justified

by the equation originally given by Johansmann et al.28

m̂5m0 11Ĵ ðf Þ d
2qf 2

3

� �
; (2)

where m̂ is the equivalent mass, q is the density of the fluid, d

is the thickness of the film, Ĵ ðf Þ the complex shear, and m0 is

the sensed mass. The equivalent mass Dm can be interpreted as

the Sauerbrey mass Dmn at overtone frequency f.

RESULTS AND DISCUSSION

TEMPO-Mediated Oxidation of GGM

GGM was oxidized to its polyuronic acid derivatives (GGMPo-

lyU) by TEMPO-mediated oxidation. During the oxidation, free

hydroxyls at C-6 are converted into carboxylic acids. As previ-

ously has been reported, the highest DO obtained for GGM was

�80%.3 In GGM, �10% of the mannose units are substituted

with galactose side groups and cannot therefore be oxidized.

Part from the mannose (Man) units and also some of the glu-

cose (Glc) and galactose (Gal) units remain unoxidized. During

the conventional method, where NaClO and NaBr were used as

co-oxidants at 2–4�C, the reaction proceeded fast, and high DO
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was reached within minutes; after 15 min, the DO was already

65% (Figure 1). Performing the reaction at room temperature

increased the rate, and the maximum DO of �70% was

achieved within 15 min. In bromide-free conditions, a notably

slower conversion of GGM was observed. At room temperature,

a DO of only 40% was achieved, and at 2–4�C, only 16% was

reached within the first 15 min. The highest degrees of oxida-

tion were reached when the oxidations were performed at 2–

4�C. The lower reaction rate caused by the bromide-free condi-

tions could be compensated by a longer reaction time.

Differences in the oxidation rates of the different sugar species

were observed. As can be seen from Figure 1, the rate of conver-

sion of Man and Glc units to their corresponding uronic acids

was similar, but the oxidation of Gal proceeded noticeably

slower, and the DO obtained was much lower. In all procedures,

the maximum DO of both Man and Glc was �80%, whereas

Gal only reached a DO of �60%. This is in accordance with the

results of Brenton et al.29 They reported that during oxidation

mediated by TEMPO1 BF4
2, the rate and conversion of Gal to

the corresponding uronic acid were considerably lower than

those of Man and Glc. They speculated that the reason for this

is the b-configuration of the C-4 in Gal that might sterically

hinder the formation of the oxidation intermediates.

The aldehyde form is an intermediate in the TEMPO-mediated

oxidation of alcohols to carboxylic acid. During the oxidation

of GGM, a few percent of the sugar units are in aldehyde form.

To ensure that no aggregation through inter- and intramolecular

hemiacetal bonds would occur, the samples were reduced by

NaBH4 before SEC analysis. Polysaccharide chains degrade dur-

ing TEMPO-mediated oxidation. The reaction temperature,

time, and amount of reagents are factors that influence the

extent of the degradation.12,30 Furthermore, also the bond types

affect the degradation: (1 ! 6)-bonded side-chains of starch are

cleaved of to a high degree.31 Even if GGM contains more

accessible (1 ! 6)-bonded Gal side-groups, and even if some of

the oxidations were performed at room temperature, no signifi-

cant degradation could be observed during the oxidations (Fig-

ure 2). Analysis of samples taken when the maximum DO of

each method was reached showed that GGM oxidized at room

temperature in the presence of NaBr degraded the most. When

oxidation was carried out at 2–4�C, a slight increase in Mw

could be observed, corresponding to the increase of Mw caused

by the formation of the carbonyl groups.

Because of the high pH, the acetyl groups of GGM are partly

cleaved during TEMPO-mediated oxidation. When GGM was

oxidized at 2–4�C in the presence of NaBr, 18% of the acetyl

groups were removed already after 5 min, and after 2.5 h, the

degree of deacetylation was 27–40%.3 The results were similar

using the other methods discussed in this work. At room tem-

perature, in the presence of NaBr, 20% of the acetyl groups

were cleaved during the first 5 min (data not shown). At 15

min, when the reaction had reached its maximum DO, �30%

of the acetyl groups had been removed. Because the sodium-

free reactions require longer time to be completed, also more

deacetylation occur; by the time the maximum DO was reached

at room temperature 50%, and at 2–4�C, up to 70% of the ace-

tyl groups were removed.

Amidation of GGMPolyU

GGMPolyU was further functionalized by carbodiimide-mediated

amidation. Two structurally varying water-soluble amines were

chosen as model compounds; the amino acid arginine and the

aliphatic 1,6-diaminehexane. Arginine has been shown to

improve bioactive properties of chitosan, for example, the anti-

coagulant activity.32 Derivatization with a diamine could lead to

Figure 1. (a) DO of TEMPO-oxidations of GGM done at room tempera-

ture (R.T.) or at 2–4�C with or without (w/o) NaBr; (b) DO of mannose,

glucose, and galactose. The TEMPO-oxidation was performed at 2–4�C

without NaBr.

Figure 2. SEC chromatograms of TEMPO-oxidized GGMs. Oxidations

were performed either at room temperature (R.T.) or at 2–4�C, with or

without NaBr.
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cross-linking, which is known to improve the strength proper-

ties of GGM films.33

To remove any reagent residues and low-molar-mass by-prod-

ucts, the reaction solutions were purified by dialysis after the

amidation reactions. Thus, it can safely be assumed that all

detected compounds were bound to the polysaccharide.

In the FTIR spectrum of GGMPolyU, besides the characteristic

peaks of GGM, the formation of uronic acids resulted in the

appearance of strong C@O stretching bands at 1603 cm21 in its

carboxylate form and at 1735 cm21 in its acid form (Figure

3).34 When high-DO GGMPolyU was reacted with 1,6-diamino-

hexane in the presence of the EDC and NHS, the band of C@O

stretching at 1603 cm21 shifted to 1637 cm21 indicating the

successful formation of amide bonds between the carboxylic

acid groups of GGMPolyU and 1,6-diaminohexane (GGMPolyU-

1,6-DAH). In addition, appearance of absorption at 2865 and

2935 cm21 is ascribed to symmetric and asymmetric H vibra-

tion of CH2 groups in the alkyl chain of 1,6-diaminohexane.

NMR analysis also verified the formation of GGMPolyU-1,6-

DAH. The peaks between 27–40 ppm in the 13C NMR spectrum

are characteristic for the CH2 groups of the amidated 1,6-diami-

nohexane (Figure 4).35 The two-bond 1H-13C correlations in

HMBC show a coupling between the carbonyl signals at 172–

175 ppm and the amide CH2 (C7) at 3.2–3.3 ppm, indicating

the formation of amide bonds (Figure 5). The lack of correla-

tions between the carbonyl signals and the signals at 2.87 ppm

(NACH2, C12) show that not all amines have cross-linked, and

there are free amino groups left.

During EDC-mediated amidation, reactive O-acylisourea is

formed when the EDC carbocation is attacked by the carboxy-

late, and this O-acylisourea can react further with primary

amines to form amides. A side-reaction is the formation of N-

acylurea through an intramolecular acyl transfer.36,37 The

Figure 3. FTIR spectra of TEMPO-oxidized GGM (GGMPolyU) (a) and its

amidation products of arginine (b) and 1,6-diaminohexane (c).

Figure 4. 13C NMR spectra of TEMPO-oxidized GGM (GGMPolyU) (a) and its amidation products of arginine (b) and 1,6-diaminohexane (c). * Peaks

assigned to the N-acylurea by-product.
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formation of N-acylurea can be controlled by using EDC in

combination with NHS.15,38,39 In the FTIR spectrum, N-acy-

lurea has amide bands at �1550 and �1650 cm21 and an imide

band at �1735 cm21.37,39 These are undistinguishable from the

bands of the desired amide products, but in the 1H NMR spec-

trum, the triplet at 1.1 ppm and the multiplet at 3.0–3.2 ppm

can be assigned to N-acylurea.40 Thus, even if we used the reac-

tion conditions previously optimized for the amidation of cellu-

lose microcrystals,15 the formation of N-acylurea was not

completely inhibited.

After amidation with arginine, the typical amide I (C@O

stretching) at 1665 cm21 and amide II at 1550 cm21 (combina-

tion of NAH deformation and CAN stretching) were

observed41 and have revealed the successful addition of arginine

to GGMPolyU (Figure 4). The dramatic increase in absorption at

1735 cm21 is ascribed to the introduction of carboxylate groups

present in arginine as well as the formation of N-acylurea.

In the 13C NMR spectrum, the peaks at 23.8 ppm (C4’), 27.5

ppm (C3’), 40.5 ppm (C5’), 54.2 ppm (C2’), and 156.7 ppm

(C6’) can be assigned to arginine, whereas the peaks at 25, 36.4,

35.7, and 55.3 ppm are from the CH group, and 14.4 and 42.7

ppm the ACH3 groups of N-acylurea (Figure 4). The N-acy-

lurea peaks can also be found in the 13C NMR of 1,6-diamino-

hexane-amidated GGM.

Sorption of Modified Polysaccharides to Cellulose Fibres

It is known that unmodified GGM has a high affinity toward

cellulose and that it sorbs well onto chemical pulps.2 Introduc-

tion of carboxylic acid groups decreases the degree of sorption.

When comparing the sorption in pure water of GGMs with car-

boxyl groups introduced selectively only on the galactose side-

chains and TEMPO-oxidized GGMs containing carbonyl groups

both on the back-bone and on the side-groups, the sorption of

the selectively oxidized GGMs is notably higher than that of the

TEMPO-oxidized ones.3 The anionic groups located on the

backbone are believed to interfere more with the interaction

between the backbone of the polysaccharide and the cellulose

chain than charged groups located only on the galactose side-

chains, thus decreasing the sorption. Besides the location, also

the amount of charged groups has been shown to affect the

sorption; a higher DO leads to lower sorption.

A careful control of the TEMPO-reaction parameters is required

to obtain an optimal DO for adsorption in pure water. The, for

GGM novel, method of performing the oxidation in bromide-

free conditions, either at room temperature or at 2–4�C, makes

it possible to produce GGMs with degrees of oxidation suitable

for sorption onto cellulosic fiber surfaces. Large amounts of

Figure 5. Part of the HMBC NMR spectra of GGMPolyU-1,6-DAH. The correlation between the amide and the carbonyl signals is marked with a dashed line.

Figure 6. Sorption of GGMPolyU with various degrees of oxidation to BKP.

The sorption media was either water or 0.1M NaCl. The amount of poly-

saccharide added was 40 mg/g pulp. STDV < 2%.
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GGMPolyU with degrees of oxidation of �6% could be sorbed,

even in pure water without the addition of electrolyte (Figure

6). For fully oxidized GGMPolyU(DO 80%), the sorption was

noticeably lower.

The adsorption of the modified GGMs to cellulose was probed

in further detail using QCM-D. In Figure 7, the sensed mass

calculated using eq. (2) as a function of time is shown for the

first 75 min of adsorption of the polysaccharides from pure

aqueous solutions. As expected, the TEMPO-oxidation slightly

decreases the affinity to cellulose, and the highest sensed mass is

observed for the unmodified GGM. The rate of adsorption was

also the highest for unmodifed GGM. However, the oxidized

GGMs with DO 6 and 10% still adsorbed substantially to cellu-

lose. No significant difference between the adsorption of GGMs

with DO 6 or 10% was observed, and thus only the adsorption

of the 6% sample is shown. Most of the adsorbed GGM

remained attached after rinsing for these samples with a relative

decrease in mass of 47% when compared with 31% for pure

GGM. However, fully oxidized GGMPolyU(DO 80%) did not

adsorb irreversibly to cellulose from water solution. Only half

the mass is observed when compared with the other samples,

and the whole layer is removed upon rinsing with water

(Figure 7).

The effect of the ionic strength of the sorption media was inves-

tigated by performing sorption experiments in NaCl (0.01M

and 0.1M) solutions. As expected, the affinity of the GGMPolyU

to fibers was enhanced with increasing ionic strength (Figure 6).

The sorption of low-DO GGMPolyU was �40% in 0.01M NaCl

(data not shown) and 55% in 0.1M compared to �30% in

water. The sorption remained equally high even if the DO

increased from 6 to 10% (data not shown). The effect of the

ionic strength was more noticeable when sorbing high-DO

GGMPolyU to BKP; the sorption increased from 15% in water to

�50% in NaCl (0.1M). This was also observed in the QCM-D

(Figure 7). When GGMPolyU (DO 80%) was adsorbed from

0.1M NaCl solution, the sensed mass increased considerably.

Notable is that rinsing with the same NaCl solutions did not

remove any of the adsorbed GGMPolyU. The higher electrolyte

concentration decreases the range of double-layer repulsion

between the anionic polysaccharides and slightly anionic cellu-

lose surface, thus facilitating closer contact and van der Waals

attraction. But more importantly, at high-ionic strength, anionic

polysaccharides become more coiled, and more polysaccharide

can fit to the surface.42 A more commonly studied method for

modifying cellulose surfaces is the sorption of CMC. The

attachment of CMCs onto pulp fibers is depending on the type

and pretreatment of pulp, sorption conditions used, and the

degree of substitution (DS).4,43 For high-DS CMCs (>0.5), no

attachment takes place in electrolyte-free conditions, and, simi-

larly to GGMPolyU, the sorption decreases with increasing DS.

When the CMC addition level is 20 mg/g, at 80�C in 0.05M

CaCl2, �50% CMC with DS between 0.4 and 0.8 [comparable

with GGMPolyU(DO 80%)] sorbes onto unbeaten kraft softwood

pulp.4 These results show that sorption of GGMPolyU to fibers is

well comparable with the sorption of CMC when aiming at

introducing carboxyl groups in pulp.

When amidated GGMPolyU was sorbed to cellulose, the degree

of binding decreased noticeably; 11% of the added polysaccha-

rides attached to the fibers. The steric hindrance caused by the

substituents inhibits the interaction between cellulose surfaces

and the polysaccharide chains. Also, the substituents might

hinder the polysaccharides from coiling, and by that decrease

the amount polysaccharide that can fit on the cellulose surface.

Because it is obvious that derivatization decreases the affinity to

cellulose, the pathway of adsorbing the carboxylated polysaccha-

ride before performing the amidation is to be preferred.

CONCLUSIONS

TEMPO-mediated oxidation can be used for the oxidation of

spruce GGM to its polyuronic acid derivatives (GGMPolyU). By

careful control of the oxidation parameters and time, GGMPolyU

with varying degrees of oxidation can be produced. A DO of

less than 10% can be obtained when the oxidation is performed

in bromide-free conditions. A low-DO GGMpolyU shows high

affinity to cellulose surfaces and can be sorbed onto cellulose in

moderate amounts even without addition of salts. The TEMPO-

mediated oxidations do not cause any significant degradation of

Figure 7. Sensed adsorbed mass on NFC ultrathin film substrate calcu-

lated from QCM-D responses using eq. (2). (a) Adsorption of unmodified

GGM and oxidized GGMs. (b) Adsorption of GGMpolyUDO(80%) from

0.1M NaCl solution (filled squares) and pure milliQ water (unfilled dia-

monds). The rinsing step, when the GGM solution is exchanged to either

pure water or 0.1M NaCl, is indicated with an arrow. For clarity, the

adsorption of NFC is not shown in the figures.
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the polysaccharide chain, even though some slight decrease in

Mw can be seen when the oxidation is performed at room tem-

perature. GGMPolyU can be further derivatized with amines by a

carbodiimide-mediated amidation.

Even if the production cost of GGM still is high compared to

commercially available polysaccharides, modified GGMs show a

potential as molecular anchors for cellulose modifications. An

advantage, compared to cellulose, is the ease of modification.

