
 

 

Abstract 

HOEGER, INGRID CAROLINA. Ultrathin films of Cellulose and Lignin for studies on 

Interfacial Phenomena. (Under the direction of Orlando J. Rojas and Stephen Kelley). 

 

 The complexity of the molecular and supramolecular structures of lignocellulosic 

polymers makes their direct study difficult. One of the ways to overcome this issue and to 

simplify the experimental approaches is the use of model compounds and pure thin films.  

Specifically, to facilitate fundamental studies related to surface phenomena if flat, ultra-thin 

films are used in combination with appropriate analytical tools. Model surfaces of cellulose, 

lignin and cellulose-lignin blends were prepared by different deposition techniques; i.e. 

cellulose nanocrystals (CNCs) obtained from acid hydrolysis were used to prepared isotropic 

and anisotropic monolayers by the Langmuir-Schaeffer (LS) and convective assembly 

techniques, respectively. Cellulose-lignin blend polymer thin films were spin coated on solid 

supports. All of these films were characterized with surface sensitive technique.     

For isotropic LS-CNCs films, dioctadecyldimethylammonium bromide (DODA-Br) 

cationic surfactant was used to create CNC-DODA complexes that allowed the transfer of 

CNCs from the air/liquid interface in an aqueous suspension to hydrophobic solid substrates. 

Overall, the films obtained with this technique were shown to be smooth, stable and strongly 

attached to the solid support. The packing density of the films can be controlled by selecting 

the right combination of surface pressure during transfer to the solid substrate and the amount 

of CNCs available relative to the cationic charges at the interface.  

 The convective assembly setup used to align the CNCs was found to be simple, 

inexpensive and potentially scalable. It was elucidated that contributions of shear and 



 

 

capillary forces are primarily responsible for the alignment. The coupling of low electric field 

to the convective assembly setup was found to improve the alignment of CNCs. It is expected 

that these two model films can be used to study the properties of aligned CNCs, e.g. 

piezoelectricity.   

 Finally, ultrathin bicomponent films of a cellulose and lignin derivatives were 

deposited on silica by spin coating and employed as enzymatic sensors after regeneration to 

cellulose and lignin. The complex role of lignin in the enzymatic hydrolysis of 

lignocellulosic material was investigated and its inhibition effect was attributed to 

hydrophobic interactions between cellulases and the lignin domains. This effect was 

quantified by using kinetic models. The new platform proposed to monitor cellulolytic 

reactions in bicomponent  films efforts is expected to help to further understand the complex 

phenomena that occurs in lignocellulose biomass conversion. 
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1 Introduction 

 The interest on lignocellulosic materials has increased dramatically in recent years, 

due to their abundance and renewable nature. For example, efforts to replace conventional 

petrochemical platforms by biorefineries and the increased use of bio-based polymers and 

materials have gained much momentum. In biorefineries the raw material are renewable, and 

the process products include not only biofuels, but also solvents, monomers and polymer 

precursors for the further production of chemicals and materials. The possible application of 

lignocellulosic material in the areas of biomedicine, nanotechnology, high performance 

coatings, composites, electronics and chemicals make this a favorable time for research and 

development in this field.     

Three main biopolymers make up the lignocellulosic matrix, namely, cellulose, 

hemicelluloses and lignin. In the present work especially focus will be placed in cellulose, 

the most abundant natural source of carbohydrates and on lignin, a complex, branched 

aromatic polymer. Applications of these polymers in different areas are constantly being 

sought after.  

The complexity of the molecular and supramolecular structures of these polymers 

makes their direct study difficult. A way to overcome this issue and to simplify the 

experimental approaches is the use of model compounds and pure thin films.  Specifically, it 

is possible to facilitate fundamental studies related to surface phenomena if flat, ultra-thin 

films are used in combination with appropriate analytical tools. In this way one can obtain 

information related to the interactions of cellulose or lignin with chemicals, polymer 

matrices, surfactants, enzymes and others (bio)molecules. The fundamental information 
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obtained by studying these interactions at the interface can be a milestone in science to 

further the development of products or processes. 

In the present work different ultrathin films of lignin, cellulose or their combinations 

are proposed, developed and employed. The principle objectives of this work are explained 

in chapter 2. In chapter 3 monolayers of randomly-oriented cellulose nanocrystals (CNCs) 

were deposited on solid supports by using the Langmuir-Schaeffer technique. Prior to the 

deposition step the gold substrate was hydrophobized  by self assemble monolayer (SAMs) 

technique.  Then the influence on the quality of the film of factors such as the ratio of surface 

active molecule and CNCs, as well as the surface pressure during the deposition step were 

investigated.  The optimum transfer conditions were obtained. Taking advantage of the 

possibility to control LB deposition, smooth, highly packed films of cellulose were obtained. 

In the next chapter 4 a setup similar to that used in convective assembly of nano- and 

colloidal-size particles was applied to manufacture films of aligned rod-shape CNCs. The 

system uses capillary and shear forces to orient the particles on flat supports. Details about 

the experimental approach and main results are reported in that chapter. It was found that this 

method of alignment is simpler and requires less energy when compared to those reported in 

the literature based on high magnetic or electric fields.  In addition the proposed method is 

amenable to scale up. Also important to mention that the nanoindentation technique was used 

for the first time on this type of films to evaluate their mechanical properties.  In chapter 5 

the alignment of the CNCs was further improved by coupling a low electric field to the 

convective assembly setup. The influence of the strength and frequency of the electric field 

are discussed. Finally, another type of thin film was developed in which cellulose is 
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combined with lignin. In this case, rather than cellulose particles a cellulose derivative was 

solubilized in a common solvent.  After regeneration, the obtained cellulose/lignin 

bicomponent thin films were used as biosensor. This work is reported in chapter 6 . It is 

shown that the newly developed biosensor is a suitable for fundamental studies involving 

surface phenomena. For example, the hydrolysis of the film by a mixture of cellulose 

enzymes was monitored in-situ, and the influence of lignin component on the hydrolysis was 

elucidated. For a better understanding of surface phenomena the ultrathin films need to be 

extremely well characterized, so surface-sensitive tools were used. The morphology of the 

films was investigated by atomic force microscopy and the chemical atomic composition at 

the surface of the film was acquired by X-ray photo spectroscopy (XPS).  

 In the next sections the principal components that are used in the investigated 

systems: cellulose, cellulose nanocrystals, lignin and polymer blends will be explained. As 

well as, the principle deposition techniques for manufacturing thin films, with special 

emphasis on the ones applied to lignocellulosic materials. A brief review is given on the main 

characterization techniques applied to lignocellulosic thin films research.      

1.1 Cellulose 

 Cellulose is the most abundant natural, renewable, biodegradable polymer available 

in the biosphere. About 7.5x10
10 

ton grows and are consumed (naturally or industrially) each 

year.
1
  It is a homopolymer composed of β-D-glucopyranose units which are linked together 

by (1→4)-glycosidic bonds.
1-3

 It was first discovered and isolated by Anselme Payen in 

1838.
4
 It is the main constituent of higher plants, and serves to maintain their structure.

2
 It is 
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also produced by some algae, fungi, bacteria, the amoeboid Dictystelium discoideum, and a 

group of marine animals, the tunicates.
1, 5-6

 Cellulose and its derivatives are used in several 

industries and process: for example in lumber, textiles, cordage, paper, cellophane films, 

membranes, explosives, dietary fiber, and also in composites to reinforce plastics.
1
  

 A molecule of cellulose, as seen in Figure 1-1, is composed of pyranose rings which 

are in a chair (
4
C1) conformation with the hydroxyl groups in the equatorial position.

2
 The 

right of the molecular structure in Figure 1-1 shows the reducing end group of cellulose, 

which can reduce Cu
2+

 to Cu
+
 ions

 
in Fehlings solutions; the non-reducing ends are shown on 

the left.
1
 In nature these molecules are not found isolated, instead they form chains which 

aggregate into fibrils.
1, 6-7

 A few of these fibrils are combined to form microfibrils, in fact 

there are between 30 to 200 chains in the cross-section of one microfibril.
2
 Another 

interesting aspect of the structure is that there are two different domains in the microfibrils, 

crystalline and non-crystalline ones.
7
 
8
 Finally, in order for this structure to be representative 

of cellulose at least 36 individual chains of these molecules have to be assembled but the 

number can vary depending on the source of cellulose. The arrangement of cellulose chains, 

cellulose crystallinity and degree of polymerization is determined by their biosynthesis 

conditions.
1, 6-7

  

 

Figure 1-1 Chemical structure of cellulose.
6
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Cellulose is polymorphic,
1
 with their six forms known as I,II,III1, III2, IV1, IV2, which 

can be interconverted by different processes. A diagram of possible cellulose inter-

conversion processes is shown in Figure 1-2. Cellulose (I) has been mainly considered as the 

native form of cellulose. Cellulose (II) is obtained from cellulose I either by a regeneration 

procedure or a mercerization process. In the regeneration procedure, cellulose I is solubilized 

and then re-precipitated by dilution in water; in the mercerization process, the native 

cellulose fibers are swollen in sodium hydroxide and cellulose II is obtained upon removal of 

the swelling agent. Cellulose III1 and III2 are formed in a reversible process, from celluloses I 

and II, respectively, by treatment with liquid ammonia or some amines, and the subsequent 

evaporation of excess ammonia. By heating celluloses III1 and III2 to 206°C in glycerol, the 

polymorphs IV1 and IV2 can be obtained, respectively.
2
 All these forms of cellulose have 

differences in their structures and degree of reactivity. The amorphous form of cellulose is 

more chemically-reactive than the others. 

 

 

 

 

 

 

 

Figure 1-2 Diagram of the inter-conversion of the polymorphs of cellulose.2 
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The structure and chemistry of cellulose has to be taken into account when measuring 

interfacial properties. Due to the complexity of cellulose fibers, and the difficulty in 

measuring surface interactions, scientists have opted to use model cellulose films. Over the 

years different techniques and cellulose sources have been used in the development of these 

films. Three of the most representative cellulose films are regenerated cellulose, cellulose 

nanocrystals and nanofibrilated cellulose.     

1.1.1 Regenerated cellulose 

This is the representation of cellulose II, in a large part it corresponds to the non-

crystalline domains of cellulose. This regenerated cellulose does not have geometrically 

repeated three dimensional structure units.
1
 They have a heterogeneous organization, i.e., the 

structure is not as homogeneous as with the crystalline domains but neither are they 

completely amorphous.
9
 In fact the heterogeneous combinations of separate domains that are 

amorphous or crystalline depend on the past history of the sample.
8
 This form of cellulose is 

the most chemically reactive.
1
 but is the one least studied, although progress in elucidating its 

structure have been accomplish by spectroscopies such as FTIR.
9-10

   

Regenerated cellulose is manufactured by dissolving cellulose in strong organic 

solvent usually amine based. 

1.1.2 Cellulose Nanocrystals 

Cellulose nanocrystals (CNCs) represent the crystalline fraction of cellulose. They are 

rod-like nanoparticles that result from the cleavage of the non-crystalline domains by acid 

hydrolysis of the cellulosic fibers. Several different protocols have been used in their 
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production. The stability and surface charge of the nanocrystals depend on the type of 

hydrolysis routes and chemicals. Hydrobromic acid or/and hydrochloric acid yield CNCs 

with neutral surface charge, the main problem of these nanocrystals is their stability in 

solution since they tend to aggregate and precipitate. When sulfuric acid is used to hydrolyze 

cellulosic fibers, the resultant nanocrystals bear negatively-charged sulfate groups due to the 

esterification of surface hydroxyl groups.
11

 This type of nanocrystals are more stable in 

aqueous solutions because of the electrostatic repulsion between the sulfate groups on their 

surfaces. It is possible to change the surface charge of the nanocrystals; for example, to 

increase the negative charge by grafting the nanocrystals with 2,2,6,6-tetramethylpiperidine-

1-oxyl (TEMPO),
12-13

 or installing cationic groups with hydroxyl-propyl-

trimethylammonium chloride.
14

   

The size and degree of crystallinity of CNCs depend on the source of cellulose, the 

different length and width can be appreciated in Table 1-1. Due to the difference in sizes, 

CNCs obtained from different sources can have different properties; for example, as the 

aspect ratio of the nanocrystals increase so will their total charge, as well as their mechanical 

properties. 
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Table 1-1 Dimensions of cellulose nanocrystals according to the source of cellulose. 
6, 15

 L is 

the longitude and l is the width of the nanocrystals. 

Source L (nm) l (nm) 

Bacterial 100-1000s 5-10 x 30-50 

Cotton 100-300 5-10 

Cotton linter 100-200 15-35 

MCC 150-300 3-7 

Ramie 200-400 8-10 

Sisal 100-500 3-5 

Tunicate 100-1000s 10-20 

Valonia > 1000 10-20 

Wood 100-300 3-15 

 

CNCs have a relatively low density (1.6 g/cm
3
) and present a reactive surface suitable 

for chemical grafting for functionalization. In addition, CNCs have high aspect ratio, high 

intrinsic strength and their solutions display chiral nematic phases with interesting optical, 

magnetic and piezoelectric properties. It can be expected that many new applications for 

CNCs can be developed including use in barrier and antimicrobial films, reinforcing material 

in composites and coatings, electronic displays, optical components and systems for 

biomedical implants, pharmaceuticals, drug delivery, fibers and textiles, templates for 

electronic components, separation membranes, batteries, supercapacitors, electroactive 

polymers, etc.6, 16  
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1.1.3 CNC alignment. 

  In aqueous suspensions CNCs can self-assemble in chiral nematic phases. More 

specifically, the nanocrystals aligne in each of the nematic planes but their orientation differs 

slightly between planes due to the rotation of the magnetic director about the perpendicular 

cholesteric axis.
17

 Trying to control this phenomenon to aligned cellulose nanocrystals has 

been the focus of various methods that have been attempted. By aligning or tuning the 

orientation of CNCs it is possible to take advantage of some of their properties such as 

piezoelectric, mechanical, and optical.  

The main methods that have been reported for the alignment of cellulose nanocrystals 

in films include rotational shearing,
18

 application of magnetic
19-21

 and electric
22-23

 fields and 

spin coating 
24-25

 The direction of the aligned particles depends on the technique and 

conditions used. The orientation of the CNC long axes can be perpendicular to the magnetic 

field and parallel or perpendicular to the shear direction or electric field. For the case of spin 

coating, radial alignment is achieved. Overall these methods have achieved different degree 

of alignment; the highest degree of alignment has been obtained with the longer nanocrystals, 

tunicate CNCs.  

 There are some disadvantages in the application of the reported methods. For 

example, alignment of CNCs by rotational shear requires at least 12 h to obtain highly 

anisotropic films that have been found to be brittle in the direction vertical to the orientation. 

This makes further manipulation and process difficult. In the case of magnetic alignment, it is 

necessary to apply a strong magnetic field (ca. 7 Telsa) and a time frame of more than three 

hours to orient the CNCs. 
21

 
17, 20

 As for the alignment under electric fields, 2.5 – 20 V and 
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frequencies of 1kHz – 2MHz are necessary. In such cases the nanocrystals are orientated 

parallel to the direction of the field.
23,26

 As previously mention chapter 4 and 5 deal with 

alignment of CNCs by a combination of shear and capillary forces and also by coupling with 

low electric field. 

1.2 Lignin 

 Lignin is the most abundant renewable source of aromatic polymer in nature. It is a 

network polymer with a complex structure obtained from oxidative-coupling of lignin 

precursors. These monomeric precursors are from three primary hydroxycinnamyl alcohols: 

p-coumaryl, coniferyl, and sinapyl alcohols, see  

Figure 1-3.  

 After their polymerization these precursors yield phenylpropanoid units based on the 

methoxy substitution on the aromatic rings, which are p-hydrophenyl (H), guaiacyl (G), and 

syringyl (S), respectively.
27

 Lignin composition and quantity varies between plant species, 

and it can also vary between tissues within the same plant.
28

 In fact the lignin deposition is 

influenced by the chemical nature of the carbohydrate matrix and the orientation of the 

cellulose microfibrils.
29

 Lignin has an important role in the structural integrity of the cell 

wall, as a bonding agent. In addition, lignin helps with the water transport in the vascular 

system of the plants and plays a role in the protection against pathogens.
28
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Figure 1-3 Lignin precursors 

Lignin is used extensively for energy production (direct combustion), production of 

synthesis gas, in paper and board products and in the fragmentation and chemical conversion 

to molecules such as vanillin, vanillic acid and 1-dopa, dimetrhylsulfoxide, phenols, 

catechols, benzene derivatives. Lignin can also be used to produce macromolecules with use 

as dispersants, emulsions stabilizers, complexing agents, precipitants, coagulants, etc. Also 

lignin or lignin particles are used in polymer materials systems, such as thermosetting resins, 

rubber reinforcement, polyblends, stabilizers (e.g. controlled release), ion exchange, 

carbonization and pyrolysis to active carbon, carbon or graphite fibers, foams and 

fertilizers.
30

 

The production of lignin begins with the biosynthesis of the monolignols, via the 

deamination of phenylalanine followed by hydroxylations and methylation reactions that are 

catalyzed with different enzymes. After their synthesis, the lignin precursors are transported 

to the cell wall where they are oxidized and polymerized. The monolignols undergo a 

dehydrogenation by proteins, peroxidases, laccases, polyphenol oxidases, and coniferyl 

alcohol oxidase. The last step is the polymerization by random radical coupling, being the 
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most important reaction the cross-coupling to the growing polymer to extend the complex 

three-dimensional lignin network (Figure 1-4). 
29

 

Several lignin isolation methods have been used over the years to enhance the 

understanding of this macromolecule. One of the first isolation methods to obtain relatively 

pure lignin fractions was that of Brauns.
31

  In this method, wood is extracted with 96% 

ethanol then precipitated repeatedly from its solution in dioxane into ether until a constant 

methoxyl content. The problem of this isolation method is that the obtained lignin has a low 

molecular weight and it is produced in low yields (5-8%).
31

 A method that has gained a lot of 

scientific support is the so-called Mill Wood Lignin (MWL). In this method wood sawdust is 

ground in a vibrational ball mill, followed by an extraction with neutral solvent systems (for 

example, dioxane). The yield of lignin is improved to 20-30%, but depolymerization and 

modification of original lignin has been reported.
32

 A modification of the MWL by the 

inclusion of a treatment with cellulytic enzymes, results in milled wood enzyme lignin 

(MWEL) whereby 30-32% of lignin is recovered but contains around 12-14% of 

carbohydrates.
33-34

 Other types of lignins typically reported in the literature are that obtained 

after dehydrogenative polymerization (DHP), also called synthetic lignin and industrial or 

technical lignins. DHP is produced by the addition of one of the three main lignin precursors 

and hydrogen peroxide to a buffered solution of peroxidase.
35-36

 The technical lignins are 

usually by-products of biomass-based processes, such as chemical pulping (kraft, sulfite and 

organosolv processes).  

Lignin is extremely recalcitrant to degradation, one of the organisms that is able to 

digest lignin is the white-rot fungi, it produces four major groups of enzymes for the 
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degradation of lignin: lignin peroxidase (known as ligninase in early publications), 

manganese-dependent peroxidase (manganese peroxidase), versatile peroxidase, and 

laccase.
27

  

 

 

Figure 1-4 Biosynthesis of Lignin. 
29
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 The knowledge of lignin is extremely important in the preparation of materials based 

on lignin, including films. Neat films of lignin as well as bicomponent thin films of cellulose 

and lignin were developed and reported in chapter 6. Spin coating was used as the deposition 

technique to generate the bicomponent films. To blend cellulose and lignin a common 

solvent was required. The solubility of lignin on different solvents depends on the type of 

lignin, which as stated above is a function of the extraction and source of the lignin.           