The readily water-soluble GGM can be modified in aqueous sol-

utions at room temperature in benign reaction conditions.
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a c t

charide composite films were prepared from native, unmodified cellulose nanofibrils (CNF)
various natural water-soluble polysaccharides like carboxymethyl cellulose, galactogluco-

yloglucan and guar gum. Composite films were manufactured by pressurized filtration and
g. The mechanical properties of the films were systematically evaluated in the dry and the
GG was furthermore selectively oxidized using galactose oxidase (EC 1.1.3.9), and the effect
ee of oxidation on the final composite film properties was shown. It was found that all the
saccharides increased the strength and toughness of the dry composite films at 2 weight
t.%) addition to CNF. After soaking the samples for 24 h in water, striking differences between
s were found: already at 2 wt.% CMC the wet strength of the composite films diminished, while
ged polysaccharides improved the wet strength. For example, the addition of 2 wt.% GGM
oung’s modulus by a factor of 1.3, the tensile strength by a factor of 2.8, and the toughness
and possible reasons for the improved properties are suggested.
� 2014 Elsevier B.V. All rights reserved.
Introduction

Due to increased environmental awareness and rising oil prices
ere is a demand to replace petroleum-based materials with
aterials from renewable resources. However, properties of the
w materials should be as good as or preferably better than the
es that are being replaced. Cellulose nanofibrils (CNF), obtained
om biomass through mechanical disintegration [1] have recently
ined much attention. Encouraged by the high specific strength of
e cellulose crystal and the thermal stability and network forming
ility of the fibrils, CNF has been used to produce strong materials
e films [2–5], aerogels, foams [3,6,7], and reinforcements for
ocomposites [7–9].
There are a few different approaches to the use of CNF in com-
sites. One approach is to reinforce a soft matrix with a small
ount of CNF [10]. Improved strength properties are achieved
ovided there is an affinity between the matrix and the cellulose
rils. Mikkonen et al. [10] used 5–15% CNF to reinforce films of
ruce O-acetyl galactoglucomannan while Peng et al. [11] and
ansen et al. [12] used CNF to reinforce xylan films. CNF has also
en used to reinforce composites based on thermoplastic starch

and chitosa
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materials.
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materials, w
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copolymer
Nevertheles
the cationi
] an addition of 10–20% CNF improved the compos-
properties and thermal stability. More specifically,
ngth and Young’s modulus increased significantly,
ion at break decreased. Another approach is to uti-
nt strength properties of pure CNF nanopaper and
-formed CNF film. Recently Sehaqui et al. [13]
ed hydrophobicity and wet strength through ester-
formed nanopaper. The modification, performed in
eased the dry strength of the nanopaper, while
reatment usually retains the dry strength of the
third approach is to mix CNF with a small amount
s in order to mimic the structure of natural strong
is biomimetic approach the CNF network gives
strength and stiffness while the role of the soft

nder crack propagation, thus enhancing the tough-
erial. These approaches ultimately aim at mechan-
that exceed the individual properties of both

h is not possible in conventional composites. Previ-
ionic CNF has been combined with a cationic block-
synergistic effects have been observed [14,15].

he ionic interaction between anionic fibrils and
lymer removed water from the gel, and systems
interactions could be susceptible to aggregation.

to control the state of dispersion and aggregation

http://crossmark.crossref.org/dialog/?doi=10.1016/j.reactfunctpolym.2014.08.001&domain=pdf
http://dx.doi.org/10.1016/j.reactfunctpolym.2014.08.001
mailto:monika.osterberg@aalto.fi
http://dx.doi.org/10.1016/j.reactfunctpolym.2014.08.001
http://www.sciencedirect.com/science/journal/13815148
http://www.elsevier.com/locate/react


o
t
[1
t
a
m
b
p
w
fi
s

d
is
t
n
u
M
t
m
t
s
s
h
s
fi
m
R
s
e
r
t

n
c
x
o
w
b
u
e
t
p

2

2

2

d
(
s
id
p
io
w
in
0
p

2

m
0

mod
0–6
pul
atio
d t
mi

25).
300
e so
gre
ater
unn
0 �
zed
ols
ate

es
-b-
ega
se o
e li
0, ty
e us

s

lysi
cial
er (
sed
.0% (
cub
s in
ere
d f

tion
par
r to

1 (201
f CNF by controlling the interactions between the fibrils in order
o achieve high strength and stiffness in cellulose nanopapers
6]. In natural composites like wood, silk, mollusk shells or bone

he interactions are nonionic, mainly van der Waals interactions
nd multiple hydrogen bonds. Thus we recently studied biomi-
etic composites from CNF and poly(ethylene glycol) grafted car-
oxymethyl cellulose [17] where the interactions between the
olymer and CNF are nonionic. We found that, in this system, the
ater swollen polymer was able to lubricate the interface between
brils during film formation and as a consequence an even and
trong film was formed.
Although excellent strength properties have been achieved for

ry CNF-based composites there is a dearth of systematic compar-
ons for CNF systems. Since the properties of CNF, the film forma-
ion method, and tensile testing protocol all affect the results, it is
ot possible to determine the most promising polysaccharide to
se in CNF-based composites based only on the existing literature.
oreover, the wet strength of CNF based materials gets less atten-

ion although adequate wet strength is important both for surface
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ronics, sensors and packaging [18]. Benítes et al. [16] recently
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estricts the further modification of CMC. It would be beneficial
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tilized thickening agent [20]. Furthermore, the effect of selective
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. Experimental

.1. Materials

.1.1. CNF (cellulose nanofibrils)
CNF was prepared by the disintegration of unmodified never-

ried industrial bleached birch pulp in a high-pressure fluidizer
Microfluidics, M-110Y, Microfluidics Int. Co., Newton, MA) for
ix passes according to the procedure described in [2]. Prior to flu-
ization the pulp was washed to sodium form according to the
rocedure described by Swerin et al. [21], in order to control the
nic strength and counter ions [17]. The unmodified CNF was
eakly anionic due to the carboxylic acid groups introduced dur-
g the pulping process; the charge density of the pulp used was
.065 meq and the zeta-potential of the corresponding CNF gel at
H 8 was �3 mV [22].
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+4 �C for 4
desired. Th
to 90 �C wh

2.2.3. Deter
The DO

trometry (G
5 mg of pol
cipitated, a
GG were se
oxidation (
361 and m
sponded to
galactosyls
2.2.4. Determin
lusi
of p
the
The
.1.2. Water-soluble polysaccharides
Commercial guar gum galactomannan (GG, guar gum galacto-
annan, Mw > 1000 kDa, [20]) from Sigma Aldrich (Lot#041M
058V, Pcode 10011170894) was used as received, and after

Size exc
the degree
nanase. All
0.15 mL/g.
ification. Spruce galactoglucomannan (GGM, Picea
0 kDa, Table 1) was obtained from the process water
pmill in an industrial-scale isolation trial after etha-
n [23]. Prior to use GGM was dissolved in water at
o room temperature, stirred overnight and filtered
crofiber filters (Whatman, Scheicher & Schnell Cat
Tamarind seed galactoxyloglucan (XG, Tamarindus
kDa [24]) was obtained from Dainippon Sumitomo
dium salt of carboxymethylated cellulose (CMC, Mw

e of substitution = 0.7, Batch # MKBD4716) was dis-
to 5 g/L. The solutionwas further dialyzedwith con-
ing ionized water for four days. The solution was
C and freezedried. Thewaterused in the experiments
and further purified with an UV unit (Synergy�

heim,France)exceptduringCMCdialysis,whereonly
r was used.

mannanase (Lot 00803, from Aspergillus niger, 42 U/
zyme (Wicklow, Ireland) was used for GG hydroly-
xidase (GO, G7400, 3685 U/g, EC 1.1.3.9), catalase
ver, C30, 22,000 U/mg), and horseradish peroxidase
pe II, 181 U/mg) from Sigma–Aldrich (St. Louis, MO,
ed for GG oxidation.

s of guar gum with mannanase
endo-1,4-b-mannanase and enzyme extracted

EC number 3.2.1.78 and specific activity of 42 U/
to partially hydrolyze GG. When GG was dissolved
w/v) solution, the enzyme was added and the solu-
ated in a 40 �C water bath for 4 h, whereupon the
activated by heating at 100 �C for ca. 10 min. The
centrifuged at 5000 rpm and the supernatant was
reeze dried.

of guar gum with galactose oxidase
tially hydrolyzed GG were enzymatically oxidized
or after GG suspension was combined with the

n. The dosage of the enzymes was based on the
ount of galactose present in the GG sample, as in
y [25]: 0.78 U of GO, 150 U of catalase, and 0.9 U
galactose. The 0.1–0.7% (w/v) solutions of GG and
ispersions containing 1, 2 or 10 wt.% of GG with
were stirred in the presence of the enzymes at

r 48 h, depending on the degree of oxidation (DO)
zymes were inactivated by heating the sample up
mixing.

ation of the degree of oxidation, DO
s determined by gas chromatography mass spec-
MS) as described earlier [25]. First the samples (1–
charide) were deuterium labelled with NaBD4, pre-
further acid methanolysed. The galactosyl units of
tively oxidized with GO (Scheme 1). The degree of
was calculated by comparison of the ratio of m/z
62 ions of silylated galactosyls, where 361 corre-
e unoxidized galactosyls and 362 to the oxidized
taining the deuterium label [25].

ation of molecular weight
on chromatography (SEC) was used to determine
olymerization and Mw of GG hydrolyzed with man-
Mw values were calculated using a dn/dc value of
mannanase-hydrolyzed GG was dissolved in 0.1 M

4) 167–174
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Table 1
The degree of oxidation (DO) of the samples.

Samples/abbreviation DO of galactosyls (%) DO of total carbohydrates, GG (%) DO of total carbohydrates, CNF composite (%)

2% of Added GG
CNF and oxidized GGa 4 1.5 0.03
CNF + GGLox
CNF and oxidized GG 36 15 0.29
CNF + GGMox
CNF and hydrolyzed and oxidized GGa 10 4 0.08
CNF + GGhydLox
CNF and hydrolyzed and oxidized GG 67 27 0.53
CNF + GGhydHox

10% of Added GG
CNF and oxidized GGa 5 2 0.18
CNF + GGLox
CNF and oxidized GG 28 11 1.1
CNF + GGMox
CNF and hydrolyzed and oxidized GGa 21 8 0.70
CNF + GGhydLox
CNF and hydrolyzed and oxidized GG 67 27 2.45
CNF + GGhydHox

a The samples were oxidized after mixing GG with CNF.

Scheme 1. GO-catalyzed oxidation of guar gum (GG) and structures of GGM, XG and CMC. GO = galactose oxidase, HRP = horseradish peroxidase.
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aNO3 by stirring for 7 days and filtered with 0.45 lm filter
cording to the procedure in [25].

2.5. Film preparation
CNF was diluted to 0.80% suspension of 150 ml (dry mass of

84 g), and mixed overnight with a magnetic mixer. The amount
CNF was the same in all the composite films. Low CNF concen-
ations were used to avoid aggregation. An additional amount of
ater soluble polysaccharides (1–10 wt.%) was added to this dis-
rsion and the dispersions were further stirred for at least 24 h
ensure good mixing. After that the solutions were stirred for
least 1.5 h with a Heidolph stirrer using a rotation speed of
0 rpm; then the samples were homogenized with the Polytron
r 3 min. The composite films were then prepared with sequential
tering and pressing according to [2]. The film thickness was
out 70 lm.

2.2.6. Tensil
Tensile m

M vertical
load cell 20
adjustable s
placement
were cut fro
The thickne
before mea
wetter pape
different m
when calcu
and the te
tioned for a
the wet me
24 h and m
ting
anical properties were measured using a MTS 400/
er (MTS� System Corporation, Eden Prairie, USA),
(Adamel Lhomargy serial num. 115341, MTS). The
d accuracy is 0.1%, the resolution for crosshead dis-
01 mm. Strips with dimensions of (50 � 15) mm2

he uniform composite film with a lab paper cutter.
as separately measured from each sample piece
ments from three different places with a Lorentz
ickness meter. The average thickness of these three
rements was used to normalize the measured force
g the tensile stress. The grip distance was 40 mm
velocity 0.5 mm/min. The samples were condi-

ast 3 days at 23 �C and 50% RH before testing. For
rements the samples were immersed in water for
ured immediately after removal. The thickness
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as measured prior to the wetting. For both dry and wet strength,
t least 5 parallel samples were tested, and average results for ten-
ile strength, Young’s modulus and toughness are shown in the
raphs as well as example curves. Toughness is calculated as the
umerical integration over the stress–strain curve from zero strain
o breakage. The error bars in the figures are calculated from the
tandard error of the mean values.

.2.7. Water uptake of composites films
The water absorption of the films was measured by immersing

he samples in water, removing them periodically and weighting
hem. The samples were stored in a control room of 50% RH and
4 �C for at least 3 days before starting the experiments. The
imensions of the samples prior to wetting were
0 mm � 15 mm � 70 lm. For 5 min or longer times, at least three
arallel measurements were performed, from which the average

70 J. Lucenius et al. / Reactive & Functional Polymers 85
esults were calculated. For the CNF/CMC film, test results are
rmed from the average values of three tested films. Prior to
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eighing, the excess water was removed with a tissue to reduce
he effect of solvent on film surface. The increased weight (%) for
he films was calculated by

creased weight ð%Þ ¼ ðmt �morigin weightÞ � 100=ðmorigin weightÞ%

. Results and discussion

.1. Structure, molecular weight and degree of oxidation of the
olysaccharides

The polysaccharides studied included the mannans GG and
GM, which contain ca. 40% and 10% terminal a-D-galactosyl resi-
ues, respectively, directly attached to C-6 of the mannosyl units of
he backbone [20]. The galactoxyloglucan from tamarind seeds, XG,
as terminal b-D-galactosyl residues (16% of the sugar units)
ttached to xylose side chains [26]. GG with a reduced molecular
eight (Mw) was prepared by partial hydrolysis with b-mannan-
se. According to size exclusion chromatography (SEC), the Mw of
he hydrolyzed GG was approximately 30 kDa and the hydrody-
amic radius of the sample (Rh) was 4.7 nm. The viscosity of the
ydrolyzed GG solutions was low at all degrees of oxidation and
herefore mixing of the solutions with CNF suspension was easy.

In Table 1 the amount of oxidized galactosyls, the relative
mount of oxidized galactosyls in the GG sample and the total rel-
tive amount of oxidized galctosyls in the final CNF composite are
hown. Due to the selective oxidation of galactosyls the backbone
f the GG chain remains unmodified facilitating adsorption to cellu-
se. The effect of performing the oxidation reaction after mixing
ith CNF was evaluated. In Table 1 the degree of oxidation (DO)
f galactosyls, the DO of total carbohydrates of GG, and the DO of
otal carbohydrates of the final CNF composite film are shown.
he presence of CNF hindered the oxidations but did not prevent
, resulting in a lower degree of oxidation. The lower degree of oxi-
ation was achieved with shorter oxidation times as well.