1.3 Polymer blends  

 Polymer blends are macroscopically homogeneous mixture of two or more different 

species of polymer.
37

  

 Polymer blends can be characterized by their phase behavior. The components can be 

either miscible or immiscible. Miscible blends are capable to form a single phase over certain 

ranges of temperature, pressure, and composition. A polymer blend is thermodynamically 

miscible if the change in the Gibbs free energy of mixing satisfies the following two 

conditions: 
38

 

                        
    

 

   
     

Where     is the change in Gibbs free energy mixing and     is the volume fraction of the 

disperse phase. By using this definition of miscibility for a binary polymer blend three cases 

are possible, as shown in Figure 1-5. The blend that represents the curve A is immiscible 

because the Gibbs free energy of mixing is higher than zero; the curve B is a miscible binary 

system and the curve C is a partial miscible system forming one phase at the compositions to 
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the right and left of the diagram and a two phase system with the compositions of the center 

of the diagram.
38

  

 

Figure 1-5 Possible free energy of mixing diagram for binary polymer blends 
38

 

 

The Gibbs free energy of mixing can be described by enthalpic and entropic terms,  

             
     

   

Where     is the heat of mixing,    
 is the combinatorial entropy of mixing and    

 is the 

excess entropy of mixing.
38

  So the miscibility depends on the balance of small enthalpic and 

non-configurational entropic effects.
39

 The Flory-Huggins theory was one of the first 

approaches applied to understand polymer-polymer interactions by using the enthalpy and 

entropy of mixing.
40

This is a statistical thermodynamic mean-field theory of polymer 

solutions. One of the most important factors in this theory is the interaction parameter (χ) 

which accounts for the contributions of the noncombinatorial entropy of mixing and the 

enthalpy of mixing to the Gibbs energy of mixing.
37

 This approximation has some 

inadequacies; for example, it ignores the details of the polymer chain connectivity.
40

 Other 
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theories have emerged that describe better the polymer-polymer interactions, such as the 

Lattice Cluster Theory  (LCT). 
40-43

 

The two most common methods to manufacture polymer blend films include melt 

extrusion and solvent evaporation. The immiscible polymer blends can be described by using 

ternary diagrams.  For example, Figure 1-6 shows a phase diagram of a binary polymer blend 

of poly(viny1 chloride (PVC) and poly(acrylonitri1e-eo-butadiene (NBR-26) with 

tetrahydrofuran (THF) as a solvent.
44

 This polymers where blend and then cast films where 

produced. When they are both in solution and in a single phase the starting point in the 

ternary diagram is above the binodal (full line is Figure 1-6); due to solvent evaporation the 

system crosses the phase boundary and it then forms two-phase regions one that is enriched 

in PCV and the other in NBR-26. The separation process ceases with further evaporation 

when the system becomes too viscous and the final structure is cast on the film; this structure 

depends on the initial concentration, blend ratio, evaporation speed and polymer-polymer 

interactions, and could be a  bi-continuous structure or isolated domains. 
39, 44-45

 

 

 

Figure 1-6 Ternary diagram of binary polymer blend of poly(viny1 chloride (PVC) and 

poly(acrylonitri1e-eo-butadiene (NBR-26) with tetrahydrofuran (THF) as a solvent 
45
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As previously mentioned, the morphology of the films depends on the concentration 

of the components in the blend. Spherical drops phases are formed at low concentrations, at 

higher concentrations, cylinders, fibers, and sheets can be formed. In other words, dispersed 

morphology is formed at low concentrations of either component and a co-continuous 

structures in the middle range of concentrations.
39

 

 Melt extruded and solvent cast films have been manufactured with cellulose and 

lignin derivatives, including, hydroxypropyl cellulose-organosolv lignin blends,
46

 

hydroxypropyl lignin and cellulose propionate,
47

 and cellulose acetate butyrate with lignin 

esters.
48

 Associated studies have mostly focused on the characterization of the properties of 

the obtained polymer blends and have demonstrated that they separate as microphase 

domains, mostly due to effects of partial miscibility;
46-47

 in addition, the size of the domains 

have been found to depend on the process conditions and blend composition.
48

  

1.4 Thin films preparation techniques 

 Thin films have been used to study the interfacial behavior of polymer, electrolytes, 

nanoparticles, etc.  The history and advances on the development of thin films from cellulose 

have been recently review by Kontturi et al,
49

 Roman M,
50

 and Cranston et al,
51

 They focus 

on the different types of cellulose films, which depend on the source, processing of cellulose 

and on the deposition technique. Regards of the deposition technique the material to be 

deposited has to be dissolved; which for the case of cellulose and lignin is difficult due to 

their complex supramolecular features. To make films from cellulose it is necessary to use 

non-derivatizing solvents, i.e N-methylmorpholine-N-oxide,
52-53

 dimethylacetamide with 

lithium chloride,
54

 and ionic liquids.
55

 Another possibility is to use cellulose derivatives, 
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which are made by partial substitution of the hydroxyl groups of cellulose these can be 

dissolved in common solvents, i.e. trimethylsilyl cellulose (TMSC);
56

 finally cellulose can 

broken down by mechanically, chemically and enzymatic treatments to produce 

nanofibrillated and cellulose nanocrystals which can be dissolved in aqueous solvents, i.e. 

water
57

 So depending on the source and method of preparation the model thin film will 

represent the crystalline, non-crystalline or a combination of cellulose.         

 As for lignin thin films Norgren et al have reported on the main techniques used for 

their production.
58

  The source and extraction process also play a major role on the thin film 

preparation method. For example, lignin obtained after kraft pulping can be directly 

deposited on silicon wafers,
58

 in another case, for mill wood lignin hydrophobic substrates 

are needed for quality films.
59

 

 Some of the most relevant film manufacturing techniques are described below. 

1.4.1 Casting or solvent evaporation 

This is a very simple film manufacture technique whereby the solute is dissolved in 

an appropriate solvent which is left to evaporate; most of the times film formation has to be 

finished by drying under vacuum so as to completely remove any residual solvent. 

Drawbacks of this method include the resultant film roughness, and the lack of control of 

thickness. This method has been used to produce different type of films. For example, films 

of amorphous cellulose
9-10, 60-61

, cellulose nanocrystal, 
62

 and nanofibrillated cellulose have 

been reported,
63

 as well as lignin films.
64-66
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1.4.2 Self-assembly monolayers (SAM) 

Self-assembled monolayers (SAMs) can be used to produce thin organic films which 

form spontaneously on solid surfaces.
67

 They are formed by chemical or physical adsorption 

of the organic molecules onto the substrate. Besides the forces driving the adsorption other 

interactions are necessary in order to stabilize the structure, especially for hydrocarbons with 

large linear chains, van der Waals forces act between adjacent groups to facilitate the 

organization of the molecules as a SAM. The adsorption of disulfides on gold was one of the 

first references on using SAMs as a thin film technique.
68

 In general, as was the case with the 

disulfides, the groups binding to the surface are the hydrophilic heads and the hydrophobic 

tails are extend on an outward position from the surface.  To form SAMs, the substrate is 

immersed into a dilute organic solution containing the molecule. With the right conditions of 

concentration, time, hydrophilic/hydrophobic balance this procedure yields a dense organized 

structural monolayer film.
67

  

1.4.3 Langmuir Blodgett and Langmuir-Schaeffer films 

Molecular engineering is the principle behind these techniques. By using the 

Langmuir trough one can position certain molecular groups at certain distance from each 

other, form thin films with the materials at the molecular level and study the relationship 

between such artificial structures and the natural world.
69

 The key element of the Langmuir-

Blodgett technique is the production of monolayers at the air/water interface. This is 

achieved by monitoring and controlling the surface tension and the area per molecule of a 

surface active molecule. It is possible to control the internal layer structure down to a 

molecular level which results in the control of the film thickness.
70-71

 The first step in the 
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Langmuir-Blodgett technique is to deposit a small quantity of the surface-active material, 

dissolved in a volatile solvent, onto the surface of a previously purified liquid. Once spread 

on the surface of a subphase and the system is stable the molecules can be compressed with 

movable barrier(s).
72

 As the compression takes place the molecules at the interface move and 

a monolayer undergoes different phase transformations, as seen in Figure 1-5. The monolayer 

can undergo phase transitions, from a gas phase (G), to a gas-liquid phase (L1-G), to a liquid 

expanded phase (L1), to a liquid compress phase (L2) and to a solid phase (S). If the 

compression continues after the solid phase the monolayer collapses. These phase transitions 

are the result of the re-arrangement of the molecules at the interface. The shape of the surface 

pressure isotherm depends on several factors, such as the size, shape and charge of the 

molecules, the temperature, the pH, the purity of the system (any contamination can have a 

huge impact in the surface tension of the system) and the rate of movement of the barrier(s) 

(it has to be slow enough to allow the molecules to adjust their molecular position while 

under compression).         
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Figure 1-5 Surface pressure-area isotherm (redrawn from KSV-NIMA) 

 Once the compression has reached the solid phase, that monolayer can be considered 

a two-dimensional solid film with a surface area-to-volume ratio far above that of bulk 

materials,
70, 72

 and can be used as a building block for the fabrication of thin layers which are 

transferred onto a given solid support. This process is controlled by the hydrophilicity or 

hydrophobicity of the solid support. The Blodgett and Schaeffer names are related to the type 

of mechanism used to lift the monolayer, vertical or horizontal, respectively. Independent of 

the type of deposition it is usually monitored by the transfer ratio (decrease of Langmuir 
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monolayer surface area/area of solid support).
70

 While the film is being deposited onto the 

solid surface, further compression is required in order to keep the surface pressure constant, 

to maintain the packing of monolayer at the interface constant.  A successful deposition can 

be identified by a resulting transfer ratio close to one. It is possible that poor film 

homogeneity is obtained if this transfer ratio is significantly outside the range 0.95 to 1.05.
73-

74
  Control on deposition is achieved by adjusting the experimental conditions, transfer speed, 

temperature, sub-phase composition, etc.
70

 Repeated dipping cycles provides replicas of 

monolayers and allows the formation of stratified layer structures.
70

 Quality TMSC films 

have been reported by repeating dipping cycles. 
75

  

The structure of Langmuir-Blodgett films is influenced by the functional groups 

present in the system
76

 and the arrangement of the first layer is specially influenced by the 

hydrophobicity of the substrate. 
74, 76

   

Langmuir-Blodgett has been found to be very useful technique for the manufactured 

of cellulose films,
56, 77-79

 or lignin films.
80-82

 As to Langmuir-Schaeffer films, it has been used 

to produce smooth cellulose films regenerated  from cellulose derivate TMSC. 
75

   

1.4.4 Spin Coating 

Spin coating is a simple method for the preparation of films on a substrate. It is used 

for coating substrates with polymers or chemical precursors in several different areas 

including biotechnology, electronics, etc.  The polymer is dissolved with a suitable solvent 

and then droplets are deposited on the surface of the substrate. The substrate is kept bond to 

spinning device (sometimes under vacuum) and rotates at high speeds; a radial flow is caused 

by the interaction of the adhesive forces at the liquid/substrate interface and the centrifugal 
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forces of the rotating liquid which is partly ejected from the substrate. This process combined 

with solvent evaporation causes the thickness of the liquid film to decrease.
83

  The thickness 

of the film depends on the centrifugal forces, which are a function of the spinning speed, 

surface tension and viscosity of the solution.
84

  