.2. Effect of the added amount of water-soluble polysaccharides on
ry strength

Previous results have already shown that the addition of 1 wt.%
oft lubricating polymer enhances the mechanical properties of
NF films when using carboxymethylated cellulose with grafted
olyethylene glycol chains [17]. This is a lower concentration than
ould be expected for full coverage of individual fibrils. Since the
harge of the added polymers affects adsorption behavior, the opti-
um ratio between CNF and the soft polymer was evaluated both
r uncharged guar gum and anionic CMC (Fig. 1).
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Fig. 1. (a) Ten
of water-solub
at 50% RH. P
containing sam
re similar for both uncharged GG and anionic CMC.
ion of water-soluble polysaccharide improves the
of the CNF films by about 40%, while the Young’s

ases slightly, about 10%. There is no major difference
gth between samples containing 1–5 wt.% of water
ccharide, but when the ratio of GG or CMC with
C was 10 wt.%, the strength properties clearly

trength and (b) Young’s modulus as a function of added amount
olysaccharide for dry composite films conditioned and measured
CNF film is marked with a cross for reference. CMC and GG
s are marked with spheres and triangles, respectively.
her than 10% was not tested and the rest of the
ere performed at concentrations of either 2 wt.%
dded polysaccharide.

idized guar gum on dry and wet strength

commercially available in large quantities and can
ed through enzymatic oxidation [25]. It adsorbs to
ilar quantities as xyloglucan and galactoglucoman-
as previously not been used together with CNF.
[28] reported a 27% increase in the dry strength of
ter mixing kraft pulp with oxidized guar gum. They
mporary increase in the wet strength, but the wet-
re short. Due to these promising properties we
luate if oxidized GG could also be beneficial for
l properties of CNF-based nanocomposite films. In
ct of the degree of oxidation and the molecular
dded GG on mechanical properties of dry CNF + GG
s is shown. There is a clear positive effect on tensile
oughness upon the addition of GG, while Young’s
ined unchanged or slightly decreased. The unmodi-
cular weight GG was viscous and thus it was chal-
m an even dispersion of CNF and GG. This is
ason for the lower strength values for CNF + GG at
f GG. Hydrolysis decreased the molecular weight
itated better mixing between components and for-
composite films. Nevertheless, the degree of oxida-
ignificantly affect the dry strength. Similar to the
Fig. 1 and 2 wt.% addition of GG was, in general,
addition.
corresponding mechanical properties of wet sam-
water for 24 h are shown. The unmodified GG did
e wet strength of the composite film. The oxidation
hanced the strength, modulus and toughness of the
posites. The highest degree of oxidation resulted in
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Fig. 2. Effect of the DO of added guar gum on tensile strength (a), Young’s modulus
(b) and toughness (c) of dry composite films measured at 50% RH. All samples
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Fig. 3. Effect of the DO of added guar gum on tensile strength, Young’s modulus and
et composite films. All samples contain the same dry amount of CNF.
dark gray color represent samples with 2% added GG and lighter gray
prese
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e toughest and strongest film. The average tensile stress was
MPa, toughness 2.4 MJ/m3 and Young’s modulus 0.4 GPa for
mposite films containing 10% GGhydHox. These values corre-
ond to more than double the strength and toughness compared
pure CNF films, while the modulus increased by a factor of 1.3.

lthough comparison of the mechanical properties with literature
lues should be made with caution, we note that these values are
nsiderably higher than results recently obtained for hydrophobic
nopaper [13] and in the same range as results obtained for ori-
ted and cross-linked CNF/CMC composite films [19]. Interest-
gly, 10 wt.% addition of oxidized GG was as good as or better
an the results for 2 wt.% addition with respect to wet strength.
n explanation to this is, for the best sample, CNF + GGHox with
wt.% addition of the GG, the total amount of oxidized galactos-

s in the composite film is 2.45%, while it was around one or lower
r the other samples (Table 1). Probably the amount of oxidized
lactosyls has to be high enough for improvement in wet
rength. Comparing the wet strength (Fig. 3) to dry strength
ig. 2) it can be observed that the CNF + GGHox retained more
an 30% of its dry strength as compared to 20% for pure CNF.
The oxidation of galactosyl side units of GG induces the forma-

on of hemiacetal bond crosslinks between hydroxyl and aldehyde
oups. Strong, elastic gels from oxidized GG have been made [29].
hile oxidation did not improve the strength of cross-linked
lan/CNF hydrogels [30], cross-linking has been shown to be
vantageous for the wet strength of CNF composite films [19].
e speculate that the intramolecular crosslinks, which may form

between GG
from bindi
stronger.
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tematic com
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ntain the same dry amount of CNF. Histograms in dark gray color represent
mples with 2% added GG and lighter gray histograms represents 10% added GG.
re CNF film (white bar) is shown as a reference.

toughness of w
Histograms in
histograms re
reference.
nts 10% added GG. Pure CNF film (white bar) is shown as a
ysaccharide type on the dry and the wet strength

3 it was shown that a small added amount of oxi-
was able to improve the strength and toughness
siderably. Still, other studies have focused on xylo-
ple [31] or CMC [32], and thus it would be interest-
ically compare other natural polysaccharides with
ar gum as possible strength additives in CNF-based
s. Pahimanolis et al. [19] showed that CNF/CMC
very weak in the wet state, which is expected as
er enhances swelling and the water sensitivity of

aterial. Thus neutral polysaccharides may be bene-
ength is desired. Despite our previous promising
olyethylene glycol-grafted CMC [17], emphasis
use of neutral polysaccharides with an affinity for
affinity of the neutral polysaccharides GG, GGM
lose has been previously established [27,33], they
ly modified [25,34], but there are no previous sys-
ison of their effect on the mechanical properties of
ride composite films. In Fig. 4 the tensile strength,
Young’s modulus for dry CNF/polysaccharide
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omposite films containing 2 wt.% water-soluble polysaccharides
re shown. The neutral unmodified polysaccharides are compared
ith anionic CMC and oxidized GG.
It should be noted that all the added water-soluble polysaccha-

ides increase tensile strength and toughness of the samples but
lightly lower the Young’s modulus. This is as expected for com-
osite films, the highly crystalline CNF is the stiff part and the
ater-soluble polysaccharides act as plasticizer, enhancing the
uctility of the composite. The plasticizing effect of the added poly-
accharides can be seen from the stress-elongation curves for dry
amples in Fig. 5. Based on previous quartz crystal microbalance
esults showing that these polymers form a very water-swollen
issipative layer on the CNF surface [34], it can be speculated that
he polymers enhance good dispersibility of the CNF during film
rmation, which is crucial to avoid aggregates and defects in the
nal composite. To obtain synergy and the exceptional strength
roperties expected for biomimetic composites, the polysaccha-
ides would need to be modified, as previously suggested [17].
ased on the properties of the dry composite films, there is no sig-
ificant difference between the tested polysaccharides and all of
hem could be useful candidates for further modification.

The sample dimensions and testing parameters affect the mea-
ured mechanical properties [17], thus it is always challenging to
ompare results from different studies. It must be noted that in
he present study, relatively large samples were used
5.0 cm � 1.5 cm � 70 lm) which puts higher requirements on
omposite film evenness, since one single defect or floc introduces
racking of the sample. The justificationof this approach is practical;
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ig. 4. Tensile strength (a), Young’s modulus (b) and toughness (c) for dry samples
ith 2% addition of water-soluble polysaccharides measured at 50% RH.
er understanding of the strength properties of the
used in applications, where larger films are needed.
oughness values varied more than the other proper-
ion arisesmostly from the variation of the elongation
plastic region of the tested composite films.
corresponding wet strengths of 24 h soaked sam-
. In accordance with previous results [2], the pure
etain about 10–20% of its original dry strength in
addition of CMC, however, destroyed the wet

samples. The CNF + CMC samples were so weak that
en handled, and it was very difficult to test them
ith previous findings [19]. For comparison we note
prepared from TEMPO oxidized CNF retained only
l strength after soaking in water, further confirming
e in charge is detrimental for wet strength [16].
galactoglucomannan and GG oxidized with GO all
effect on the wet strength of the CNF films. It must
in contrast to the case of dry films, also Young’s
composite films increased substantially with the
polymer. The addition of only 2% of GGM or GGhy-
Young’s modulus by a factor of 1.3. The effect of

er-soluble polysaccharides on the ductility of the
s in wet state can be seen from the representative
on curves in Fig. 7.

ded polysaccharides on the water uptake of composite

and CNF + GGHydHox films showed the best and
s the worst wet strength properties. To understand
this result the water binding of these samples were
e water binding of pure CNF (Fig. 8). All samples
than 150 wt.% of water in less than five minutes
to previous results on pure CNF films [2]. The
posite film adsorbed water faster than the other
hich is as expected due to their higher charge.
MC films also became so weak when immersed in
roke upon removal and hence, the experiment had
after 5 min. Composite films containing 2 wt.% of
GGHydHox absorbed slightly less water than pure
the good mechanical properties of these composite
t state could be due to slightly lower water content.
water absorption was still substantial, suggesting
philicity of the composite film is retained and the
er in the composite film may not be the only reason
r properties of CNF + GGM films. The results also
e wet resistivity of the composite films could be fur-

tive stress–elongation curves for dry composite films with
er-soluble polysaccharides.
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All the tested uncharged polysaccharides, except native highMw

G that was too viscous for even distribution, were able to enhance
e tensile strength of dry CNF-based composite films. However,
ly GGM and GGhydHox were able significantly to enhance both
e dry and the wet strength of CNF-based all-polysaccharide com-
sites. This is interesting, since previously the focus has been on
proving the dry strength of composites [11,14]. But for many
plications, both dry and the wet strength is required. Sehaqui
al. [13] showed that hydrophobation may enhance wet strength
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Abstract Native cellulose nanofibrils (CNF) were

prepared from bleached birch pulp without any

chemical or enzymatic pretreatment. These CNF were

modified by adsorption of a small amount of water-

soluble polysaccharides and used to prepare nanopa-

pers, which were processed into composites by

lamination with an epoxy resin and subsequently

cured. The results were compared to the properties of

composites prepared using bacterial cellulose nanopa-

pers, since bacterial cellulose constitutes highly pure

and crystalline cellulose. It was found that both types

of nanopapers significantly improved both the thermal

stability and mechanical properties of the epoxy resin.

As anticipated, addition of only 2 wt% of water-

soluble polysaccharides efficiently hindered crack-

propagation within the nanopaper and significantly

improved the tensile strength and work of fracture

compared to composites containing a conventional

nanopaper reinforcement. The mechanical properties

of the composites thus reflected the improvement of

the nanopaper properties by the polysaccharides.

Moreover, it was possible to predict the properties of

the final composite from the mechanical performance

of the nanopapers.

Keywords Nanocellulose � Bacterial cellulose �
Epoxy resin � Nanocomposite

Introduction

During the last decades natural fiber composites have

gained renewed attention due to environmental issues

associated with conventional composites produced

from synthetic materials (Moon et al. 2011; Blaker

et al. 2014;Mariano et al. 2014). Even though progress

was made in recycling of high performance compos-

ites, these types of materials still pose significant

waste issues (Montrikittiphant et al. 2014; Pimenta

and Pinho 2011). Thus, composites based on renew-

able resources, utilizing clean and cheap production

routes have been proposed as an alternative (Lee et al.

2012c). Among the most promising approaches iden-

tified for the production of high performance
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renewable composites was the use of cellulose

nanofibrils as reinforcement for polymers (Lee et al.

2014a).

Recently, cellulose nanofibrils (CNF) with diame-

ters at the nanoscale received much attention due to

their outstanding chemical and mechanical properties

(Chen et al. 2010; Lee et al. 2012a; Klemm et al.

2011). They were utilized for a wide range of

applications (Klemm et al. 2011), such as membranes

(Mautner et al. 2014, 2015), flame-retardant and fire-

protection applications (Carosio et al. 2015, 2016; Liu

and Berglund 2013) and in particular for the produc-

tion of composites (Blaker et al. 2011; Lee et al.

2009, 2012b c, 2014b; Nogi and Yano 2008; Lee and

Bismarck 2012; Eichhorn et al. 2010; Pommet et al.

2008; Wan et al. 2006). Accordingly, numerous

approaches to utilize CNF in composites have been

proposed and tested. One approach to utilize the

potential of CNFwas to directly reinforce a soft matrix

with small amounts of CNF, which resulted in

improved strength of the composites provided that

the affinity between matrix and cellulose fibrils was

high enough. Mikkonen et al. (2011) utilized

5–15 wt% of CNF to reinforce spruce O-acetyl

galactoglucomannan films while Peng et al. (2011)

and Hansen et al. (2012) reinforced xylan films.

Additionally, chitosan based and thermoplastic starch

composites were reinforced by CNF (Tomé et al.

2013): Addition of 10–20 wt% of CNF was sufficient

to improve the thermal stability and mechanical

properties of the composites, i.e. the Young’s modulus

and the tensile strength improved significantly at the

expense of the ductility of the composite. To manu-

facture hierarchical composites, cellulose microfibers

were combined with CNF (Lee et al. 2012a, 2014c),

but also utilization of CNF as sole reinforcing agent

was considered a possible track en route to high

performance composites (Eichhorn et al. 2010).

The best results have been obtained using a

biomimetic approach; introducing a very high loading

of CNF in a small amount of a soft polymer. While the

CNF matrix provides stiffness and strength, the role of

the soft polymer is to dissipate energy and hinder crack

propagation, thus improving toughness. This ulti-

mately aims at exceeding the mechanical properties of

the individual constituents of the composite. For

example, a cationic block-co-polymer was combined

with highly negatively charged CNF, resulting in

synergistic effects (Wang et al. 2011; Sehaqui et al.

2013). Unfortunately, this led to the removal of water

from the CNF gel due to ionic interactions between

cationic polymer chains and anionic fibrils resulting in

fibril aggregation. CNF aggregation easily leads to

defects in the composite, therefore it is very important

to control the interactions between the individual

fibrils and avoid aggregation (Benı́tez et al. 2013).

Thus, approaches utilizing non-ionic interaction

between a polymer matrix and cellulose have been

suggested, e.g. CNF were combined with poly(ethy-

lene glycol) grafted carboxymethyl cellulose (Ol-

szewska et al. 2013a, b). Furthermore, bacterial

cellulose (BC) was combined with hydroxyethyl

cellulose (Zhou et al. 2009). Within these systems,

the contact points between fibrils during film forma-

tion were lubricated by the water-swollen polysac-

charides, leading to the formation of strong films.

Further aligning the fibrils did substantially improve

the strength and stiffness of the composite in one

direction (Sehaqui et al. 2012).

While there have been extensive efforts to prepare

thin nanopapers and composites from CNF, there are

only a few reports where these nanopapers have been

used to prepare (nano)paper based laminated compos-

ites to utilize the CNF properties. This would be of

outmost practical importance. The use of nanopapers

as reinforcement for polymers was first demonstrated

by Yano (Yano et al. 2005; Nakagaito and Yano

2005). Henriksson and Berglund (2007) later prepared

nanopaper-composites with a water-soluble mela-

mine–formaldehyde resin while Lee et al. (2012c),

Ansari et al. (2014) and Aitomäki et al. (2016)

manufactured epoxy composites by vacuum infusion

and impregnation, respectively. However, as of yet,

not much research has focused on the effect of the

nanopaper properties on composite properties. We

hypothesize that the properties of the nanopaper

reinforcement strongly affect the properties of the

composite in multi-layer laminates. It would be very

desirable to have a process at hand in which the

mechanical properties of final multi-layer composites

were defined by the mechanical performance of the

nanopaper base.

It was previously found that adding only 2 wt% of

water-soluble polysaccharides to a suspension of CNF

significantly improves the dry and wet strength of

CNF nanopapers (Lucenius et al. 2014). In this study,

we aimed to make use of this increased nanopaper

strength for production of multi-layer, laminated paper

1760 Cellulose (2017) 24:1759–1773
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based composites with improved mechanical and

thermal stability. Furthermore, it was our aim to

demonstrate a process resulting in pre-

dictable nanocomposite properties. Nanocomposites

were prepared by lamination of nanopapers. The

production of these nanopaper laminates and their

characterization are reported. Furthermore, compos-

ites based on bacterial cellulose (BC) nanopapers were

produced as control and compared with the CNF

nanopaper composites. The reasons behind the

observed effects were discussed.

Experimental

Materials

Cellulose nanofibrils (CNF) were prepared by disinte-

gration of unmodified never dried industrial bleached

birch pulp. The pulp was passed six times through a

high-pressure fluidizer (Microfluidics, M-110Y,

Microfluidics Int. Co., Newton, USA) following a

procedure described previously (Österberg et al. 2013).

The CNF had diameters ranging between 5 and 100 nm

but the majority of the fibrils were in the range of

5–20 nm with a few larger fibril bundles being present.

The length of the fibrils was a fewmicrometers. No loss

of mass was observed during the fibrillation process.

Commercially available bacterial cellulose was kindly

supplied by fzmb GmbH (Bad Langensalza, Germany)

in the form of wet pellicles containing 92 wt% water.

The diameter of BC was found to be approximately

50 nm with fibril lengths of up to several micrometers

(Lee and Bismarck 2012).

Two types of water-soluble polysaccharides (WSPS)

were introduced into the CNF network. Commercial

guar gum galactomannan (GG, Mw[ 1000 kDa) from

Sigma Aldrich (Lot#041 M 0058 V, Pcode

10011170894) was used after enzymatic modification.

Spruce galactoglucomannan (GGM, Picea abies, Mw

20–60 kDa) was extracted from the process water of a

Finnish pulp mill in an industrial-scale isolation trial

after ethanol precipitation (Xu et al. 2008). Enzymes

were used to hydrolyze and oxidize GG. Endo-1,4-b-
mannanase (Lot 00803, from Aspergillus niger, EC

number 3.2.1.78, 42 U mg-1) was purchased from

Megazyme (Wicklow, Ireland), galactose oxidase (GO,

G7400, 3685 U g-1, EC 1.1.3.9), catalase (from bovine

liver, C30, 22,000 U mg-1) and horseradish peroxidase

(HRP, P8250, type II, 181 U mg-1) from Sigma-

Aldrich.

Epoxy resin (Araldite LY 556) and amine hardener

(XB 3473) were purchased from Mouldlife (Suffolk,

UK). The water used for all experiments was deion-

ized and further purified in a UV unit (Synergy

Millipore, Molsheim, France). NaNO3 and NaBD4

were purchased from Aldrich and used as received.

Methods for CNF modification, nanopaper

and composites production and testing

Hydrolysis and oxidation of GG

Endo-1,4-b-mannanase was used to partially hydro-

lyze GG. GG was dissolved in deionized water to

produce a 1.0% (w/v) solution, the enzyme added and

the solution incubated at 40 �C in a water bath for 4 h.

In order to deactivate the enzyme it was heated to

100 �C for 10 min. The samples were centrifuged at

5000 rpm and the supernatant was collected and

freeze-dried.

Hydrolyzed GG was enzymatically oxidized

(OGG) whereby the dosage of the enzymes was based

on the amount of galactose present in the GG sample:

1.50 units (U) of GO, 150 U of catalase and 0.9 U of

HRP per mg of galactose (Lucenius et al. 2014;

Parikka et al. 2010). 1% (w/v) solutions of GG were

stirred in the presence of the enzymes at ?4 �C for

72 h. Afterwards the sample was heated to 90 �C
while mixing in order to inactivate the enzymes.

Determination of the molecular weight and the degree

of oxidation of GG

The molecular weight (Mw) of GG hydrolyzed with

mannanase was determined using size exclusion

chromatography (SEC). Mw was calculated using a

dn/dc value of 0.15 mL g-1. The hydrolyzed GG was

dissolved in 0.1 M NaNO3 by stirring for 7 d and

filtered through a 0.45 lm filter. The method is

described in detail by Parikka et al. (2010).

Gas chromatography mass spectrometry (GC–MS)

was used to determine the degree of oxidation (DO).

Briefly, the samples (1 mg of polysaccharide) were

deuterium labelled with NaBD4, precipitated and acid

methanolyzed. GO was used to selectively oxidize the

galactosyl units of GG. The degree of oxidation was

calculated as described in literature (Parikka et al. 2010).

Cellulose (2017) 24:1759–1773 1761
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Nanopaper preparation

To avoid nanofibril aggregation, the CNF suspension

was diluted to 0.8 wt% (105 mL, corresponding to a

dry mass of 0.84 g) and mixed overnight using a

magnetic stirrer. To this suspension, 2 wt% (based on

CNF dry content) of water soluble polysaccharides

OGG or GGM, respectively, were added and further

stirred for 24 h to ensure homogeneity (Lucenius et al.

2014). Sequential filtering and pressing (Österberg

et al. 2013) was used to prepare the CNF-WSPS

nanopapers. CNF-nanopapers with grammages of

60 g m-2 were prepared.

Nanopapers from BC were prepared as previously

reported (Mautner et al. 2015; Lee et al. 2012c).

Briefly, the BC pellicles were first cut into small pieces

(with a length of approximately 5–10 mm) and

blended (Breville VBL065-01, Oldham, UK) for

2 min at a consistency of 0.2 wt% in deionized water

to produce a homogeneous suspension of BC-in-water.

These suspensions were then vacuum-filtered onto a

cellulose filter paper (VWR 413, 5–13 lm pore size,

Lutterworth, UK). The wet filter cake was wet-pressed

under a weight of 10 kg between blotting papers

(3MM Chr VWR, Lutterworth, UK) for 5 min to

further remove excess water. These wet filter cakes

were then consolidated and dried in a hot-press (25-

12-2H, Carver Inc., Wabash, USA) under a compres-

sion weight of 1 t for 1 h at 120 �C by sandwiching the

wet filter cakes between fresh blotting papers and

metal plates. BC-nanopapers with grammages of

50 g m-2 were prepared.

Preparation of nanopaper based composites

Composites were manufactured by laminating

nanopapers with a two-component epoxy resin. Com-

mercially available epoxy resin Araldite LY 556 plus

23 phr amine hardener XB 3473 were mixed and

degassed under vacuum at 80 �C for 10 min. Two

nanopapers (diameter 120 mm) were laminated using

a K Printing Proofer (RK PrintCoat Instruments Ltd,

Hertfordshire, UK) at room temperature by applying a

50 lm layer of epoxy resin in between two nanopa-

pers. After lamination the nanopaper-epoxy laminate

was sandwiched between two Teflon films in a

custom-made mold and placed into a hot-press. The

hot-press was heated to 120 �C. When reaching this

temperature the sandwich was pressed at 2 t for 2 h.

Afterwards the temperature was increased to 180 �C
for an additional 2 h. The composite was de-molded

after cooling under pressure to room temperature.

From the final composites, strips with dimensions of

40 9 5 mm2 were cut with a lab paper cutter.

Mechanical properties of the composites

Dynamic Mechanical Analysis of the composites was

performed with a G2 RSA (TA Instruments, Eschborn,

Germany) in three point bending mode. Specimens

sized 40 9 5 mm2 were cut from the composites and

tested between -50 and 250 �C at 3 �C min-1 and a

frequency of 1 Hz, an applied strain of 0.05% and a

span distance of 25 mm.

Tensile properties of the composites were deter-

mined on at least five specimens for each material at

25 �C and 50% RH using a 5969 Dual Column

Universal Testing System (Instron, Darmstadt, Ger-

many) equipped with a 1 kN load cell. The thickness of

the composites was measured for each specimen

before each test at ten different spots using a digital

micrometer (705–1229, RS components, Corby, UK).

The gauge length was 20 mm and the testing velocity

0.5 mm min-1.

Morphology of the composites

The morphology of CNF-GGM composite films was

studied using a high resolution scanning electron

microscope (JEOL JSM-7500FA, Tokyo, Japan) in the

Nanomicroscopy center at Aalto University and a

Benchtop SEM (Jeol JCM-6000 Neoscope) in Vienna.

The samples were freeze-dried in liquid nitrogen and

fractured in half using tweezers while in the liquid

nitrogen bath. Dust and loose particles were removed

from the samples by blowing with nitrogen. A thin

layer of gold/palladium (Emitech K100, Aalto) or gold

only (JEOL JFC-1200 Fine Coater, Vienna) was

sputtered on the sample surface to ensure sufficient

electrical conductivity.

Thermal degradation behavior of nanopapers

and composites

The thermal degradation behavior of nanopapers and

composites in nitrogen and air, respectively, was

investigated using a high resolution modulated TGA

(Discovery TGA, TA Instruments, Eschborn,
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Germany). A sample size of approximately 5 mg was

used. The samples were heated from 30 to 650 �C at a

heating rate of 10 �C min-1 and a gas flow rate of

25 mL min-1. The onset of degradation was com-

puted to be the temperature at which the mass loss rate

was exceeding 0.2% per �C.

Results and discussion

A small amount of water-soluble polysaccharides

(WSPS) as low as 2 wt% was introduced into the fibril

network of non-pretreated CNF nanopapers and their

influence on the thermal and mechanical performance

of laminated nanopaper-epoxy composites evaluated.

The polysaccharides studied were the mannans GGM

and GG, which contain ca. 10 and 40% terminal a-D-
galactosyl residues, respectively. These residues are

directly attached to the C-6 of the mannosyl units of

the backbone (Wielinga 2009). GG was hydrolyzed to

reduce the molecular weight and enzymatically oxi-

dized at the C-6 position of the mannosyl units to

improve the mechanical performance (Lucenius et al.

2014). The effect of the polysaccharides used to

modify the CNF and the differences between BC,

constituting highly pure and crystalline cellulose, and

modified CNF on the nanopaper and composite

properties are discussed.

Structure and properties of the WSPS

and nanopapers

WSPS GGM was utilized in its unmodified state,

whereas low molecular weight GG was prepared by

partial hydrolysis with b-mannanase (Lucenius et al.

2014). The Mw of the hydrolyzed GG, as determined

by size exclusion chromatography, was approximately

30 kDa as compared to 1000 kDa before hydrolysis

(Wielinga 2009).

Hydrolyzed GG was subsequently oxidized

(Scheme 1) with galactose oxidase (GO), catalase

and horseradish peroxidase (HRP) (Parikka et al.

2010). The degree of oxidation (DO) of oxidized

galactosyls in OGG was 50% (OGG-50) and 80%

(OGG-80), respectively. The total amount of oxidized

carbohydrates in hydrolyzed GG was 20 and 31%,

respectively, and the total relative amount of oxidized

galactosyls in the final modified nanopaper was found

to be 0.375 and 0.60% of total carbohydrates,

respectively. The backbone of GG remained unmod-

ified due to the selective oxidation of the galactosyls,

facilitating good compatibility with cellulose. Fur-

thermore, the viscosity of the OGG solutions was low

at both degrees of oxidation, enabling good mixing

with the CNF suspension. Extensive mixing was used

to ensure homogeneous distribution of WSPS in the

CNF suspension. Nanopapers with grammages of

60 g m-2 were produced from CNF with and without

2 wt% of GGM or OGG, respectively, and from BC

(50 g m-2) using a simple papermaking process

(Mautner et al. 2015). The final thickness of the

nanopapers was 60 ± 5 lm for (modified) CNF and

50 ± 5 lm for BC nanopapers.

The tensile strength (88 MPa) of unmodified CNF

nanopapers improved by more than 50% by CNF

modification with oxidized GG (135 MPa) or GGM

(141 MPa). This took place at the expense of stiffness,

as shown by the slight decrease of the modulus from

9 GPa for unmodified CNF to 7.9 GPa for oxidized

GG. For GGM (8.7 GPa) on the other hand no

significant modulus decrease was observed. This was

expected for WSPS modified nanopapers, in which

WSPS act as plasticizer between stiff CNF, enhancing

the ductility of the nanopaper in accordance with

previous results (Lucenius et al. 2014; Olszewska et al.

2013b). During film formation from aqueous suspen-

sions, the WSPS form a water-swollen dissipative

layer on the CNF surface (Lozhechnikova et al. 2014;

Eronen et al. 2011), thus enhancing the dispersibility

of CNF. This is crucial to avoid CNF aggregation and

defects in the final nanopaper resulting in improved

mechanical properties. For BC nanopapers, a Young’s

modulus of 8.3 GPa and a tensile strength of 144 MPa

were measured, which are values typically found for

BC nanopapers prepared without prior removal of

fibril aggregates (Lee et al. 2012c).

Multi-layer epoxy-nanopaper composites

Multi-layer composites were produced by a laminat-

ing technique impregnating (modified) CNF as well as

BC nanopapers with a two-component epoxy resin.

Resulting CNF composites had thicknesses around

100 lm and a fibril content of around 80 vol%. For

BC composites the thickness was around 90 lm and

the fibril content around 80 vol%. The reduced

thickness of the composites was explained by further

compaction of the nanopapers in the compression step
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during composite production. The mechanical perfor-

mance of laminated nanopaper-epoxy composites as a

function of temperature was evaluated by means of

DMTA in three point bending mode.

The nanopaper-epoxy composites, as exemplarily

shown for a BC and a CNF-OGG 80 composite in

Fig. 1, exhibited the typical behavior of stiff, high

glass transition thermosets; the modulus decreases

slightly with increasing temperature and tand stays

constant at a very small value. The CNF nanopaper

based composites exhibited slightly lower modulus

compared to BC nanopaper based composites with a

stronger decrease at elevated temperatures. It was

shown that these composites can be used up to almost

their degradation temperature (see below) without

passing the glass transition region of the epoxy matrix.

The pure, cured epoxy resin follows the same principal

trend up to 170 �C, but has a significantly lower

storage modulus. The storage modulus at 20 �C was

2.54 GPa compared to around 17 GPa for nanopaper

composites. However, at 170 �C the storage modulus

of the epoxy resin decreased significantly, while tand
increased indicating the onset of the glass transition.

The glass transition temperature (Tg), taken as the

maximum of tand, was 196 �C. Thus the introduction
of nanopapers into an epoxy resin matrix not only

improved mechanical properties, but also increased

the application temperature range significantly. No Tg

of neither BC nor CNF composites could be detected

up to the onset of the degradation temperature around

250 �C, at which the composites still had a storage

modulus of around 10 GPa.

The storage modulus at 20 �C was used to assess

the influence of different WSPS on the mechanical

performance of laminated nanocomposites (Table 1).

As already shown for (modified) nanopapers (Luce-

nius et al. 2014), also the modulus of the composites

depended on the type of polysaccharide introduced

into the nanopaper. Composites containing an unmod-

ified CNF nanopaper reinforcement had a storage

modulus of 20 GPa, whereas for composites contain-

ing WSPS modified CNF nanopapers it was slightly

lower, indicating the capacity of WSPS to act as

Scheme 1 Structures and

modification of used

polysaccharides. (O)GG

(oxidized) guar gum

galactomannan, GGM

galactoglucomannan

Fig. 1 Storage modulus E0 and loss factor tand as function of

temperature for cured epoxy resin films (blue full line), an

epoxy-CNF-OGG 80 composite (black dotted line) and an

epoxy-BC composite (green dashed line). (Colur figure online)
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lubricant. For BC nanopapers, a storage modulus of

18.5 GPa was measured, thus being in between the

CNF nanopapers with and without WSPS

modification.

In addition to DMTA, tensile tests were performed

to determine the ultimate tensile strength, tensile

modulus, strain at break and work of fracture. The

work of fracture can be considered to be an indicator of

the toughness of the composites. Representative

stress–strain-curves from tensile tests of (modified)

CNF nanopaper based composites are shown in Fig. 2

and all results are collected in Table 1.

The ultimate tensile strength was determined to be

85 MPa for the epoxy composite reinforced by two

pure CNF nanopaper layers, compared to 36 MPa for

the pure epoxy resin. Addition of OGG with a DO of

50% to the CNF did not significantly influence the

tensile strength, while a DO of 80% for OGG led to a

significantly improved tensile strength of the

nanocomposites. This dependency on the DO was as

to be expected (Lucenius et al. 2014) and showed that

only a sufficiently high DO leads to an improved

tensile strength. This can be explained by the low total

amount of oxidized galactosyls in the composite,

whereby oxidized galactosyls create hemiacetal cross-

links between hydroxyl and aldehyde groups of CNF

andWSPS, which is likely to be the reason for stronger

nanopapers as intermolecular crosslinks formed

between fibrils. The higher the degree of oxidation

was, the higher the tensile strength of CNF nanopapers

(Lucenius et al. 2014) and correspondingly also of the

composites. The effect was more pronounced for

composites containing OGG-80 modified nanopaper

reinforcements. Crosslinking has previously been

shown to be beneficial for CNF composites (Lee

et al. 2014a). Here it was shown that it is possible to

control the mechanical properties of CNF

nanocomposites by controlling the composition and

thus mechanical properties of nanopapers.

As anticipated, the highest tensile strength among

CNF composites was observed when using CNF/GGM

nanopaper reinforcements. Accordingly, just as for the

pure nanopapers, GGM exhibited the highest rein-

forcing ability also within composites. This means that

80% of the original strength of the nanopapers was

retained in the composites, which can be expected

considering that a fibril fraction of 80 vol% was used

to reinforce the resin. Thus the hypothesis of produc-

ing better performance cellulose nanocomposites

when using better nanopapers was proven to be

correct. The introduction of only 2 wt% WSPS into

a CNF nanopaper network resulted in nanopapers with

improved mechanical properties and the preparation

of high loading fraction CNF nanocomposites from

these nanopapers led to increased tensile strength of

Fig. 2 Representative stress–strain curves for composites with

pure CNF (black dotted line), CNF/OGG-50 (red dashed line),

CNF/OGG-80 (blue dash-dotted line) and CNF/GGM (green

full line) reinforcement. The setting behavior (up to 0.2% strain)

of the specimens were due to handling difficulties owing to the

thin laminates. (Colur figure online)

Table 1 Results of DMTA and tensile tests of BC and (modified) CNF-epoxy composites: Storage modulus at 20 �C, Young’s
modulus, tensile strength, strain at break and work of fracture

Sample Storage

modulus (GPa)

Tensile

strength (MPa)

Young’s

modulus (GPa)

Strain at

break (%)

Work of fracture

(MJ m-3)

Epoxy 2.54 ± 0.05 36.1 ± 1.7 1.6 ± 0.1 4.16 ± 0.39 0.87 ± 0.12

Epoxy ? CNF 20.0 ± 2.4 84.6 ± 4.3 12.2 ± 0.5 0.88 ± 0.09 0.34 ± 0.03

Epoxy ? CNF/OGG-50 17.2 ± 1.0 89.8 ± 3.2 12.2 ± 0.5 0.78 ± 0.09 0.35 ± 0.03

Epoxy ? CNF/OGG-80 17.4 ± 0.6 107.1 ± 6.1 10.7 ± 0.4 1.23 ± 0.17 0.63 ± 0.09

Epoxy ? CNF/GGM 17.4 ± 0.2 116.8 ± 4.5 12.0 ± 1.0 1.17 ± 0.12 0.69 ± 0.11

Epoxy ? BC 18.5 ± 0.5 150.8 ± 9.3 9.0 ± 0.1 2.76 ± 0.29 2.68 ± 0.41
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the nanocomposites. Furthermore, the extent of the

improvement could be estimated based on the

mechanical properties of the nanopapers. The increase

of the strength went hand in hand with a reduction of

the modulus, as was already demonstrated in three

point bending mode by DMTA (see above). While

there was no detectable influence of the low DOOGG-

50 on the composite modulus, for the higher DOOGG-

80 grade a slight reduction compared to pure CNF and

CNF/OGG-50 reinforced composites was observed.