The spin coating technique has been proven adequate in the manufacture of thin films  

and it is widely used with lignocellulosic material to produce lignin, hemicellulose and 

cellulose films; for example very uniform and reproducible films of regenerated cellulose,
85

 

cellulose nanocrystals,
62

 nanofibrilated films,
63

 and lignin films
58-59

 have been reported in the 

literature. This is a fast deposition technique, can produce thin and smooth films but it 

requires an special equipment, a solid support (substrate of deposition) and it is difficult to 

control the thickness.
50

    

1.4.5 Dip coating  

Dip coating is another simple thin film manufacture technique. Typically, a substrate 

is immersed into the coating solution, which usually consists of a polymeric or particulate 

solution. Then the substrate is withdrawn from the solution bath, as it is being pulled up a 

boundary layer is formed. The evaporation of the solvent plays an important role in this 

process, as the final structure depends in a large part on the drying process. The rate of 

evaporation depends on process parameters such as withdrawal velocity and drying 

conditions. Depending on the pore size, capillary forces can be a driving force in the 

arrangement of the particles network structures. Other parameters also influence the structure 

formation, like the conditions of the substrate, temperature, roughness, and chemistry.
86
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1.4.6 Spray coating  

In spray coating the particles are accelerated and injected into an energetic gas flow 

which then impacts onto the substrate. There are two types of spray coatings, thermal spray 

and cold spray. The parameters that affect the deposition are the spray operating conditions 

and particle properties. The spraying conditions includes the spray distance, the temperature 

of the substrate (pre-heating) and the coating (spraying and coating cooling), the deposited 

spray pattern, the residual stress distribution and its possible relaxation. As to the particle 

properties, these include the velocity, melting index (for thermal spraying), and chemical 

reactions with the particles surrounding atmosphere or within.
87

 Drawbacks of this deposition 

technique include crack formation,
88

 voids, delamination, and interfaces of different length 

scales.
87

  

In thermal spray coating the particles are accelerated and melted (partially or totally) 

prior to impacting the substrate.  Upon impact the particles flatten in a lamellae structure, 

several layers of which result in the coating of the substrate.
87

 This type of coating is efficient 

because the melting of the particles occurs in short times (milliseconds) and then the 

solidification in shorted times (microseconds) when using strong temperature gradients and 

cooling rates, although the resultant structures can be metastable or amorphous phases. 
87, 89

 

For cold-sprayed the particles must be accelerated to velocities higher than the so-

called critical velocity, because the only reason that the particles bind to the substrate is their 

high kinetic energy on impact.
87, 90

 Compared to thermal spraying, particle morphologies 

play a more important role because the particles can deform easier upon impact to the 

substrate.
87

 But oxidation and other undesired reactions can be avoided.
90
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1.5 Characterization Techniques 

 Thin films characterization is a pre-requisite in most of their applications. Nowadays, 

there is a battery of characterization tools available that allow for the monitoring of the 

quality of the thin films, their morphological and chemical structure, thickness, purity, and 

reactivity, among others. Some of these techniques allow real-time monitoring of interfacial 

interactions, for example, with proteins, polymers, surfactants and others.    

1.5.1 Atomic Force microscopy  

In 1986 Gerd Karl Binnig and Heinrich Rohrer shared the Novel Prize in physics for 

inventing the scanning tunneling microscope (STM). In STM piezoelectric transducers are 

used for scanning and tunneling currents are develop by applying a voltage to the sample and 

positioning a STM tip close enough to the surface.
67

 Because voltage is applied to the 

sample, the materials to be analyzed need to be conductive or coatings need to be used.  Later 

on the atomic force microscope (AFM) was developed; in this type of microscope the forces 

are sensed using mechanical springs.
91

 In the AFM a probing tip is attached to a cantilever-

type spring (positioned parallel to the surface being measured). The tip and sample interact 

and the force is measured by the deflection. A laser beam is aimed at the tip and the 

deflection, due to the interaction of the tip and the sample, is measured and monitored by a 

photo-detector, once light is reflected from the back of the cantilever.
92

 This signal goes 

through a control loop, which sends feedback to the system to control the tip-sample distance 

and scan the microscope in the x,y plane. A topographic image of the surface can be obtained 

digitizing the deflections of the laser beam (z-movement) as a function of the lateral positions 

x,y. 
91
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There are two principal modes of AFM operation, contact mode and non-contact 

mode. In contact mode the tip is constant contact with the sample while in operation. Under 

the appropriate conditions it is possible to measure the frictional forces and elastic or plastic 

deformations.
91

 With the first AFMs setup there was some concern due to possible structure 

modification while scanning very soft materials. So the non-contact mode was developed. In 

this mode the tip-sample have a separations distance of 10 to 100 nm and the information 

about the surface topography is given by forces, such as van der Waals, electrostatic, 

magnetic or capillary forces, which also allow for the analysis of distributions of charges, 

magnetic domain wall structure or liquid film distribution.
91

 

1.5.2 Nanoindentation  

The nanoindenter can measure the mechanical properties of the surfaces both if the 

substrate is dry or in the presence of liquids.   In nanoindentation an external load is applied 

to the indenter tip, this load enables the tip to be pushed into the sample creating a nanoscale 

impression on the surface; while recording continuously the load, displacement, time and 

contact stiffness. The analysis of this data is used to find the mechanical properties of the 

sample. The composition and geometry of the indenter tip plays a major role in this 

technique; generally for a hard material a pyramidal tip is used, and for soft material cone 

spherical.  

The mechanical properties that a nanoindenter measures include the elastic modulus, 

specifically the Young‟s modulus, and the hardness. Briefly the elastic modulus is a property 

of the material that describes a non-permanent deformation that occurs instantaneously after 

a stress is applied or released. Young‟s Modulus describes the tensile elasticity or the 
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tendency of an object to deform along an axis when opposing forces are applied along that 

axis. It is defined as the ratio of tensile stress to tensile strain. The hardness is the property 

that describes the tendency of a material to resist permanent deformation. For reference a 

fracture occurs when a material can no longer deform by any other mechanism, and cracks 

form within the material to relieve the applied stress.
93

 Two other parameters can be 

measured with the nanoindenter, the friction coefficient and the wear of the material. 

The three basic equations that determine the elastic modulus and the hardness are: 

S 
2

  
Er   

where: Er is the reduced modulus, A is the resultant projected contact area at that load and S is 

the initial unloading contact stiffness. Er accounts for the fact that the measured displacement 

includes contribution from both the sample and the indenter: 

 

  
 
     

  

  
 
     

  

  
 

where: E and  are the elastic modulus and Poisson‟s ratio of the sample (s) and the indenter 

(t) respectively. The hardness is calculated by   

H
P

A


max
 

where: Pmax is the maximum indentation force and A is the resultant projected contact area at 

the given load. The calibration of a nanoindenter is very important, as the determination of A 

and to know the indenter characteristics for adequate calculation of the mechanical 

properties. 
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1.5.3 Ellipsometry 

Ellipsometry is an optical measurement technique that characterizes the change of the 

state of polarization of a polarized light-wave upon its interaction with a surface, which can 

translate to light reflected or transmitted from the sample.
94-96

 Polarization is a property of 

the electric vector of the waves of light, specifically it referrers to the orientation 

characteristics of this vector in time and space.
94, 97

 The most general polarization of a 

monochromatic light wave is elliptic, from there this technique takes its name. Two 

orthogonal components can describe a wave, see Figure 1-6, which has its direction of 

vibration inclined at an arbitrary angle respect to the plane of incidence. The directions of 

these components are parallel and perpendicular to the plane of incidence (s,p).
98

 

Ellipsometry measures the amplitude ratio, Ψ, and the phase difference, Δ between the p and 

s- polarized light waves.
96

 The most optimum angle of incidence to improve the sensitivity of 

the measurement is the Brewster‟s angles, where according to Fresnel laws, the angle of 

incidence is equal to the arctan of the square root of product between the dielectric constant 

and the permeability. Any wave whose direction of vibration is parallel to the plane of 

incidence is not reflected and the sensitivity of the measurement is maximized.
97
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Figure 1-6 Sketch of main principles in ellipsometry re-drawn from ref
94

  

The basic ellipsometry configuration consists of a light source, a linear polarizer (p), 

a compensator (C), the sample (S), an analyzer (A) and the detector (see Figure 1-7). The 

arm with the source, polarizer and compensator is known as polarization state of light 

incident on the sample, and the other arm with the analyzer and detector is used to detect the 

change of polarization produced by the sample.
94

 

 

Figure 1-7 The ellipsometry basic configuration.
95

  

The mayor drawback of this technique is the indirect nature of the characterization; 

an optical model is necessary in data analysis defined by optical constants and layer 
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thickness. Also, there are two general restrictions in the measurements: the surface roughness 

should be small, as it reduces the reflected light intensity severely and the measurement has 

to be performed at an oblique incidence (preferable at the Brewster angle) since at a normal 

incidence the components s and p cannot be distinguished. 
96

 

The fundamental equation in ellipsometry is 

          

where   is the complex ratio of the total reflection coefficients,    is the angle whose tangent 

is the ratio of the magnitudes of the total reflection coefficients and   is the phase difference 

between the parallel component and the perpendicular component of the outgoing wave.
98

 

Mathematical models have to be applied in order to calculate the thickness of the film 

and its reflective index. One of the models for the calculation of the refractive index most 

used for polymeric material is the Cauchy model, express by:  

       
 

  
 

 

  
    

where n is the refractive index, λ is the wavelength,  , B, C, etc., are coefficients unique for 

each material. 

Other important relations when analyzing ellipsometry data are the effective medium 

theories. They are used to average two or more sets of optical functions; it is based on the 

dielectric functions of two or more materials. 
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 The three effective medium approximation (EMA) theories can be express by:  

      
       

    
     
      

 

 

where     is the dielectric function of the effective medium,    is the dielectric function of 

the host,    is the fraction of the j
th

 constituent, and   is a factor related to the screening and 

the shape of the inclusions (for example,     for 3-dimensional spheres). There are three 

principal EMA types, namely, Lorentz-Lorentz, where the host is air (     ); Maxwell-

Garnett, where the host is the material with higher composition (      ; and Bruggeman, 

where the the host material is just the EMA dielectric function        . 95
  

1.5.4 Quartz crystal microbalance (QCM) 

The technique of quartz crystal microbalance (QCM ) relies on the piezoelectric 

effect of quartz crystals for the mechanism of signal transduction.
99

 The quartz surface can be 

covered by two electrodes. By applying an alternating electric field between them, the crystal 

produces a mechanical oscillation frequency (fundamental frequency), which depends on the 

nature, size, shape and mass of the quartz.
100

 The range for the fundamental mode of quartz is 

between 5 and 20 MHz, most of the commercial QCM devices operate in the 5–10 MHz 

range.
100
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The QCM is oscillating at the fundamental frequency an addition of mass will cause 

the oscillation to slow down and a removal of mass to speed up. That is the basis of the 

Sauerbrey equation:
101

  

    
       

   
  

       

   
   

  
   

 
 

where ρq and νq are the specific density and the shear wave velocity in quartz, respectively; tq 

is the thickness of the quartz crystal, η is the surface area of the sensor and f0 is the 

fundamental resonance frequency.
101-102

 

The Sauerbrey equation is only valid if the added mass on the sensor is evenly 

distributed, is much smaller than the mass of the crystal and the mass is rigidly attached.
100, 

102
  

The other property that can be monitored via QCM-D is the energy dissipation (D). D 

is defined as the relation of the energy dissipated during one period of oscillation (Edissipated) 

and the energy stored in the oscillating system (Estored); 
99, 103

  

  
           

         
 

 Rigid films have low dissipation values while the opposite holds for soft, highly 

viscoelastic films. 

The factors that affect the QCM measurements are viscoelastic effects, high mass 

loading (>2% of crystal mass), interfacial slippage, surface roughness, surface stress, non-

uniform mass distribution and ambient temperature.
99
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1.5.5 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy is a surface-sensitive technique that is useful to 

obtain the surface chemical composition. In XPS the sample is irradiated with photons which 

interact with the atomic orbital and transfers photon energy to electrons, leading to electron 

emission from the atom (photoelectrons). The energy of the emitted photoelectrons can be 

related to specific atoms or molecules from where they were originated. A few considerations 

of this technique are that the surface to be analyzed has to be placed in a vacuum 

environment; it only gives qualitative and quantitative information of the 10-nm outer layer 

of the sample surface; all of the atoms can be measured at concentrations above 0.1 atomic % 

with the exception of hydrogen and helium. The information obtained by analyzing the 

binding energies are the concentration of the atoms, the molecular environment (oxidation 

state, covalent bond atoms, etc.) and the heterogeneity of the sample. To summarize, the 

information that can be obtained with XPS includes the chemistry, electronic structure, 

organization and morphology of a surface.
92, 104

 

The principal parts of the XPS setup include the vacuum system, x-ray source, 

electron energy analyzer and data system. The vacuum is required by the x-ray sources and to 

avoid changes to the surface, due to contamination or chemical reactivity of the sample. The 

X-rays are produced by impinging a high energy electron beam onto an anode. The most 

common sources for anodes are Al or Mg. In the most common XPS monochromator x-rays 

are used. The analyzer has three integral parts the collection lens, the energy analyzer and the 

detector. Finally the data systems can controlled and monitor the acquisition process, 

analyzer functions: pass energy, scan rate, Eb range.          
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 XPS has been applied to lignocellulosic specimens since 1978.
105

 Nowadays, it is one 

of the most common characterization tool for surface analysis of lignocellulosic material. 

Two of the strategies for analyzing these type of materials with XPS were proposed by Doris 

and Gray more than thirty years; one of them is with the different oxygen-to-carbon atomic 

ration of the lignocellulosic polymers, which can be obtained by low scanning resolution. 

The other strategy is to use high resolution of carbon C1s peak; then apply a deconvolution 

with Gaussian peak shapes and background integration. The C1s spectra is divided into four 

different contributions of bonded carbon, corresponding to carbon without oxygen bonds (C-

C and C-H) with the peak centered on a binding energy of 285eV, carbon with one oxygen 

bond (C-O) with binding energy of 286.7eV, carbon with two oxygen bonds (O-C-O) with a 

binding energy of 288 eV, and carbon with three oxygen bonds (O-C=O) with a binding 

energy of 289.5eV.
105

 Theoretically pure cellulose does not have a C-C signal due to 

structure of the polysaccharide, but there is always a value due to sample contamination;
106-

107
 however lignin does a high percentage of  C-C signal.

108
Some of the applications of using 

XPS on lignocellulosic material include: monitoring pulp delignification;
109-110

 identified 

lignin on top of cellulose fibers;
111

 follow chemical surface modification, such as 

esterification reactions on cellulose fibers
112

 or growing poly(N-isopropylacrylamide) 

brushes on cellulose nanocrystals;
113

 enzyme immobilization, like laccase on cellulose 

films;
114

 it has also been used in the determination of coverage and component distribution of 

bicomponent films;
115

 among others. 
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2 Research Objectives  

 The objective of my doctoral research was to develop thin films of lignocellulosic 

materials by using various deposition techniques and their investigation in application in 

coating, enzyme sensing and interfacial activities. First, directed assembly of cellulose 

nanocrystals (CNCs) in the form of monolayers was performed at the air-liquid interface and 

by using the Langmuir-Schaeffer technique transferred onto solid supports as ultrathin 

coating monolayers. This process was facilitated by using a double-tail insoluble cationic 

surfactant (DODA) that acted as carrier of CNCs from the aqueous sub-phase to the solid 

support. This work is described in detail in Chapter 3. Secondly, a convective assembly setup 

traditionally used in coatings of solids with spherical nano- or colloidal particles was adapted 

to produce highly packed films of aligned CNCs (Chapter 4). Capillary and shear forces 

where the main driving forces that allowed the orientation of these rod-like nanoparticles.  

This method proved to be simple, fast, inexpensive, effective and suitable for scale up. Later, 

the method was improved by coupling external low strength electric fields that helped to 

improve CNC alignment (Chapter 5). The films were tested for surface mechanicl properties, 

transversal elastic moduli and friction.  Finally, bicomponent films of precursor a 

cellulose derivative and acetylated lignins were developed by solubilization in a common 

solvent and spin coating on a solid support followed by conversion to cellulose and lignin 

(Chapter 6). Surface chemical composition, morphology and wettability were measured and 

these novel platforms used to expand further the potential of model films to inquire nanoscale 

aspects of surface reactions and transformation of lignocellulosic materials by using quartz 

crystal microgravimetry. The produced bicomponent films with characteristic lateral domains 
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of each polymer were deployed as biosensors for enzymatic binding and hydrolysis and the 

inhibitory effect of lignin was investigated. Overall, the main contributions of this thesis 

include the design of coating platforms based on CNCs and the development of new systems 

for fundamental studies in lignocellulose conversion. 
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3 Development of Langmuir-Schaeffer Cellulose Nanocrystals 

Monolayers and Their Interfacial Behaviors 

3.1 Abstract 

 Model cellulose surfaces based on cellulose nanocrystals (CNs) were prepared by the 

Langmuir–Schaeffer technique. Cellulose nanocrystals were obtained by acid hydrolysis of 

different natural fibers producing rod-like nanoparticles with differences in charge density, 

aspect ratio and crystallinity. Dioctadecyldimethylammonium bromide (DODA-Br) cationic 

surfactant was used to create CN-DODA complexes that allowed transfer the CNs from the 

air/liquid interface in an aqueous suspension to hydrophobic solid substrates. Langmuir-

Schaeffer horizontal deposition at various surface pressures was employed to carry out such 

particle transfer that resulted in CN monolayers coating the substrate. The morphology and 

chemical composition of the CN films were characterized by using Atomic Force 

Microscopy (AFM) and X-Ray photoelectron spectroscopy (XPS). Also, their swelling 

behavior and stability after treatment with aqueous and alkaline solutions were studied using 

quartz crystal microgravimetry (QCM). Overall, it is concluded that the Langmuir-Schaeffer 

method can be used to produce single coating layers of CNs that were shown to be smooth, 

stable and strongly attached to the solid support. The packing density of the films can be 

controlled by selecting the right combination of surface pressure during transfer to the solid 

substrate and the amount of CNs available relative to the cationic charges at the interface. 
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3.2 Introduction 

 Cellulose model films have been extensively studied over the past decade, especially 

in efforts to better understand a range of interactions and surface phenomena between this 

ubiquitous natural polymer and solvents, enzymes, chemical additives and others materials. 

Also, cellulose films have been used to develop novel suprastructures relevant to natural and 

industrial systems. Obtaining fundamental information from cellulose fibers is challenging 

due to their chemically complex and heterogeneous features, as well as their characteristic 

nanoscale surface topography. A review relevant to cellulose model films has been published 

recently by Kontturi et al.
1
 Regenerated cellulose dissolved in N-methylmorpholine oxide 

(NMMO) or lithium chloride in N,N-dimethylacetamide (LiCl-DMA) as well as cellulose 

derivatives (mostly trimethylsilylcellulose, TMSC) have been reported as useful in the 

preparation of thin films of cellulose. However, films obtained from such systems may not 

completely represent native cellulose fibers because of differences inherent to chemical 

composition, morphology and crystallinity. In fact, in the plant cell wall, biosynthesis of 

cellulose fiber results from the combined action of enzymatically-controlled polymerization 

and subsequent crystallization. These events are orchestrated by specific enzymatic terminal 

complexes (TC) that act as biological spinnerets producing crystalline cellulose nanofibrils.
2
 

From structural and morphological points of view, cellulose nanofibrils are the smallest 

structural elements of the cellulose fibers.  

 By deconstruction of the cell wall of fibers nanofibril elements can be obtained which 

can be then employed in the development of two- and three- dimensional structures that more 

accurately represent native cellulose. These substrates include nanofibrillar or microfibrillar 
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cellulose (NFC or MFC, respectively)
3-6

 and cellulose nanocrystals.
5, 7-8

  NFC films have 

been recently prepared by spin-coating aqueous suspensions of cellulose nanofibrils obtained 

by combining enzymatic and mechanical treatments to disintegrate cellulose fiber pulp.
3-4

 

The substructural nanoscale units or nano-/micro-fibrils 
9-10

 that are generated by mechanical 

shearing processes differ from regenerated cellulose in their inherent morphology, chemical 

composition and crystallinity. For example, films of NFC typically contain both crystalline 

cellulose I and amorphous regions
6, 11-12

 while spin-cast films are amorphous or cellulose 

allomorph type II.  