For GGM a small reduction of the tensile modulus was

found. Modified CNF composites exhibited both

enhanced Young’s modulus and tensile strength

compared to a previous study (Lee et al. 2012c)

utilizing CNF nanopapers that were vacuum-infused

with a brittle epoxy resin. This improvement was

enabled by modification of the CNF by adsorbed

WSPS. The introduction of WSPS seems to affect

crack propagation in the nanopapers and thus also in

the composites. The higher modulus compared to the

nanopapers can be explained by further compaction of

the laminates and accordingly the nanopapers during

composite manufacturing.

The strain at break and work of fracture were

determined for the composites from stress–strain-

curves. For the nanopaper reinforcement modified

with low DO OGG-50 grade again no detectable dif-

ference was found compared to pure CNF, which was

explained by a too low DO leading to an insufficient

amount of hemiacetal bonds forming within the

nanopapers. For OGG-80 modified nanopaper rein-

forced composites the strain at break was significantly

higher, which, in conjunction with higher tensile

strength, resulted in significantly increased work of

fracture. The same was found for GGMmodified CNF

nanopaper based composites.

Bacterial cellulose nanopapers were also tested for

their reinforcing ability in composites. BC is purer

than wood derived CNF due to the absence of

hemicelluloses and lignin (Klemm et al. 2011).

Moreover, long, entangled and homogeneous fibrils

are responsible for good mechanical performance

(Paakko et al. 2008; Klemm et al. 2011; Lee et al.

2014b). Therefore a higher reinforcing ability com-

pared to CNF can be anticipated. This assumption was

proven correct; the tensile strength of the BC nanopa-

per composites was the highest within this study with

151 MPa. However, BC composites had a lower

tensile modulus compared to CNF nanopaper based

composites, due to lower packing efficiency caused by

thicker BC fibrils. Furthermore, hemicelluloses pre-

sent in CNF nanopapers, which are absent in BC,

enable a better stress transfer between CNF fibrils

(Iwamoto et al. 2008; Lee et al. 2012c; Gröndahl et al.

2004). This was in good agreement with the DMTA

results and literature (Lee et al. 2012c). BC composites

even had higher tensile strength and modulus com-

pared to pure BC nanopapers. This can be explained

by further compaction of the nanopapers during

composite manufacturing; i.e. the composites are

thinner than 2 nanopaper layers. Moreover, a very

high strain at break and thus work of fracture was

measured for BC composites. The higher strain to

break for BC composites can be explained by fewer

physical crosslinking points between the BC nanofib-

rils, allowing for realignment of the fibrils during

tensile loading (Lee et al. 2012c) and the higher length

of BC fibrils compared to CNF. The reorientation of

the fibrils even within the composites was still possible

since the resin did not fully impregnate the BC

nanopapers because of the small pore dimensions and

low nanopaper porosity of 33%.

The fracture surfaces of the composites were

inspected by SEM. In Fig. 3, the fracture surfaces of

composites made from CNF, CNF/GGM, CNF/OGG-

50, CNF/OGG-80 and BC nanopapers are shown.

The layered structure of the nanopapers can be

easily seen. In the center of the composites, a pure,

5–10 lm thick epoxy resin phase can be observed. The

resin spreads into both nanopapers, thus ensuring good

adhesion between nanopapers and resin, as well as

holding the nanopapers together. However, the larger

part of the nanopapers was not impregnated, thus

allowing for realignment of the fibrils within the

nanopapers. This is particularly true for the nanopapers

containing WSPS, in which those polysaccharides act

as lubricant in between the nanocellulose fibrils.

In the review by Lee et al. (2014b) poly-L-lactic

acid (PLLA) was used as a benchmark because it is the

best performing commercially available renewable

bulk polymer. Compared to the PLLA standard,

having a tensile modulus of 4 GPa and tensile strength

63 MPa, all the reinforced samples studied here well

exceeded the mechanical properties of PLLA. If

compared to other BC or CNF reinforced composites

we note that especially the Young’s modulus obtained

for the GGM modified CNF nanopaper laminates

exceeded most of the previously reported results, but
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the tensile strength was average. Other groups

reported much higher values (Ansari et al. 2014;

Henriksson et al. 2008; Sehaqui et al. 2010; Zhou et al.

2009), but since these have been obtained for thin

nanopapers of chemically pre-treated CNF, they are

not fully comparable to the results presented here. The

nanopaper properties determine the properties of the

final nanopaper based multi-layer composites,

Fig. 3 SEM images (magnification: 9100 or 9500) of the

fracture site of composites made from CNF (top, left 9100,

right: 9500), CNF/GGM (centre left 9500), CNF/OGG-50

(centre right 9500), CNF/OGG-80 (bottom left 9500) and BC

(bottom right 9500) nanopapers
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allowing predicting the composites properties. It was

found that addition of only 2 wt% of GGM for the

preparation of CNF nanopaper resulted in doubling the

work of fracture of the final composite. This result was

obtained without any chemical pretreatment or syn-

thetic polymers. Since the extraction of GGM from

wood is scalable (Leppänen et al. 2011) this result is

quite interesting. To produce even higher strength, co-

polymers with grafted soft chains like CMC-g-PEG

could be used, but that would at the same time increase

the complexity of the system. It is further noteworthy

that the nanopapers used also significantly improved

the thermal stability of the epoxy composites.

Thermal behavior of nanopapers and nanopaper

composites

The thermal degradation behavior of BC and CNF

nanopapers alone was tested in both nitrogen (Fig. 4,

left) and air (Fig. 4, right) atmosphere. A one-step

degradation regime was observed for all types of

nanopapers in inert atmosphere. During the initial

testing phase between 30 and 150 �C, no significant

difference was found for the different CNF nanopa-

pers. Around 5% of moisture was removed for

(modified) CNF nanopapers and the onset of the

thermal degradation took place at around 275–280 �C.
This degradation step was attributed to cleavage of

glycosidic linkages of cellulose (USDA 1970). A

smaller amount of moisture (2%) was removed from

BC and the onset of the first degradation step occurred

at 320 �C. This difference can be explained by a

higher degree of crystallinity of BC (72 ± 1%)

compared to CNF (60 ± 5%) (Österberg et al.

2013), which is due to the absence of residues of

lignin and hemicelluloses (Lee et al. 2012c). A char

residue at 600 �C of 12 and 13% was found for OGG-

50 and OGG-80 modified CNF, respectively. For

GGM modified CNF it was 16% and BC and

unmodified CNF had a char residue of 17%.

In air atmosphere again around 5 and 2%, respec-

tively, of moisture was removed between 30 and

150 �C for CNF and BC nanopapers, respectively. The

first degradation step, attributed to the degradation of

low-molecular weight glycosidic compounds (Cheng

et al. 2009; Seifert et al. 2004), occurred around

250 �C for all the CNF nanopapers tested. For BC this

temperature was higher (300 �C), similar to results

reported in literature (Lee et al. 2012c). The second

degradation step, attributed to the degradation of pyran

structures, started for all types of CNF and BC

nanopapers around 450 �C. Only minor deviations

were found for modified CNF nanopapers; all modi-

fied nanopapers were completely degraded at 500 �C.
The thermal decomposition of composites is shown

in Fig. 5. Similar to the pure nanopapers, a one-step

degradation regime was observed for all types of

composites in inert atmosphere (Fig. 5, left). This

demonstrated that the overall thermal behavior was

mainly governed by the nanopapers, which constitute

Fig. 4 TGA under nitrogen (left) and air (right) of CNF and BC

nanopapers. CNF (green full line), CNF ? GGM (blue dashed

line), CNF ? OGG-50 (orange dash-dotted line),

CNF ? OGG-80 (red dash-double dotted line) and BC (black

narrow dashed line). (Colur figure online)
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the majority of the composites. However, during the

initial degradation phase between 30 and 150 �C, only
around 3% (compared to 5% for the CNF nanopapers)

of moisture was removed for CNF composites. This

was attributed to the increased overall hydrophobicity

caused by the epoxy matrix. For BC composites this

value (2%) was similar to the pure BC nanopaper. The

onset of thermal degradation of CNF composites

occurred at around 270 �C, comparable to the CNF

nanopapers. For BC composites, the degradation

commenced at 300 �C, which was slightly lower than

for pure BC nanopapers. Final degradation was found

to be somewhat different for the different sets of

polysaccharide phases within the CNF nanopaper. A

char residue at 600 �C of 19–22% was found for the

various types of composites, thus being slightly higher

than for the pure nanopapers and the epoxy resin alone.

In air atmosphere (Fig. 5, right), regarding removal

of moisture, the same tendencies for differences

between nanopapers and composites were found as

in nitrogen. The first degradation step occurred at

270 �C (compared to 250 �C for CNF nanopapers),

demonstrating the influence of the protecting epoxy

matrix. Between (modified) CNF samples, no obvious

difference was observed. For BC composites the onset

temperatures of the first degradation step occurred at

293 �C, which was similar to pure BC nanopapers.

Also for the onset of the second degradation step

around 430 �C, hardly any deviations were found for

the composites containing modified CNF nanopapers.

For BC composites the onset of the second degrada-

tion step occurred at 450 �C, similar to those of the

pure nanopapers and higher compared to CNF com-

posites, which again was ascribed to the higher degree

of crystallinity of BC. All the composites were

completely degraded around 500 �C. The cured epoxy
resin starts decomposing at 350 �C and was com-

pletely degraded at 650 �C.
In Fig. 6, the degradation of composites containing

GGM modified CNF and BC, respectively, in inert

atmosphere is contrasted to the degradation of the

corresponding nanopapers. Furthermore, a theoretical

degradation graph is displayed, constructed from the

degradation of the epoxy resin and the nanopapers,

assuming a resin content of 20%. Only minor differ-

ences between theory and experiment can be observed.

The composites apparently start to degrade at slightly

lower temperatures compared to the nanopaper,

whereas a small increase would be theoretically

expected. This might be due to thermal damage the

nanopaper experiences during the composite produc-

tion at 180 �C. Furthermore, a higher than expected

amount of char residue was found. This can be

explained by mutual protection of both nanopaper and

epoxy resin.

Figure 7 shows the degradation behavior of the

pure and modified nanopapers and composites con-

taining GGMmodified CNF and BC nanopapers in air

together with the theoretical degradation graph con-

structed from the degradation of the epoxy resin and

Fig. 5 TGA under nitrogen (left) and air (right) of CNF and

BC-epoxy composites. CNF (green full line), CNF ? GGM

(blue broad dashed line), CNF ? OGG-50 (orange dash-dotted

line), CNF ? OGG-80 (red dash-double dotted line), BC (black

narrow dashed line) and epoxy resin (black dotted line). (Colur

figure online)
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the nanopapers assuming a resin content of 20%. In air

the differences observed were even smaller as in

nitrogen. Just as under inert atmosphere, the first

degradation step starts at slightly lower temperatures

whereas for the second degradation step hardly any

difference was found at all.

Conclusions

Nanopapers prepared from non-pretreated CNF and

water-soluble polysaccharide modified CNF were

used as 2D reinforcement for epoxy resins, utilizing

an easy process allowing for the preparation of multi-

layer laminates with predictable properties. The CNF

nanocomposites were produced by wet lamination and

compared to BC nanopaper composites. Both CNF

and BC nanopapers were successfully processed into

multi-layer composites by lamination with an epoxy

resin followed by curing in a hot-press. Significant

improvements in both mechanical properties and

application temperature were achieved. The mechan-

ical properties of the paper based composites are

determined by the properties of CNF nanopapers.

Fig. 6 TGA under nitrogen of CNF ? GGM (left) and BC

(right) epoxy composites and nanopapers. Nanopaper (green

full line), composite (blue broad dashed line), theoretical

degradation of a composite assuming 20% resin content (red

dash-dotted line) and epoxy resin (black dotted line). (Colur

figure online)

Fig. 7 TGA under air of CNF ? GGM (left) and BC (right)

epoxy composites and nanopapers. Nanopaper (green full line),

composite (blue broad dashed line), theoretical degradation of a

composite assuming 20% resin content (red dash-dotted line)

and epoxy resin (black dotted line). (Colur figure online)
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These improvements could be estimated based on the

mechanical properties of the nanopapers and epoxy

resin matrix. An addition of only 2 wt% of galac-

toglucomannan to CNF resulted in significantly

improved tensile strength (50%) of the nanopaper,

which in turn resulted in a 40% increase of the strength

of the corresponding laminated epoxy composite

containing 80 vol% CNF. Furthermore, the strain at

break and work of fracture also improved. This was

explained by the lubricating effect of the WSPS

affecting crack propagation in the nanopaper. BC

nanopaper composites exhibited even higher tensile

properties as compared to the modified CNF nanopa-

per reinforced composites, which was explained by its

higher degree of crystallinity. Moreover, it was found

that theWSPS hardly affected the thermal degradation

behavior of the CNF nanopapers and the thermal

stability of the nanocomposites was mainly governed

by the thermal behavior of the CNF nanopapers as they

made up around 80 vol% of the composites.
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Gröndahl M, Eriksson L, Gatenholm P (2004) Material prop-

erties of plasticized hardwood xylans for potential appli-

cation as oxygen barrier films. Biomacromolecules

5:1528–1535

Hansen NL, Blomfeldt TJ, Hedenqvist M, Plackett D (2012)

Properties of plasticized composite films prepared from

nanofibrillated cellulose and birch wood xylan. Cellulose

19:2015–2031

Henriksson M, Berglund LA (2007) Structure and properties of

cellulose nanocomposite films containing melamine

formaldehyde. J Appl Polym Sci 106:2817–2824

Henriksson M, Berglund LA, Isaksson P, Lindström T, Nishino

T (2008) Cellulose nanopaper structures of high toughness.

Biomacromolecules 9:1579–1585

Iwamoto S, Abe K, Yano H (2008) The effect of hemicelluloses

on wood pulp nanofibrillation and nanofiber network

characteristics. Biomacromolecules 9:1022–1026

Klemm D, Kramer F, Moritz S, Lindstroem T, Ankerfors M,

Gray D, Dorris A (2011) Nanocelluloses: a new family of

nature-based materials. Angew Chem Int Ed

50:5438–5466

Lee K-Y, Bismarck A (2012) Susceptibility of never-dried and

freeze-dried bacterial cellulose towards esterification with

organic acid. Cellulose 19:891–900

Lee K-Y, Blaker JJ, Bismarck A (2009) Surface functionalisa-

tion of bacterial cellulose as the route to produce green

polylactide nanocomposites with improved properties.