It has been proposed that if the TCs are not perturbed during cellulose biosynthesis, 

they can generate endless microfibrils having only a limited number of amorphous “defects” 

distributed along the cellulose microfibrils.
13

 After acid hydrolysis of the amorphous defects, 

true cellulose nanorods or nanocrystals (CNs) can be obtained. Thus, CNs have the same 

cellulose I morphology and crystallinity as that of the original cellulose fibers. In addition to 

the properties provided by NFC it is expected that films from CNs can be used to study the 

fundamental interactions between cellulose surfaces and functionalization processes, surface 

polymer interactions, enzyme reactions, etc. Furthermore, recent interest in developing 

coatings with ultra-high surface strength and special optical, electrical and mechanical 

properties are central interests in CN research.
14

 

Smooth model films based on CNs have been prepared by Langmuir-Blodgett (LB) 
8
 

and spin coating techniques.
7
 In films obtained by vertical deposition using the LB technique, 

the effects of different CN aspect ratio, morphology and crystallinity have been investigated. 

The resulting films, deposited on a solid support, were characterized as monolayers with 
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thicknesses equivalent to the width of the precursor cellulose nanorods. Also, CNs deposited 

using LB techniques can be directed in more or less defined orientation, usually in the 

dipping direction employed to transfer the monolayer to the solid support. In contrast to LB-

films, spin-coated films usually form multilayers and show a preferred radial microcrystal 

orientation.   

LB deposition also allows for the manufacture of multilayered structures by 

successive transfers of monolayers from the air–water interface to the solid support.
15

 As a 

principal tool for fabrication of ultrathin and well-organized molecular films in the 

nanoscale, LB has been successfully used to produce cellulose films from other sources 

different than cellulose nanocrystals. However, typical LB deposition involves the use of 

subphases in which the target molecule is spread onto by using a suitable (spreading) solvent. 

The required solubilization of cellulose (in the spreading solvent) for such applications limits 

its use. Nevertheless, cellulose in such systems can be converted to cellulose after film 

deposition to produce amorphous or cellulose II.  The spreading of cellulose derivatives at 

the air–water interface and respective surface isotherms were first investigated more than 70 

years ago.
16-17

 Monolayers and multilayers of cellulose esters with various alkyl chain 

lengths were first transferred onto solid supports by Kawaguchi et al. using the horizontal 

dipping technique.
18-19

 Since then, LB films of cellulose derivatives with different alkyl side 

chains, so called „„hairy rod‟‟ ultrathin layers, have been extensively studied, mainly with 

respect to their spreading behavior and film properties.
20-25

  

Among the cellulose derivatives to prepare LB model cellulose films, TMSC is the 

most commonly used one,
26-32

 this is because the readily and effective conversion of TMSC 
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to regenerated cellulose by desilylation. Desilylation can be performed directly on the solid 

substrates by simply exposing the film to HCl vapors,
28-29

 thereby producing pure and ultra-

smooth cellulose films. TMSC films have been conveniently deposited on hydrophobic 

substrates using either vertical (Langmuir-Blodgett) or horizontal (Langmuir-Schaeffer, LS) 

applications and then regenerated to produce cellulose films with varying thickness 

depending on the number of dipping cycles.
28-30

  

 In this work, the Langmuir-Schaeffer technique was used to develop novel CN films. 

Such technique was chosen over other procedures in order to facilitate the transfer of CNs 

from an aqueous subphase (where they were dispersed) to a solid support. An insoluble 

surfactant (dioctadecyldimethylammonium bromide, DODA), located at the air/water 

interface, was used as a carrier of the CNs. After horizontal LS deposition, the surfactant 

located between the CNs and the solid support, acted as a binder layer, thereby producing a 

top layer of surfactant-free CNs (the active side of the solid). The effect of different 

morphological parameters of the precursor CN-DODA system (used to produce highly 

packed CN films) is discussed. Finally, the stability of the obtained CN films to alkaline 

treatment. 

3.3 Experimental 

3.3.1 Materials 

Three different fiber sources were used to produce the CNs including bleached cotton 

and sisal fibers (donated by Danforth International, New Jersey) and ramie fibers (Stucken 

Melchers GmbH & Co., Germany). Sulfuric acid, dioctadecyldimethylammonium bromide 
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(DODA-Br), 1-Dodecanthiol and all solvents were purchased from Sigma-Aldrich and used 

as received. Milli-Q water with resistivity > 18 M.cm was used in all experiments. Gold-

coated quartz resonators used in the QCM-D experiments were acquired from Q-Sense 

(Västra Frölunda, Sweden). 

3.3.2 Methods 

3.3.2.1 Preparation of Cellulose Nanocrystals. 

  Acid hydrolysis with 65% (wt/wt) H2SO4 solution was applied to homogeneous 

suspensions of purified fibers from sisal, cotton and ramie (see Ref.
8
 for details about 

associated treatments). The hydrolysis was carried out at 55 °C for 30 min under continuous 

stirring.  The resulting suspensions were filtered through sintered crucibles (No.1) to remove 

unhydrolyzed fibers and the CN suspensions were then washed with water and recovered by 

centrifugation at 10,000 rpm (10 °C) for 10 min each. The resulting suspensions were then 

dialyzed against deionized water and then against Milli-Q water for few weeks. The final CN 

stock suspensions were stored at 4 °C after adding a few drops of chloroform to prevent any 

possible biological growth. The sulfur content (from sulfate groups present on the CNs after 

sulfuric acid hydrolysis) was determined by elemental analysis. 

3.3.2.2 Preparation of gold surfaces. 

  Gold-coated QCM resonators were cleaned with a H2SO4/H2O2 (7:3) solution for 10 

min, rinsed thoroughly with water and blown dry with a nitrogen jet. They were 

hydrophobized by a monolayer of 1-dodecanthiol that was self assembled on gold after 

immersion overnight in a 10
-3 

M solution in pure ethanol.
33

 After thiolation the gold sensors 
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were washed thoroughly with pure ethanol to remove excess and unbound alkanethiol 

molecules. The thiolated, hydrophobic surfaces were kept in a dessicator to avoid any 

contamination. The contact angles for the gold sensors before and after hydrophobization 

were measured at room temperature (22 °C) with a Ramé-Hart Contact Angle Goniometer 

model 100-00-115 (Ramé-Hart Instrument Co., NJ, USA) using sessile drops of Milli-Q 

water and resulted to be 45 ± 2 and 90 ± 3, respectively.  

CN Film Preparation. The formation of DODA monolayers at the air-water interface and 

their deposition on hydrophobized gold substrates (thiolated QCM sensors) were performed 

at 20 ± 1 °C using a Langmuir trough (KSV Technology, Minitrough model with 7.5 × 330 

mm dimensions) equipped with a Wilhelmy-type film balance. 20 μL of the DODA solution 

(1 mg/mL) were spread on the surface of freshly sonicated aqueous suspensions containing 

the respective concentration of CNs (sisal, cotton or ramie CNs). The system was allowed to 

stabilize for 15 min and then the surface was compressed by reducing the distance between 

the barriers on the through at a rate of 2 mm/min. At the appropriate surface pressure (or 

surface packing), material transfer on the thiolated gold sensors was performed by using the 

horizontal deposition method, i.e., by making the solid substrate (positioned horizontally) to 

contact the compressed surface at a rate of 1 mm/min. The solid support was allowed to 

make contact with the CN-DODA complex layer for few seconds and then the solid substrate 

was removed at a retraction rate of 1 mm/min. The substrate was then allowed to dry for 10 

min before removing it from the holder. The positively charged DODA molecules that 

formed an insoluble monolayer on the surface with a given packing density (surface 

pressure) acted as a carrier for the negatively charged CNs dispersed in the aqueous 
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subphase. Hence, by using this approach the solid support was coated with three layers 

consisting of alkanethiol (hydrophobic layer), DODA (binding layer) and the CNs (active 

layer). These supported films are noted thereafter as “LS films”. 

3.3.2.3 Quartz Crystal Microgravimetry. 

Test on swelling, stability and enzymatic hydrolysis of the LS films prepared with CN 

from different sources were performed by using a quartz crystal microbalance with 

dissipation monitoring (QCM-D) from Q-Sense AB (model E-4, Västra Frölunda, Sweden). 

The temperature in our experiments was varied between 20 and 40 (±0.02) °C using a Peltier 

element built in the QCM apparatus. For swelling and stability experiments, the LS films 

were thoroughly rinsed with water and dried with nitrogen before testing. Water was injected 

into the QCM chamber at a flow rate 0.2 mL/min with a peristaltic pump until the deposited 

films reached equilibrium. Afterwards, freshly prepared sodium hydroxide solution (0.01M, 

0.05M or 0.1M NaOH concentration) was injected at a flow rate of 0.2 mL/min for 20 min. 

Any shift in QCM frequency f or dissipation D was recorded as a function of time every 

1.25 seconds.   

3.3.2.4 Atomic Force Microscopy (AFM).  

AFM imaging was performed using a NanoScope III D3000 multimode scanning 

probe microscope from Digital Instruments Inc. (Santa Barbara, CA). Surface morphologies 

of the LS films were analyzed in tapping mode, in air at room temperature, using a single 

crystal silicon SPM sensor tip (Pointprobe NCHR-50 from Nanoworld Innovative 

Technologies, Neuchâtel, Switzerland) with resonance frequency of 320 kHz and force 
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constant of 42 N/m. The drive frequency of the cantilever was about 300 kHz and the 

topographic structure of the surface was recorded by maintaining oscillation amplitude of the 

probe by using feedback to alter the tip-sample separation (defined as the z-axis). Several 

scan sizes were performed but the images reported here correspond to 55 μm scans. Images 

were acquired on at least five different areas of the sample and those representative of the 

respective surface topography are reported here. 

3.3.2.5 Transmission electron microscopy (TEM). 

  For TEM, few drops of cellulose nanocrystal suspension in water (0.01%w/v) were 

deposited on carbon-coated electron microscope grids, and then negatively stained with 

uranyl acetate and allowed to dry. The grids were observed with a Hitachi HF2000 

Transmission Electron Microscope operated at an accelerating voltage of 80 kV. 