Compos Sci Technol 69:2724–2733

Lee K-Y, Bharadia P, Blaker JJ, Bismarck A (2012a) Short sisal

fibre reinforced bacterial cellulose polylactide nanocom-

posites using hairy sisal fibres as reinforcement. Compos

Part A Appl Sci 43:2065–2074

Cellulose (2017) 24:1759–1773 1771

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1186/1754-1611-3-12
http://dx.doi.org/10.1186/1754-1611-3-12


Lee K-Y, Ho KKC, Schlufter K, Bismarck A (2012b) Hierar-

chical composites reinforced with robust short sisal fibre

preforms utilising bacterial cellulose as binder. Compos

Sci Technol 72:1479–1486

Lee K-Y, Tammelin T, Schulfter K, Kiiskinen H, Samela J,

Bismarck A (2012c) High performance cellulose

nanocomposites: comparing the reinforcing ability of

bacterial cellulose and nanofibrillated cellulose. ACS Appl

Mater Interfaces 4:4078–4086
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d polysaccharides (cellulose and hemicellulose) are a very interesting option for the prepara-
stainable composite materials to replace fossil plastics, but the optimum bonding mechanism
he hard and soft components is still not well known. In this work, composite films made of cel-
ofibrils (CNF) and various modified and unmodified polysaccharides (galactoglucomannan,
rolyzed and oxidized guar gum, GGhydHox; and guar gum grafted with polyethylene glycol,
) were characterized from the nano- to macroscopic level to better understand how the inter-
tween the composite components at nano/microscale affect macroscopic mechanical proper-
oughness and strength. All the polysaccharides studied adsorbed well on CNF, although with
adsorption rates, as measured by quartz crystal microbalance with dissipation monitoring
Direct surface and friction force experiments using the colloidal probe technique revealed that
ed polysaccharides provided repulsive forces–well described by a polyelectrolyte brush model
oderate reduction in friction between cellulose surfaces, which may prevent CNF aggregates
posite formation and, consequently, enhance the strength of dry films. High affinity for cellu-
oderate hydration were found to be important requirements for polysaccharides to improve
nical properties of CNF-based composites in wet conditions. The results of this work provide
tal information on hemicellulose-cellulose interactions and can support the development of
aride-based materials for different packaging and medical applications.
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ocomposites from nanocellulose, hemicelluloses, and mannans
replace fossil-based materials, and to be used for high-end
plications.
Hemicelluloses are short-chain polysaccharides bound to cellu-

se in plant cell walls [1]. In the plant cell wall the cellulose mole-
les are assembled into long fibrils and the fibrils are assembled
to layers with systematic order and packed together into larger
bers. The hemicelluloses are located on the cellulose fibril surface
d bind the cellulose together with lignin. The cellulose fibrils and
bers provide structural support to plants and are responsible for
ood strength. Cellulose pulp can be obtained from plant cell
alls, and wood-based cellulose nanofibrils (CNF) can be obtained
om cellulose pulp by mechanical disintegration, usually com-
ned with chemical or enzymatic treatments [2]. The nanocellu-
ses obtained are structures with dimensions of few nanometers
width and from tens of nanometers to a few micrometers in

ngth.
Cellulose and hemicellulose (interfacial) interactions in the cell

all play an important role in the excellent tensile properties (e.g.
exibility) of wood-based materials [1]. Few research groups so far
ave addressed the need to understand these interactions. Never-
eless, a deeper understanding of cellulose-hemicellulose interac-
ons and how polysaccharide modifications affect those
teractions would aid the design of tailored composites with opti-
al properties [3,1]. Seminal studies in the topic often include
odel surface adsorption studies using the quartz crystal
icrobalance with dissipation monitoring (QCM-D) combined
ith interfacial interaction studies using colloidal probe micro-
opy (CPM) [4,5,6,3]. In these studies, it has been noted that DLVO
eory (formulated by Derjaguin, Landau, Verwey, and Overbeek, it
nsiders that the interactions between two charged surfaces in a
edium can be described as a sum of the van der Waals forces and
e electrostatic double layer forces) explains quite well the inter-
tions in simple systems such as forces between two cellulose
rfaces [7,8]. In cases where adsorbed polymers are present, DLVO
eory has been used to explain the long-range decay of the force
rofile by assigning the plane of charge to suitable separation [4];
owever, short-range interactions in these systems have often
en explained only qualitatively, and generally attributed to steric
teractions.
Cellulose, and CNF in particular, is considered to have substan-

al potential in packing and medical applications [9,10]. Hemicel-
loses are used as filler material and dietary fibers in the
harmaceutical and food industries and they are good binders
d stabilizers in paper manufacturing [11]. The preparation of

atural polysaccharide-cellulose composites, where CNF is used
a reinforcing component, has been investigated for the replace-
ent of synthetic polymers in different biomimetic approaches
2,13,14,15,16]. In order to enhance the composite properties
tiffness and toughness) and compatibility between the compo-
ents, the polysaccharides have often been chemically modified
llowing different strategies, for example, TEMPO-mediated oxi-
ation [17]. Water soluble polysaccharides from plants have also
en combined with calcium phosphate or acrylamide to obtain
affolds for bone regeneration or materials with improved ther-
al stability, respectively [18,19].
Despite the interest in CNF and hemicellulose based nanocom-

osites and the importance of cellulose-hemicellulose binding in
e plant cell wall, there is a lack of understanding of the interac-
ons between these biopolymers, and more specifically, how these
teractions correlate with mechanical properties of bionanocom-
osites. Hence, the interactions of CNF with several water-
luble polysaccharides subjected to different modifications are
udied in this work, and the results are compared with previously
ublished works to unravel the factors affecting cellulose-
emicellulose binding. The adsorption of galactoglucomannan
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gum graft
films was
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ith polyethylene glycol (GG-g-PEG), on CNF thin
ied by QCM-D. The interaction forces and friction
ccharides with cellulose surfaces at micro/nanoscale
by CPM using an atomic force microscope. The

(2019) 104–114 105
acterized using tensile testing as an attempt to cor-
ractions at micro/nanoscale with the macroscopic
omposites. Here we have chosen to use galactose
r the oxidation of GG, since it is often used in hydro-
rogels with CNF [21]. The information gathered in
support the design and optimization of new, envi-
iendly, polysaccharide-based materials.

d methods

anofibrils (CNF) were prepared from never dried
m a Finnish pulp mill. The pulp was washed to
2] in order to control the ionic strength and counter
o disintegration. Next the pulp was fluidized using a
ofluidics, M-110Y, Microfluidics Int. Co., Newton,
standing films, the pulp was circulated six times
uidizer, while for the thin films for QCM-D and
nts, up to 20 passes were used. The carbohydrate
f the pulp was 72,8% glucose, 25,6% xylose and
and the charge was approximately 65 meq/g. The
d to have the same composition as the pulp. The zeta
e CNF was around 2–3 mV [23,24].
ctoglucomannan (GGM, Picea abies, Mw 60 kDa)
rom the process water of a Finnish pulp mill in an
isolation trial after ethanol precipitation. Prior to
was dissolved in water at 80 �C and the solution
ed to room temperature, stirred overnight, and fil-
ss microfiber filters (Whatman, Scheicher & Schnell
25). The GGM sample was industrial grade with fol-
and acid content in mole percent’s: arabinose 3.4%,
glucose 18%, xylose 1.4%, mannose 58%, rhamnose
nic acid 4.1%, glucuronic acid, 4-O-methyl glu-
2%. The degree of acetylation was 14% [25].

(GG) was purchased from Sigma Aldrich
8V, Pcode 10011170894). The molecular weight
a and total ash content <1%. 12 mM sodium phos-
and oxidation of GG

GG) was used after enzymatic modifications: partial
oxidation. The partial hydrolysis was performed

b-mannanase (EC number 3.2.1.78, Lot 00803, from
er, 42 U/mg) from Megazyme (Wicklow, Ireland).
ly hydrolyzed GG was prepared as explained in
ka et al. [12]. GG was dissolved to obtain 1.0%
in 0.1 M sodium acetate buffer, pH 5, and endo-
se was added (0.6 mU/mg of GG). The solution
in a water bath for 4 h at 40 �C, followed by heating
10 min to inactivate the enzyme, after which the
centrifuged at 5000 rpm and the supernatant was
ze dried and used for the studies. Hereafter the
amples are abbreviated as follows: partially hydro-
yd) and hydrolyzed, low oxidized GG (GGhydLox)
dized GG (GGhydHox). Size exclusion chromatogra-
pak SB-806 M HQ, 8 � 300 mm, exclusion limit



2
t
M
m
h

G
A
C
U
L
t
o
1
T
e
in

c
e
fo
3
t
v

2

a
L
s
is
t
(
(
fe
a
2
t
r
o

fi
C
7
a

0 ml
d th
as c
as
.5–
co
, de
gal
osp
ol)
ct w
of
D2O
hift
sup
int

e tw
e d
e ab
s w

atio

F o
0.4
F fi
onc
n o
he
NF
by
d h
vel

atio

F fi
in-
h M
an

ces)
in p
igm
ay

1 e 555
� 107, Showa Denko, Ogimachi, Japan) was used to characterize
hemolarmass ofGGhyd [26]. GGhydwasdissolved in 0.1 MNaNO3.
olar mass was calculated using a dn/dc value of 0.15 ml/g. The
olar mass of hydrolyzed GG was approximately 30 kDa and the
ydrodynamic radius of the sample (Rh) was 4.7 nm.
The partially hydrolyzed GG (GGhyd) was then oxidized by

alactose oxidase (GO; G7400, 3685 U/g, Lot# 05K8601, Sigma-
ldrich St. Louis, MO, U.S.A, Fig. 1). Catalase (from bovine liver,
30, 22,000 U/mg, Lot# 20M7008V, Sigma-Aldrich St. Louis, MO,
.S.A.), and horseradish peroxidase (P8250, type II, 181 U/mg,
ot# 20M7008V, Sigma-Aldrich St. Louis, MO, U.S.A.) were used
o catalyze the reaction. The dosage of the enzymes was based
n the approximate amount of galactose present in the GG sample,
.50 U of GO, 150 U of catalase, and 0.9 U of HRP/mg of galactose.
he 1% (w/v) solution of GGhyd was stirred in the presence of the
nzymes at +4 �C for 48 h. The enzymes were inactivated by heat-
g the sample up to 90 �C.
The degree of oxidation of GGhydLox was determined with gas

hromatography mass spectrometry (GC-MS) by a method
xplained in detail in [26]. The degree of oxidization of GGhyd used
r the synthesis of GGhyd grafted with PEG (GG-g-PEG) was ca.
0% for galactosyl residues and 15% for total carbohydrates. In
he other experiments, GGhyd was used as prepared and with a
ariation of 28–30% degree of oxidation of total polysaccharides.

.3. Synthesis of GG-g-PEG

Poly(ethylene glycol) monomethyl ether (mPEG), with an aver-
ge molar mass of 5000 g/mol was obtained from Sigma-Aldrich
ot# BCB665776V. The hydroxylamine derivative of mPEG was
ynthesized according to a method described previously [27]. Di-
opropyl azodicarboxylate (212 ml) was added dropwise to a mix-
ure of mPEG (2.0 g), N-hydroxyphtalimide (194 mg), and PPh3

312 mg) in dry dichloromethane (CH2Cl2)(10 ml) under nitrogen
N2) atmosphere, and stirred for 24 h at RT. The solution was trans-
rred to a bigger container and 250 ml of diethyl ether (Et2O) was
dded, precipitating a white solid. After stirring the mixture for
0 min, the precipitate was collected by filtration and washed with
hree ca. 50 ml portions of Et2O. The product was dried under
educed pressure. All chemicals were of analytical grade, if not
therwise stated.
The presence of the N-hydroxyphtalimide moiety was con-

rmed by 1H NMR (supplementary data, Fig. S1)[27]; 400 MHz
DCl3): d 3.32 (3H, s), 3.4–3.8 (PEG chemical shifts), 7.70 (m, 2H),
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Fig. 1. The enzymatic oxidation of GGhyd (top) and synthesis of GG-g-PEG (bo
) and stirring the mixture for 24 h at RT. A precipitate
e mixture was filtered. The solution containing the
oncentrated and dried under reduced pressure. The
confirmed by 1H NMR [27]; 400 MHz CDCl3: d 3.4
3.9 (PEG chemical shifts) (supplementary data,
njugate the product with GGhydLox (Fig. 1), GGhy-
gree of oxidation 15%, ca. 0.0083 mol of aldehyde-
actosyl residues) was dissolved in 300 ml of 0.25 M
hate buffer (pH 5.8). The mPEG derivative (4.2 g;
was then added and the mixture stirred for 24 h.
as then stored at 4 �C for further experiments. The
the oxime bond was confirmed by 1H NMR [28];
): d 3.3 (s, 3H), 3.4–4.2 (overlapping GG and PEG
s), 4.8–5.1 (GG chemical shifts), 6.8 (d, 0.1H), 7.5
plementary data, Fig. S3). According to the compar-
egral of the methoxy singlet to the combined inte-
o oxime doublets the conversion to the oxime was
egree of substitution with PEG moieties was esti-
out 10%. GG-g-PEG was mixed with CNF suspension
ith other polymers in [12].

n of free standing films

btained after 6 passes through the fluidizer was
4% w/w suspension, and 0.84 g dry mass was used
lm. The amount of CNF was the same in all compos-
entrations were used to avoid aggregation. For the
f composites films, additional polysaccharide was
CNF gel in concentrations of 2% and 10% of the dry
and stirred and mixed according to the procedure
Lucenius et al. [12]. The films were then wet-
ot-pressed at 100 �C sequentially according to the
oped by Österberg, Vartiainen et al. [29].

n of thin CNF films

lms were deposited on QCM-D crystals (Biolin Scien-
coating as described in [30]. The crystals were first
illi-Q water for 8 min, dried with nitrogen gas and
ozonator (UV Ozone Cleaner–ProCleaner, Bioforce
for 20 min. After the cleaning, the crystals were
olyethylene imine 1 g/L solution (PEI Mw, 50 000–
a Aldrich) for 1 h. The non-attached PEI was then
by gentle rinsing with Milli-Q water. The crystals

(2019) 104–114
ain with nitrogen gas and spin coated (WS-650 SX-
rell technologies corporation, North Wales, USA),

ttom). R = polyethylene glycol moiety.
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rst with water (30 s) and then with CNF dispersion (1 min) at
00 rpm [31]. The crystals were then dried in an oven at 80 �C
r 20 min. Prior to the measurement, the CNF covered crystals
here swollen with water in Petri dishes for 1 h. The CNF used
prepare thin films was similar to the one used to make free

anding films, except that it was fluidized more extensively
p to 20 passes through the microfluidizer). 1.5 g CNF hydrogel
.7% dry matter content) was first diluted with 12 ml of Milli-Q
ater and the solution ultrasonically defibrillated for 5 min (Bran-
n Digital Sonifier D-450 for, 25% amplitude) to disperse the indi-
dual fibrils. The resulting CNF was then centrifuged (Beckman
unter Optima Ultra centrifuge L-90 K, USA, New Boston) at
400 rpm for 45 min, and top 5 ml of the supernatant (1.3 g/L)
as used for spin coating

6. Quartz crystal microbalance with dissipation monitoring (QCM-D)

QCM-D is a very sensitive technique where the adsorption of a
aterial on a quartz crystal is measured from the shift in the res-
ance frequency of the quartz crystal. The basic relationship
tween frequency shift and the absorbed mass is given by the
uerbrey equation:

mn ¼ �CDf
n

ð1Þ

here C is a device sensitivity constant (0.177 mg/m2) for a quartz
sonator at 5 MHz, and n is the number of the frequency overtone.
e Sauerbrey equation holds exactly only for rigid, sufficiently thin
sorbed layers and underestimates the absorbed massed in the
se of viscoelastic films. However, this treatment was considered
fficient for the samples studied, as it gives realistic behavior for
e adsorbed mass curve and the values are accurate enough for rel-
ive comparison between samples.
The viscoelastic nature of the adsorbed films cannot be deter-

ined from the frequency response alone. Thus, the dissipation
oscillator energy was measured simultaneously. The dissipation
ctor is defined as Eq. (2)

¼ Elost

2pEstored
ð2Þ

here Elost is the energy lost during one oscillation cycle and Estored
the total energy stored in the oscillator. Low and high dissipation
ctors indicate rigid and viscoelastic adsorbed films, respectively.
e viscoelasticity can also be quantified by plotting dissipation
a function of frequency difference and calculating the slope of
e resulting curve. The steeper the slope is, the more viscoelastic
e adsorbed layer [32]. 0.1% polysaccharide solutions were pre-
red and stirred for several hours. The solutions were filtered
rough 1 mm glass filters and then diluted to concentrations of
00 ± 50) mg/L. All the solutions were fresh and prepared the same
y of the measurements.
First, a flow of sodium phosphate buffer passed through the

CM-D chambers until a stable baseline was reached. Then
e polysaccharide solutions were injected in the system at
0 ml/min for more than 1 h. Finally, the QCM-D chambers were
nsed with buffer for at least 1 h to remove loosely attached
olysaccharides. At least two parallel measurements were carried
t with exactly the same conditions.

7. Colloidal probe microscopy

Friction and surface forces between the cellulose surfaces and
olysaccharide layers were measured in 12 mM sodium phosphate
ffer utilizing a MultiMode 8 AFM (Bruker, Santa Barbara, CA)
ith the colloidal probe technique [33,34]. The AFM was equipped
ith a NanoScope V controller and a PicoForce scanner. Tipless
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38 probes (MikroMasch, Weztlar, Germany) were
ce experiments. The lateral and vertical spring con-
robes were determined by analyzing the thermal
the NanoScope 8.15 software and by using Sader’s
]. Values in the ranges 0.032–0.104 N/m and
� 109 N�m/rad were obtained for the vertical and
constants, respectively, for multiple experiments.
nstant determination, the colloidal probes were pre-
g cellulose spheres with a radius of 14–19 mm at the
bes using a micromanipulator (Narishinge, Japan)
t curing adhesive (Norland Products Inc., Cranbury,
nsions of the colloidal probes were measured with a
optical microscope (Leica Microsystems, GMbH,

force measurements were carried out in two differ-
(1), between the cellulose colloidal probes and
layers previously adsorbed on CNF-coated QCM-D

2), between the cellulose colloidal probes and CNF-
crystals before and after the adsorption of polysac-
in the AFM liquid cell (polysaccharide adsorption
50 min). For surface force measurements, the inter-
were approached until contact and separated at a

s. The surface forces were calculated from the verti-
nd vertical spring constant of the probes, and they
ed by the radius of the colloidal probe. In friction
ents, the colloidal probe slid over the flat substrate

10 mm/s. The friction forces at 11 different applied
and unloading) were obtained from the lateral twist
friction loops) and the lateral spring constant of the
ction coefficients were obtained from the slope of
rce-versus-applied load plots. The mean values of
fficients from three measurements on three differ-
ach sample and standard errors of the mean are

force measurements were carried out on at least
spots of each sample. At least 11 force curves were
ch spot before and after the corresponding friction
The force and friction data were analyzed using For-
and Matlab R1014b software. Representative force
rves are presented in this article. Both short and
odels were fitted simultaneously using a nonlinear
algorithm in Matlab� with the interaction scale,
nd intermediate cut-off as fitting parameters; for
scale, the only free variable is the area per charge.

l strength of free standing films

d CNF-polysaccharide free standing films were con-
least 3 days at 23 �C and 50% RH before testing.
of mechanical strength in both the dry and wet

formed. The wet strength measurements were per-
4 h soaking in Milli-Q water. The tensile mechanical
e films were measured using a MTS 400/M vertical
stem Corporation, Eden Prairie, USA), with a 200 N
el Lhomargy serial num. 115341, MTS). Bone shape
ensions of 50 mm long, 5.3 mm wide and 60 ± 5 mm
according to the procedure described in [36]. Before
s, the thickness of each film was measured at three
with a paper thickness meter (Lorentzen & Wettre,
. The average thickness of these three different mea-
used to normalize the measured force when calcu-

sile stress. The grip distance was 40 mm and the
y 0.5 mmmin�1. At least 5 parallel samples were
or bars illustrates the standard error of the mean
stable speed accuracy was 0.1% and the resolution
ad displacement 0.01 mm.
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. Results and discussion

.1. Adsorption of modified and unmodified hemicelluloses on CNF

The adsorption of modified and unmodified hemicelluloses on
NF model surfaces was studied by QCM-D. Fig. 2 shows the
dsorption of hydrolyzed GG (GGhyd), hydrolysed oxidized GG
GGhydHox, degree of oxidation 24% total polysaccharide), GG-g-
EG, and GGM on CNF model surfaces measured by QCM-D. All
he tested polysaccharides adsorbed well on CNF, but with differ-
nt adsorption rates (Fig. 2a). The fastest adsorption was observed
r GGhydHox, which had a higher affinity for CNF than GGhyd.
he adsorbed GGhydHox layers were also the most dissipating
nes (Fig. 2b). Unlike GGhyd, GGhydHox was observed to form gels
results not shown), indicating some crosslinking between the oxi-
ized molecules, which could explain the higher adsorbed mass
nd different (more dissipative) layer conformation observed in

been found
in water [
water sens
for compa
lower than
weight. Th
has been s
Mw and le
ment of th
rinsing wi

Genera
lose adsorb
celluloses
weight of t
ior, the sid

The ads
general, w

08 J. Lucenius et al. / Journal of Colloid and Interface Scienc
he QCM-D experiments. The presence of grafted PEG chains on
he molecule decreased the adsorption rate (but not the final
dsorbed mass) on CNF and yielded less dissipative adsorbed lay-
rs than GGhydHox. GGM had good affinity for CNF, forming more
igid (less dissipative) adsorbed layers than the other polysaccha-
ides, probably due to its smaller water uptake. It has previously

in GGM origi
observed that
CNF in water w
partial detach
adsorbed mas
affected by th
ments (100 m
GGM modifica
acids or poly
CNF [40]. Com
partial detach
fied GGM. On
shown to affe
oxidized GGM
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3.2. Interaction

In order to
hemicellulose
ing the forma
the cellulose

ig. 2. Adsorption of different polysaccharides on CNF thin films: (a) sensed mass
ersus time (downward arrows indicate the point where rinsing with buffer
tarted); (b) corresponding dissipation curves (change in dissipation vs change in
equency).
at aerogels from CNF and GGM can retain their shape
supporting the probability that GGM decreases the
ity of CNF materials. Hydrolyzed GG was measured
n. The adsorbed mass of hydrolyzed GG was a bit
r other polysaccharides, due to its lower molecular
ffect of oxidation on the molecular weight of GG
ied earlier [38]; the oxidation always increased the
an increase in viscosity. In all cases, partial detach-
lysaccharides from the CNF films was observed after
uffer (Fig. 2a).
t has been noted that, in its natural state, hemicellu-
reversibly both on nanocellulose and on other hemi-
Also it has been noticed that although the molecular
emicellulose molecules affect the adsorption behav-
oups of the hemicellulose play a crucial role.
tion behavior observed for GGM in this work is, in
n line with previous studies, in spite of the difference
n and molecular weights [39,17,40]. Eronen et al.
GGM adsorbed on both softwood and hardwood
ith similar adsorption profiles as in Fig. 2, including
ment after rinsing [39]. Nevertheless, the GGM
ses were lower than in the present study, probably
e lower GGM concentration used in their experi-
g/L vs. 300 mg/L). Lozhechnikova et al. noticed that
tion by the attachment of hydrophobic tails (fatty
dimethylsiloxane) did not prevent adsorption on
pared to our results, similar adsorbed masses and
ment after rinsing were reported for their unmodi-
the other hand, TEMPO-oxidation of GGM has been
ct the adsorption on CNF: the adsorption of highly
was remarkably lower than unmodified GGM in
in 0.1 M NaCl [17]. Unlike TEMPO oxidation, which
rboxyl groups to GGM, the enzymatic oxidation
Ghyd in our work enhanced the polysaccharide
CNF. Adsorption profiles on CNF qualitatively similar
GGM have also been observed for xyloglucan, which
ionic polysaccharide [39]. The adsorption of GG and
y acid hydrolysis (GGdeg) on CNF was also studied by
n 10 mM acetate buffer, pH 4.5 [23]. The adsorption
n curves of GGdeg on CNF were quite similar to the
yd obtained in our work, in spite of the different
ethod and molecular weight of the polysaccharides.
G has been reported before not to improve the ten-
f CNF composites [12], and therefore, it was not con-
sting for further study here.
ghly charged carboxymethyl cellulose (CMC) and a
pared by grafting PEG chains to CMC (CMC-g-PEG)
wn to adsorb on CNF in acetate buffer, pH 4.5 [41].
ding adsorbed masses (2.3 mg/m2 and 1.75 mg/m2

CMC-g-PEG, respectively) were clearly lower than
ic (or residually charged) GG-g-PEG studied here,
t the polymer charge influences the adsorption on
ic CNF. The adsorbed CMC and CMC-g-PEG layers
e dissipative than the GG-g-PEG ones, showing that
-g-PEG adsorbed on CNF in a more extended, water-
rmation than GG-g-PEG. Another anionic hemicellu-
as also observed to have some affinity for CNF but
ater-swollen, dissipative layers due to the repulsion
tive charges [41].

forces between cellulose and hemicellulose

better understand the cellulose-cellulose, cellulose-
, and hemicellulose-hemicellulose interactions dur-
tion of composite films, the surface forces between
surfaces and different polysaccharide layers at
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icro/nanoscale were measured by colloidal probe microscopy.
e measurements were carried out with two different setups.

ellulose-hemicellulose interactions were measured between cel-
lose colloidal probes and polysaccharide layers (GGhydHox,
G-g-PEG and GGM) previously adsorbed on CNF-coated QCM-D
ystals. Cellulose-cellulose and hemicellulose-hemicellulose
teractions were measured between cellulose colloidal probes
d CNF-coated QCM-D crystals before and after the adsorption
polysaccharides (GG-g-PEG, GGM) in situ, in the AFM liquid cell.
A representative approach force curve between the cellulose
rfaces (a cellulose colloidal probe and a CNF thin film before
olysaccharide adsorption) is presented in Fig. 3. That force curve
well described by DLVO theory, as previously observed

2,43,41]. According to DLVO theory, the interaction force
tween a planar surface (CNF film) and a spherical particle (col-
idal probe) of radius R can be described as the sum of the double
yer repulsion and van der Waals attraction:

DÞ
R

¼ 4pere0jw2
effe

�jD � A

6D2 ð3Þ

here A is the Hamaker constant for cellulose in water,
0 � 10�21 J [44], e0 is the permittivity of vacuum, er is the relative
rmittivity of water, weff is the (effective) surface potential, and j
the inverse of the Debye length, which can be defined according
Debye-Hückel theory as:

�1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ee0kBT
2q2NAI

s
; ð4Þ

here I is the ionic strength of the buffer, kB is the Boltzmann con-
ant, T is the temperature and q is the electron charge [45]. Eq. (3)
tisfactorily fits the approach force curve between bare cellulose at
parations between 5 and 18 nm for 12 mM buffer (j � 0.4 nm�1

room temperature).
Representative approach force curves for the interaction
tween cellulose surfaces after the in situ adsorption of GGM
d GG-g-PEG are also presented in Fig. 3. Those force curves show

due to bot
sion was
[46,47] wh
can be dist

FðDÞ
R

¼ 4pk

FðDÞ
R

¼ pk
Cbu

where L is
area per ch
the buffer,
repulsion
case where
In the case
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Eqs. (5) an
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very long range repulsion–clearly different from DLVO predic-
on– due to electrosteric forces arising from the compression of
e polysaccharide layers. Electrosteric forces are forces that are

Comparison
polysaccharide
scopic tensile
hemicellulose
the average br

g. 3. Representative approach force curves between cellulose colloidal probes and
F films before (blue) and after the adsorption of GGM (red) and GG-g-PEG
ellow) in situ in the AFM liquid cell. The DLVO prediction (dotted black line) was
lculated for the known buffer ionic strength of 14 mM, which corresponds to an
verse Debye length of approx. 0.4 nm�1. Solid and dashed lines correspond to the
s of the short and intermediate regimes of the polyelectrolyte brush model,
spectively. (For interpretation of the references to color in this figure legend, the
ader is referred to the web version of this article.)

Fig. 4. Representa
GGhydHox (green
films in QCM-D ex
short and interme
(For interpretation
referred to the we
ctrostatic and steric repulsion. The observed repul-
l described by the polyelectrolyte brush model,
two regimes at short and intermediate separation
ished:

d2

Nf

!�1

log
2L
D

� �
; for D < 2L ð5Þ

d2

fN

!�2
1
D
� 1
D�

� �
; for 2L � D � D� ð6Þ

thickness of the brush layer (brush length), d2

Nf is the
of the brushed surfaces, cbuf is the concentration of
NA is the Avogadro’s constant. The intermediate

ff separation is D*. These equations apply for the
h surfaces are covered with polyelectrolyte brushes.
orce curves between a bare cellulose colloidal probe
ride layers previously adsorbed on CNF films (Fig. 4),
) can be used after replacing 2L with L. The corre-
lengths L obtained in the fits are presented in Tables

ctrolyte brush model has previously been applied to
teractions between surfaces coated with xylan, a
rged hemicellulose [46]. Although the polysaccha-
is work are considered nonionic, the raw materials
have some impurities that provide a low residual
ample, GGM raw material contains 4% galactoglu-
% glucoronic acid, 0.2% 4-o methyl glucoronic acid
sugars like 1% xylose [25]. GG is known to contain
[48], and its oxidation generates carboxyl groups
all residual charge. Parikka et al. [38] reported that
lactosyls convert to carboxyl groups, when the total
ee of the sample was 28–40%. The residual charge of
stifies the use of the polyelectrolyte brush model to
ta.
of the mechanical tests indicated that longer
brushes seemed to be beneficial for the macro-

(2019) 104–114 109
strength and toughness of the cellulose-
composites. In the samples adsorbed in situ in AFM
ush length was 1.8 times higher for GGM compared

tive approach force curves between cellulose colloidal probes and
), GGM (red), and GG-g-PEG (yellow) layers pre-adsorbed on CNF
periments. Solid and dashed lines correspond to the fits of the
diate regimes of the polyelectrolyte brush model, respectively.
of the references to color in this figure legend, the reader is

b version of this article.)
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s st
emicelluloses are small as the polymers are not highly

of adsorption of modified hemicelluloses on friction forces

ntative friction-versus-applied load curves between cel-
oidal probes and CNF films before and after the adsorp-
hydHox, GG-g-PEG and GGM are presented in Fig. 5. All

Table 1
Brush lengths of polysaccharide layers in different force experiments.

on forces at different applied loads in different systems. (a) Friction
en a cellulose colloidal probe and a CNF film without and with
nd GG-g-PEG adsorbed in QCM-D. (b) and (c) Friction forces between a
oidal probe and a CNF film before and after adsorbing GGM and GG-g-
vely, in situ in the AFM, and after rinsing with buffer.

110 J. Lucenius et al. / Journal of Colloid and Interface Science 555
o GG-g-PEG. Also for the samples pre-adsorbed in QCM-D, the
verage brush length was lowest for GG-g-PEG with a clear differ-
nce to GGhydHox which had a 1.3 times higher value for average
rush length. The effect of compression of the polymers can be
een as an increase in the slope of the approaching force curves
Figs. 3 and 4). The electrosteric repulsion dominates the interac-
ions between polysaccharide-polysaccharide layers and between
ellulose-polysaccharide layers, preventing the detection of van
er Waals forces, in line with previous works [42,46].
As can be seen in Table 1, the values of L were larger when the

olysaccharides were adsorbed in situ (Fig. 3) than when they were
readsorbed (Fig. 4). In the former case, the adsorbed polymer lay-
rs were never dried during the force experiments, while, in the
tter case, the substrates with the adsorbed polysaccharide were
insed and dried under flowing nitrogen after the corresponding
CM-D adsorption experiment, a procedure that collapsed the
rushes to some extent; they did not regain the same extended
onformation upon rewetting.
While negligible adhesion was observed between bare cellulose

urfaces upon retraction, a weak adhesion was detected between
olysaccharide-polysaccharide and cellulose-polysaccharide layers
Fig. S4 and Table S2). Thus, the average percentage of force curves
howing adhesion (and the corresponding maximum pull-off
rces) were the following: 60% ± 10% (�0.05 mN/m) and
0% ± 5% (�0.06 mN/m) for GGM – GGM and cellulose – GGM,
espectively; about 6% (�0.07 mN/m) and 35% ± 12% (�0.07 mN/
) for GG-g-PEG – GG-g-PEG and cellulose – GG-g-PEG, respec-

ively; and 70% ± 10% (�0.07 mN/m) for cellulose – GGhydHox.
lthough the maximum pull-off forces were quite similar for all
he systems, the probability of adhesion was in general higher
r GGM and GGhydHox than for GG-g-PEG in the
olysaccharide-polysaccharide interaction setup (adsorption
situ in AFM).
The interaction forces between cellulose surfaces coated with

MC and CMC-g-PEG have been previously measured by Ols-
ewska, Junka et al. [41]. The electrosteric repulsion generated by
MC adsorption was pH-dependent due to the carboxylic groups
f the polymer. The grafting of PEG chains of 2 kDa molecular
eight (smaller than the 5 kDa PEG chains used in this work)
emarkably increased the magnitude and range of the electrosteric
epulsion in that case. Both the charge of the backbone polymer
highly charged CMC versus nonionic or residually charged GG)
nd the PEG grafting density (higher for CMC-g-PEG than for GG-
-PEG) are crucial factors that explain why much stronger electros-
eric repulsions were observed between CMC-g-PEG layers than
etween the GG-g-PEG layers in this study. The range of forces
as much larger than for the films with hemicelluloses. This is
ecause GGM and GGhydHox are neutral polymers and CMC is
harged. Xylan on CNF has been studied previously [46] and sur-
ce forces followed the polyelectrolyte brush force model and
he adhesion was small, similarly as in our hemicellulose
omposites.
The method how the hemicellulose was adsorbed and how the

ample was dried had relevant effects on the results. As the sur-
ces dry, the range of force decreases. The range of forces was

or force an
force curve
CNF and h
charged.