3.3.2.6 Wide-angle X-ray diffraction (WAXS). 

  WAXS experiments were carried out at ambient temperature on CN films obtained by 

casting-evaporation of the respective suspensions (the LS films were too thin to make 

practical WAXS measurements). A Philips (XLF, ATPS XRD 1000) diffractometer operated 

with a CuKα anode (λ   0.15406 nm) was used with a 2θ range from 5 to 40 with steps of 

0.05 and a counting time of 60 s. The crystallinity index (CrI) was calculated by the method 

of Segal et al.
34

 according to:  

002

1 amI
CrI

I
 

, 
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where I002 is the maximum intensity (arbitrary units) of the 002 lattice diffraction and Iam is 

the intensity of diffraction (in the same units) at 2θ = 18°.  

The dimension of the crystal Dhkl was evaluated by using Scherrer‟s formula:
35

 

1/ 2

0.9

cos
hklD



 





, 

where θ is the diffraction angle, λ the X-ray wavelength and β1/2 the peak width at half of 

maximum intensity 

3.3.2.7 X-Ray photoelectron spectroscopy (XPS). 

XPS measurements were performed on dry Langmuir-Schaefer films consisting of a 

single DODA layer or after CNs-DODA were deposited on the hydrophobized gold 

substrates (the surfaces were dried and then kept in a vacuum oven for a few hours at 40 C 

prior to analysis). A Kratos AXIS Ultra photoelectron spectrometer was operated at room 

temperature with a base pressure of 10
-9

 mbar. The monochromatic Al K X-ray source was 

operated at 300 W (15 kV, 20 mA) at radiation angle of 15° for an estimated penetration 

depth of around 10 nm. Low-resolution survey scans were taken with a 1 eV step and 80 eV 

analyzer pass energy and high-resolution spectra were taken with a 0.1 eV step and 20 eV 

analyzer pass energy. Quantitative XPS analyses were performed with the Kratos Vision 

software (version 2.1.2). The atomic concentrations were calculated from the photoelectron 

peak areas by using Gaussian–Lorentzian deconvolution. Carbon C1s spectra were resolved 

into different contributions of bonded carbon, namely carbon without oxygen bonds (C–C 

and C–Hx), carbon with one oxygen bond (C–O), carbon with two oxygen bonds (O–C–O) 

and carbon with three oxygen bonds (O=C–O).
36

 The chemical shifts were taken from the 
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literature and the spectra were charge corrected by setting the carbon-without-oxygen-bond 

contribution in the C1s emission at 285.0 eV.
36

 

3.3.2.8 Ellipsometry.   

 A variable angle spectroscopic ellipsometer (VASE, J. A. Woollam Co., Inc.) with 

wide spectral range of 193-2500 nm was used to measure the film thickness. Data were 

collected at different angles of incidence (60, 65, 70, 75 and 80 degrees), and the spectral 

range probed was 350−850 nm. A Cauchy model was used to fit the ellipsometric angles (Δ, 

Ψ) data using the VASE software (J. A. Woollam Co.) by minimizing the mean-squared 

error. In the calculation the effective indices of refraction of the thiol-DODA layer and 

cellulose nanocrystals layers were taken to be equal to 1.5. 

3.4 Results and Discussion 

3.4.1 Characterization of Cellulose Nanocrystals 

Acid hydrolysis of the cellulose fibers (ramie, cotton and sisal) produced nanometer-

scale rod-like crystalline residues. Typical TEM images are shown in Figure 3-1 and the 

corresponding dimensions can be found in Table 3-1. The CN length was generally of the 

order of a few hundred nanometers. However, the precise physical dimensions of the 

crystallites depended on several factors. The inherent nature of acid hydrolysis as diffusion-

controlled process and the mechanical action involved in the CN recovery both prevent a 

narrow size distribution.  Nanocrystals derived from sisal fibers presented the smallest width 

(3-6 nm) while those from cotton exhibited the largest width (10-15 nm). These values 

agreed well with those from the literature.
14
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Table 3-1: Characteristic parameters of the investigated cellulose nanocrystals(*) 

 CrI (%) Length (nm) Width (nm) Charge 

(e/nm
2
) 

Sisal 81 115 ± 21 5.0 ± 1.5 0.37 

Ramie 88 185 ± 25 6.5 ± 0.7 0.30 

Cotton 88 140 ± 15 14.3 ± 2.0 0.32 

(*) 
Crystallinity index of CNs were obtained from WAXS; dimensions (length and width) 

from TEM images and charge per unit area was calculated using the procedure in Ref.
37

 

 

WAXS diffraction patterns obtained for the CNs from different sources are also 

shown in Figure 3-1. They are typical of native crystalline cellulosic materials. Indeed, 

according to the monoclinic indexation reported by Sugiyama et al. cellulose I is 

characterized by five well-defined diffraction peaks at 14.8° (d-spacing, 0.60 nm), 16.5° 

(0.54 nm), 21° (0.44), 22.6° (0.40 nm), and 34.5° (0.258 nm) that correspond to lattice plans 

(110), (110), (102)/(012), (200) and (040), respectively.
38

 These peaks are clearly shown in 

the case of highly crystalline cotton and ramie CNs. However, WAXS pattern obtained for 

sisal CNs are characterized by two peaks centered at 16° and 22°. One can observe that in 

this case the peaks at 14.8° and 16.5° and those at 21° and 22.6°, typical of cellulose I, 

tended to overlap. This observation is believed to be a consequence of the small diameter of 

these cellulose crystals, as is apparent from the TEM images. In fact, native cellulose crystals 

are bundles of several cellulose chains stabilized by hydrogen bonds. Each cellulose cluster is 

created in the plant cell wall during the biosynthesis through the TCs. Depending on the 
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origin of the cell wall, various arrangements of TCs can occur to produce cellulose crystals 

with different shapes, geometries and dimensions.
14

 Having diameters of only 3–6 nm, sisal 

nanocrystals are expected to contain smaller amounts of cellulose chains. With such a small 

number of cellulose chains, most of them are located at the surface of the crystal and, 

therefore, only crystals with disorganized lateral cohesion, and no periodic lateral hydrogen 

bonds, are expected to occur. The average cross-sectional dimensions of the different CNs 

were also evaluated from the diffraction patterns by applying Scherrer’s formula. The 

estimated widths were 4.5, 5.3 and 6.0 nm for CNs from sisal, ramie and cotton, respectively.  

These values differ from the widths obtained by TEM since in the latter case the 

measurements are made in dry condition which often leads to nanocrystals aggregation (a 

situation that is specially observed in the case of cotton CNs, see Figure 3-1). Also contrast 

artifacts could contribute to overestimation of the respective dimensions by TEM. By using 

the dimensions obtained from WAXS diffraction and assuming that CNs have a square cross-

section geometry as considered by Elazzouzi-Harfaoui et al.,
39

 the respective crystals 

contained a calculated number of cellulose chains of ca. 60 (sisal), 83 (ramie) and 110 

(cotton), in agreement with other reports
40

 The size differences among the various CNs 

studied here are shown in Table 3-1 along with the crystallinity index and surface charge 

density. Cotton and ramie nanocrystals had the highest degree of crystallinity (ca. 88%) 

while the crystallinity of sisal nanocrystals was the lowest (ca. 81 %).  
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Figure 3-1 TEM micrographs and X-Ray diffraction patterns of (A) sisal, (B) ramie and (C) 

cotton CNs. 

3.4.2 Langmuir films of CN-DODA complexes at the air-water interface  

DODA is a cationic surfactant that has been used in Langmuir films to investigate 

adsorption and binding processes involving anionic polyelectrolytes at the air-water 

interface.
41

 Likewise, rod-like CNs, which are negatively charged due to sulfate groups 

generated during sulfuric acid hydrolysis, are expected to interact strongly with cationic 

DODA surfactants by way of electrostatic interactions.
8
 The concentration of surface sulfate 
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moieties as determined by sulfur elemental analyses of the CNs was 0.85, 0.76 and 0.80 % on 

dry matter for sisal, ramie and cotton CN, respectively.  

In typical experiments a given amount of CNs was added to the water subphase in a 

Langmuir trough and compressed to a target surface pressure of 15, 30, 45 or 60 mN/m. For a 

constant amount of DODA (same in all experiments) a given concentration of CN was used 

such that the weight ratios of CNs to DODA were 0, 125, 250, 375 or 500. According to the 

measured sulfur concentrations and the amount of CNs, the actual molar ratios of sulfate 

groups to DODA molecules (n(S)/n(DODA)) ranged from 10 to 43 (see Table 3-2). The fact 

that n(S)/n(DODA) in all cases was the highest for sisal CNs is not surprising since among 

the three fiber sources, sisal CNs are known to have the highest surface charge density. This 

high surface charge is related to the relatively small size of the nanocrystals which produce a 

large surface-to-volume ratio. Nevertheless, the data in Table 3-2 indicates that for the 

respective concentration of CN added to the subphase, the ratio of sulfate to ammonium 

groups were relatively similar, regardless the type of cellulose nanocrystal. In our 

experiments the amount of CN used in the subphase was such that the charge ratio relative to 

available cationic groups (DODA) was ca. 10, 20, 30 and 40-fold larger than the 

stoichiometric 1:1 ratio (i.e., an excess of negative charges from the sulfate groups on the 

CNs with respect to the cationic DODA head groups was always used). 
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Table 3-2 Molar ratios of sulfate groups (from elemental analysis) to DODA molecules used 

in Langmuir-Schaeffer experiments. 

wt(CNs)/wt(DODA) n(S)/n(DODA) 

 Sisal Cotton Ramie 

125 11.0 10.0 10.2 

250 21.6 19.3 20.3 

375 32.5 29.0 30.5 

500 43.2 38.6 40.7 

 

We turn our attention to the resulting Langmuir-Schaeffer monolayers produced with 

DODA alone or with the CN-DODA complex of varying n(S)/n(DODA) ratios. Figure 3-2 

shows the corresponding surface pressure () isotherms as a function of molecular packing 

(molecular surface area, A) resulting from mechanical compression of the DODA monolayer 

in the presence of various concentrations of CN (-A isotherms). The pure DODA isotherm 

at the air-water interface is that of a typical 2-D liquid-expanded layer. This is due to the 

large osmotic pressure that exist between the polar head groups and also due to steric 

repulsion forces between the head groups in the monolayer. DODA isotherms show three 

main regions within different packing densities: (1) an expanded monolayer at high area per 

molecule (over 80 Å/molecule or surface pressures below 20 mN/m), which turns into a (2) 

more condensed structure at a surface pressure of approximately 20-40 mN/m (or area per 
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molecule of ca. 80 Å/molecule) to finally reach a (3) plateau with a collapse pressure at 42.5 

mN/m (corresponding to 52 Å/molecule).  