3.3. Effect

Represe
lulose coll
tion of GG

Sample Adsorbed in Average brush
length L [nm]

Std. error of the
mean [nm]

GGM AFM 44.0 1.9
GG-g-PEG 24.0 1.4

GGhydHox QCM-D 16.0 1.5
GGM 13.0 0.6
GG-g-PEG 12.0 0.7

Fig. 5. Fricti
forces betwe
GGhydHox a
cellulose coll
PEG, respecti
for the dried films with hemicelluloses. The CNF sur-
ys been dried before the adsorption of hemicellulose
iction measurements in AFM. However, the shape of
ayed relatively the same. The measured forces from
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cterization of tensile mechanical properties of CNF-hemicellulose
The (a) tensile strength, (b) Young’s modulus and (c) toughness of
posite films after being soaked in water for 24 h. The sample CNF
as dialyzed before mixing with CNF.

e 555 (2019) 104–114 111
e studied polysaccharides lowered the friction coefficient
tween cellulose surfaces by 12–41%, either when they adsorbed
just one surface (Fig. 5a) or on both (Fig. 5b and c). For instance,

GhydHox decreased the cellulose-CNF friction coefficient from
44 ± 0.12 to 0.97 ± 0.05 after adsorbing on CNF films, whereas
GM slightly reduced the cellulose-CNF friction coefficient from
15 ± 0.01 to 1.06 ± 0.02 after adsorbing on both the cellulose
robe and the CNF film. The GG-g-PEG adsorbed in situ had the
rongest lubricating effect, showing that even a very small
ount of PEG chains affect friction. Rinsing with buffer to remove
e non-properly attached polysaccharide molecules did not affect
e lubrication provided by GGM and GG-g-PEG (Fig. 5b and c). Dif-
rent friction forces and coefficients for cellulose-CNF were
tained when different cellulose colloidal probes were used. This

henomenon, probably due to differences in roughness between
e cellulose probes, has been observed before [42]. In any case,
ere was a systematic decrease in both friction forces and friction
efficients after polysaccharide adsorption. The adsorption of
olysaccharides did not change the roughness of the CNF films
ig. S5), but the thin, soft layer that they formed on the cellulose
rfaces had some lubricating effect.
It must be noted that the lubrication effect of the polysaccha-

des studied in this work is moderate. A much more pronounced
brication effect was previously observed for CMC-g-PEG [41]. In
ntrast to GG-g-PEG, the high charge of CMC favors the swelling
CMC-g-PEG layers (in a pH-dependent manner), leading to

ronger electrosteric repulsions and very efficient hydration lubri-
tion. Therefore, it can be concluded that the polymer charge,
gether with the PEG grafting density, plays a crucial role in
olymer-mediated lubrication.

4. Mechanical properties of free standing cellulose films

Plant-based CNF is a renewable, biodegradable, abundant, and
ghtweight material with good mechanical properties and high
rface area. Because of that, CNF is a very interesting material
r applications like packaging or barrier films. Previously we
ported that the addition of various polysaccharides can enhance
e tensile strength of CNF composites [12]. Especially, the wet
rength of CNF films was improved considerably using oxidized
G and unmodified GGM. Here we sought an explanation for this
fect by correlating interfacial interactions with wet strength,
d to further extend the study to composites including GG-g-
G and PEG. Tensile strength, Young’s modulus and toughness
CNF-PEG and CNF–GG-g-PEG composites in wet and dry state
e compared to previously published values for CNF-GGhydHox
d CNF-GGM composites (Figs. 6 and S6).
The mechanical properties of CNF composites depend on the

rength of the nanofibers, which is affected by the crystallinity
d the degree of polymerization, and the interfibrillar interactions
urface and friction forces). In pure CNF films, single fibrils are in
ntact with numerous other fibrils, held together by hydrogen
nds and van der Waals forces. The CNF used in this study was
om a fresh batch, which produced stronger CNF films than mea-
red earlier using an older batch (Figs. 6 and S6). Aging, therefore,
ems to have detrimental effect on CNF properties, possibly due to
e formation of aggregates that are difficult to redisperse, or a
ecrease in the strength of individual nanofibers from a reduction
the degree of polymerization and, consequently, on the mechan-
al properties of the composites. Hence, the references for each
tch are shown in the figures. The addition of polysaccharides
n affect the interactions between CNF fibrils both during (e.g.
facilitating the even distribution of fibrils) and after (e.g. by mit-

ating crack propagation under stress) composite formation,
hich has direct consequences on the macroscopic mechanical
roperties of the composites.

The add
for compos
wet state [
improved

Fig. 6. Chara
composites.
different com
+ GG-g-PEG w
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n of either GG or GGM to CNF has proven beneficial
oughness and tensile strength [49], especially in the
In dry conditions (Fig. S6), the tensile strength was
60% and 50% with 2% addition of GGM, and of
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GhydHox respectively. The toughness increased by 360% and
70% with GGM and GGhydHox, respectively, but no clear effect
n the Young’s modulus was observed. Considering that only a
ery small decrease in friction was observed between a cellulose
ead and a pre-adsorbed polysaccharide coated CNF film, this
crease is not due to a lubricating effect, in contrast to previous
bservations for highly anionic polysaccharides [43]. These data
re in line with previous results obtained for stacked epoxy CNF
lms, where the addition of 2% GGM improved the tensile strength
y 31% and toughness by 100% [50]. The improvement in mechan-
al properties of the CNF composites was most pronounced in the
et state, after soaking the samples in water for 24 h (Fig. 6). The
ensile strength increased by 170% and 100%, and the toughness
ugmented by 250% and 170%, after adding 2% GGM and GGhyd-
ox, respectively. A moderate increase of 33% in the Young’s mod-
lus of the CNF composites in wet conditions was observed after
dding the polysaccharides.
The addition of GG-g-PEG did not improve the mechanical prop-

rties of CNF composites in wet state, nor the addition of free PEG
olecules (Fig. 6). Nevertheless, introducing GG-g-PEG in CNF
omposites provokes a slight increase in tensile strength, tough-
ess and Young’s modulus in the dry state (Fig. S6). Effective mix-
g of the components and even distribution of fibrils are essential
hen preparing freestanding CNF composite films. The moderate
brication provided by GG-g-PEG can facilitate the even distribu-

ion of CNF fibrils in the final composite, improving, to some
xtent, the mechanical properties in dry conditions. However,
nlike GGhydHox, GG-g-PEG did not enhance the mechanical
roperties of CNF composites in wet state, suggesting that the
resence of hydrated PEG chains is not beneficial in wet conditions.
line with our results, highly lubricating CMC-g-PEG has been

hown to increase the strength of CNF composites in dry conditions
43], but wet conditions have not been studied. Therefore, swelling
either due to polymer charge or hydration of hydrophilic mole-
ules) has a negative effect on wet strength, as previous works
ave pointed out [51,52]. On the other hand, stretching CNF com-
osites with grafted PEG chains has been reported to facilitate fibril
lignment and, consequently, to improve the dry state strength of
NF-based ribbons [53] in the direction of alignment. Here we con-
rmed that the simple mixing of CNF and PEG did not significantly
prove the mechanical properties of CNF composites either in dry

r wet conditions.
Compared to GG-g-PEG, adsorbed GGM provided only moderate

brication. The GGM layer had smaller water uptake, as can be
een by the lower dissipation at a similar change in frequency
bserved in the QCM-D adsorption experiments (Fig. 2). The lower
ater uptake together with moderate lubrication of GGM could
xplain the improved mechanical strength and toughness of CNF-
GM composites both in dry and wet states. The enhancing effect
f GGM on the mechanical properties of CNF gels has also been
eported by Prakobna, Kisonen et al. [52]. A similar mechanism
ould also explain the improvement in mechanical properties
parted by GGhydHox. The dissipative nature of the GGhydHox

dsorbed layer observed in QCM-D experiments could be due to
he crosslinking and gel formation of GGhydHox on top of CNF
lms, and not swelling due to water uptake, explaining the positive
ffect on wet strength. In fact, hydrolyzed oxidized galactogluco-
annans can form strong hydrogels and aerogels. Alakalhunmaa
t al. observed that adding CNF improved the mechanical proper-
ies, but oxidized galactoglucomannas could actually form gels
n their own [37].
It is worth to mention the work by Mautner et al. [54] where

hey studied films made of different type of nanocelluloses, e.g.
acterial cellulose (BC), cellulose nanocrystals (CNC), and TEMPO
xidized-CNF. They noticed that nanocellulose mixtures have syn-
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on tensile properties. For instance, CNC can be used
s between larger BC ribbons in BC-nanopapers.
n standards are available for testing different kinds
hich makes comparison of the results difficult, since
e specimen and the testing speed highly affect the
ed relatively large samples, keeping practical appli-
d, such as in medicine (artificial skin or blood ves-
, sensors and electronics [13]. The ability to
nsfer the good properties of CNF materials to real
en questioned. Therefore, we did not want to opti-
ng setup to obtain high tensile strength results, but
arger samples, although the risk of including defects

ned information about the viscoelasticity of the
saccharide layers, the surface forces suggesting a

(2019) 104–114
polysaccharides interact with cellulose. This can be
stand the interactions between these components
cell wall, and how these interactions affect the
drogels or composites made from these, enabling
f these properties.

s

tions between hemicellulose and cellulose nanofib-
fibers play an important role in the structure and
operties of wood. The main aim of this work was
erstand these hemicellulose-cellulose interactions,
te those interactions with the mechanical properties
ellulose composites. CNF is an abundant, natural,
odegradable material, and more economical than
fillers like graphene or carbon nanotubes. Thus,

icellulose composites were prepared by combining
ferent modified and unmodified polysaccharides
Hox, and GG-g-PEG). The affinities and interactions
ccharides were quantified by QCM-D and AFM col-
icroscopy, respectively, and the results were corre-
echanical properties of free-standing films in wet

. Although all the polysaccharides tested adsorbed
GhydHox adsorbed with the fastest rate. The pres-

d PEG chains on the hydrolyzed-oxidized guar gum
eased the rate of adsorption on CNF. Compared to
of anionic carboxymethyl cellulose with grafted

MC-g-PEG) [41], GG-g-PEG was observed to adsorb
igher amount, and forming a less dissipative layer.
epulsive interactions of lower range and higher fric-
asured between GG-g-PEG coated cellulose sub-
ing the effect of the backbone polymer charge
ly charged CMC versus practically nonionic GG) on
on CNF, and on the corresponding surface and fric-
the other hand, the adsorption of GGM on CNF was,
ll in line with previous studies [39,17,40]. GGM had
r CNF, forming less dissipative adsorbed layers com-
ther tested polysaccarides, probably because of its
r uptake. The repulsive forces measured when
olysaccharide-coated cellulose surfaces were well
the polyelectrolyte brush model, with longer brush
ed for GGM than for GG-g-PEG. The polysaccharides
ed the friction coefficient between cellulose surfaces
on adsorption on one or on both interacting surfaces.
g-range repulsion and moderate lubrication corre-
proved mechanical properties of the composites in
robably because the polysaccharide-mediated
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teractions facilitate the even distribution of CNF during compos-
e formation. On the other hand, the polysaccharide’s swelling
ydration) capacity negatively affected the strength of CNF-
sed composites in wet conditions. Thus, GGM, which did not
nd as much water as GG-g-PEG, improved the wet strength of
NF films, but GG-g-PEG did not. Overall, the results shed light

how different types of polysaccharides adsorb on cellulose
d how they affect the interfacial interactions. This enhances
r understanding of the interactions between cellulose and hemi-
lluloses in the cell wall of plants as well as their interactions in
ydrogels and composites enabling optimization of properties.
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Figure S1. 1H NMR spectra from preparation of partially hydrolyzed GG sample. First part: 
The presence of N-hydroxyphtalimide moiety was confirmed from spectrum. 



 

Figure S2. 1H NMR spectra from preparation of partially hydrolyzed GG sample. Second 
part: The cleavage of phtalimide moiety was confirmed from the spectrum. 

 

Figure S3. 1H NMR spectra from preparation of partially hydrolyzed GG sample. Third part: 
spectrum of final product GG-g-PEG. 
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Figure S4. Examples of approach and retraction curves in the a) samples adsorbed in AFM, b) 

samples adsorbed in QCM-D. 

 

 

 

	

Figure S5. AFM images of a) CNF adsorbed on QCM-D crystal. b) GGhydHox adsorbed upon 

CNF thin layer on QCM-D crystal. Adsorbed GG is not easy to detect on the surface from 

images only, and therefore indirect methods like QCM-D are necessary to verify adsorption. 
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Figure S6. Characterization of tensile mechanical properties of CNF-hemicellulose 

composites. a) tensile strength, b) Young’s modulus, and c) toughness of different composite 

films in dry state. 



 

Table S1. Brush lengths of polysaccharide layers in different force experiments. The values 
are from polyelectrolyte brush force model fits to the corresponding force curves shown in 
Figs. 3 and 4. 

Sample Adsorbed in Brush length L (nm) Range	of	fit	(nm) 
GGM AFM 39  3 120 

GG-g-PEG AFM 35  3 140 
GGhydHox QCM-D 20  2 45 

GGM QCM-D 14  2 27 
GG-g-PEG QCM-D 12  2 21 

 

 

 

Table S2. Detailed results on adhesion and friction coefficients obtained in force and friction 

measurements by colloidal probe microscopy. 

 

 

AFM Curves showing adhesion (%) Pull of force  (mN/m) Maximum Friction coefficent  Used 

GGM in situ  Average Std Peak value of the  sample probe

Before 3 ‐0,0133 1,44 c4f

During 42 ‐0,0095 0,0057 ‐0,0291 1,15 c4f

After 86 ‐0,0216 0,0142 ‐0,0751 1,17 c4f

Pull of force  (mN/m) Maximum Friction coefficent  Used 

GG‐g‐PEG in situ  Curves showing adhesion (%) Average Std Peak value of the  sample probe

Before 0 2,40 c13a

During 3 ‐0,0619 1,74 c13a

After 6 ‐0,0344 0,0168 ‐0,0742 1,29 c13a

Sample  Pull of force  (mN/m) Maximum Friction coefficent  Used 

name in QCMd Curves showing adhesion (%) Average Std Peak value of the  sample probe

CNF  4 ‐0.0085 0,0061 ‐0,0332 1,44 c4f

GGhydHox 1 53 ‐0,0177 0,0153 ‐0,0851 0,97 c4f

GGhydHox 2 95 ‐0,0188 0,0123 ‐0,0539 1,40 C24A

GGM  20 ‐0,0141 0,0097 ‐0.0596 1,49 C24A

GG‐g‐PEG 12 ‐0,0220 0,0168 ‐0,0995 0,97 c4f

GG‐g‐PEG 2 60 ‐0,0104 0,0065 ‐0,0305 1,20 C24A
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