 In the range of surface pressures corresponding to expanded monolayers (surface 

pressure below 20 mN/m), the overall A profile did not changed with addition of CNs. 

Only a small shift at low surface pressures was observed. Although the shoulder for the 

transition noted above at 80 Å/molecule remained the same at low CN concentrations, the 

presence of CNs in the subphase significantly impacted the surface pressure profile above 80 

Å/molecule, at all concentrations tested. The most significant effect of adding CN to the 

subphase was that the collapse surface pressure was noticeably higher (60 mN/m) in the 

presence of CNs (compared to 42.5 mN/m for the DODA in pure water). It can be suggested 

that the addition of CNs in the subphase favored better packing of DODA molecules at the 

interface. In other words, the presence of CNs in the subphase screens the electrostatic 

repulsions and results in a reduction in the lateral repulsive forces between DODA 

headgroups thereby increasing their packing density (or surface pressure for a given 

compression).   

 The isotherms corresponding to cotton and ramie CNs at low concentrations showed a 

shoulder around 50 Å/molecule. This shoulder can be attributed to the presence of „free‟ or 

uncomplexed DODA molecules. Moreover, at high CN concentrations, the surface pressure 

isotherm (above 20 mN/m) was shifted toward higher pressures and collapse occurred at 

relatively low area per amphiphilic molecule. This was clearly shown for the CN with the 

highest charge density i.e., sisal CNs (see Table 3-1 and Table 3-2). It is worth noting that 

since n(S)/n(DODA) was close for all of CNs (for any given wt(CNs)/wt(DODA)), it is the 



 

61 

 

aspect ratio (length-to-width) which is believed to have the most significant effect on the 

packing of CNs at the air-water interface.   

The rigid, rod-like features of CNs and the larger distance between the ionic sites 

could be also responsible for the increase in the specific area of the CN-DODA complex seen 

at high CNs concentration. Interestingly, similar behaviors at the air-water interface to those 

observed here for CN-DODA systems have been reported for the DODA Langmuir 

monolayers interacting with anionic polyelectrolytes.
41-42

 By using the Fromherz technique 

and Avrami model, it was reported that upon compression the surface pressure showed a 

sigmoidal-shape isotherm a function of surface area was correlated with the formation of 

domains with rigid, rod-like anionic poly(p-phenylene sulfonate) (PPSf). In the same report 

the authors used X-ray reflectivity to relate the isotherm behavior to the liquid crystalline 

nature of the PPSf. Based on UV/Vis spectroscopy measurements, the formation of highly 

ordered monolayer structures with increasing surface pressure was related to the electronic 

interaction and to changes in the balance of intramolecular and intermolecular forces.
43

 The 

same observations seem to apply to the present, stiff CNs. 
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Figure 3-2 Compression isotherms of Langmuir films based on DODA-cellulose nanocrystals 

from sisal () cotton () and ramie () at different n(S)/n(DODA) ratios: 10 (R= 125) (A), 

19.3 (R=250) (B), 29 (R=375) (C)  and 38.6 (R= 500) (D)  (see also Table 2). DODA in pure 

water () is given as reference. 

3.4.3 Transfer of CN-DODA complexes onto Hydrophobized Gold (LS films)  

One of the main goals of this work was to develop thin films of CNs and understand 

their transfer from the air-water interface to a solid substrate.  Also, since the films were 

intended for use in additional experiments with quartz crystal microgravimetry, QCM gold 

resonators were also employed as solid support (in addition to regular gold wafers). Such 

resonators typically have an active side and an electrode side. The use of the Langmuir-

Schaeffer technique with horizontal deposition was therefore useful in order to deposit the 

CN only on the active side of the sensor. Briefly, by using the LS deposition the respective 

A B 

C D 
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CN-DODA complex was transferred from the air-water interface to the solid support. Such 

transfer took advantage of DODA acting as carrier of the CN layer that was formed 

underneath the air-water interface. More specifically, adhesion between the DODA (carrying 

the CNs) and the alkyl chains coating the gold surface (from the hydrophobic SAM of 

alkanethiol) is expected to have been developed from strong, long range hydrophobic 

interactions when they were in contact. Therefore, the deposition resulted in a three layer 

structure on the QCM gold sensor: an alkanethiol base layer, a DODA binding layer and a 

CN top (active) layer. 

To fully develop the LS deposition, we investigated the topography and composition 

of DODA films transferred to the solid support in the absence of CN by using AFM and 

XPS. The transfer was conducted at the collapse plateau, and the AFM images and XPS 

spectra are reported in Figure 3-3 and in Figure S1 of the supporting material, respectively. 

The results for bare and thiolated gold QCM sensors are also reported in the supporting 

material. AFM images showed distinctive morphological differences between bare and 

thiolated gold sensors before and after DODA deposition. Thiolated sensors with and without 

adsorbed DODA molecules both showed multiple circular, nanoscale domains compared to 

the featureless bare gold surface. These domains were denser and larger after DODA 

deposition ( = 75.7 ± 3.1 nm and 127.2 ± 2.2 before and after DODA deposition, 

respectively). The surfaces remained smooth even though the root mean square roughness 

(rms) increased from 0.99 nm for bare gold, to 2.13 and 3.10 nm for thiolated and DODA 

coated gold, respectively.  The difference in AFM height (from section analysis in the 

respective scan) changed from 4 nm to about 6.8 nm after DODA deposition on the thiolated 
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gold. This confirmed the incorporation of DODA on the thiol layer that covered the gold 

surface. In good agreement with these values, the ellipsometric thickness of DODA film 

adsorbed on thiolated gold sensors was ca. 5.17 nm. From these figures the calculated lengths 

of 1-dodecanethiol and DODA thin films were respectively ca. 2.2 nm and 3 nm, in close 

agreement with reported values.
8, 33

  

The obtained adsorbed layer thicknesses, taken together with the observed uniformity 

of the AFM images, indicates the successful transfer of DODA from the air-water interface 

to the thiolated gold substrates by using the horizontal (LS) technique. XPS analyses on these 

surfaces further confirmed the chemical nature of the layers (see survey spectra in supporting 

information). We note that the C1s XPS signal in the case of bare gold most likely came from 

ever present organic contaminants that adsorbed on the high energy gold surface from air. 

Most importantly, XPS spectra indicated a significant increase of the carbon content after 

thiol grafting and DODA deposition: the C/Au ratio increased from 1.4 for bare gold sensors 

to 2 and 2.5 for thiolated gold sensors before and after DODA deposition, respectively. 
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Figure 3-3 AFM height images and the corresponding height profiles of gold substrates 

before any deposition (bare gold) (A), after alkanethiol hydrophobization (B) and after 

alkanethiol hydrophobization followed by DODA deposition via LS transfer (C). 

 In order to obtain homogeneous and densely packed CN films, their transfer from the 

air-water interface to the hydrophobized gold substrate was optimized by adjusting the 

surface pressure of the DODA surfactant and the concentration of CNs in the subphase. AFM 

images of the films produced after LS deposition at different surface pressures and CNs 
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concentrations are shown in Figure 3-4 and 

 

Figure 3-5. From Figure 3-4A, it is clear that no CNs were transferred when the DODA 

monolayer was in the expanded state at air water-interface (surface pressure below 20mN/m), 

or when the surfactant was slightly less expanded (surface pressure below 40 mN/m, Figure 

3-4B). This is in agreement with Brewster Angle Microscopy analyses of DODA monolayers 

at air-water interface reported by Habibi et al.
8
 who indicated the formation of a uniform film 

or domain structures of DODA at the air/water interface prior to the phase transition only at 

high surface pressures. Therefore, it is suggested that at low surface pressure minimum or no 

transfer of CN occurred due to a limited formation of the CN-DODA complexes. CNs were 

effectively transferred by increasing the surface pressure to values above 40 mN/m: at 45 

mN/m CNs were randomly but uniformly distributed on the substrate (Figure 3-4C) and 
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when the CNs were transferred at a pressure close to collapse (ca. 60 mN/m) a highly packed, 

well–organized CN film was obtained (Figure 3-4D).  

It is worth noting that at highest deposition pressure ordered structures are observed (Figure 

3-4D) corresponding to a net orientation matching the principal axes of the transferred CNs. 

This ordered structure can be attributed to the self-assembly of the rigid rod-like CNs. 

Indeed, CNs can display liquid crystalline behaviors by varying their concentration in the 

medium.
44-46

 for example, they can form ordered chiral nematic structures, from a series of 

ordered nematic assemblies. Accordingly, at a low CN concentration or below 45 mN/m 

surface pressures the CN probably existed as a randomly organized isotropic phase. At a 

critical local concentration brought about after compressing the CN-DODA film to higher 

surface pressures, the complexes formed an ordered phase (at least locally, very close to the 

surface) and the resulting Langmuir-Schaeffer monolayer films displayed high anisotropy 

with uniaxial orientation. The same trends were seen for the CNs from all three sources.   

The effect of CN-DODA concentration on the morphology of the resulting LS films was also 

thoroughly investigated using AFM imaging of films transferred to the solid substrate at 



 

68 

 

different n(S)/n(DODA) (see Table 3-2). The case of cotton CNs is reported in 

 

Figure 3-5: At low CN concentrations (n(S)/n(DODA of 10 or weight ratio of 125), a patchy 

films was obtained, as seen in  
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Figure 3-5A. The films became more tightly packed at a n(S)/n(DODA) of 19 (weigh ratio of 

about 250). For the next higher n(S)/n(DODA) of 29 (weight ratio 375) the CNs were still 

randomly distributed. But at the highest concentration studied (n(S)/n(DODA) of 38.6 

(weight ratio of 500) the CNs were clearly organized. The AFM results are consistent with 

the changing surface pressure creating an ordered CN-DODA structure that was then 

deposited on the substrate via the Langmuir-Schaeffer deposition. By increasing the surface 

concentration or packing of CN-DODA complexes a transition from a random isotropic 

phase to an ordered anisotropic phase was produced and thus ordered, two dimensional CN 

films were obtained.  

 

Figure 3-4 AFM height images of LS films of CNs  (cotton) transferred at different surface 

pressures with n(S)/n(DODA) of 38 (or weight ratio of 500). The surface pressures were 15 

mN/m (A), 30 mN/m (B), 45 mN/m (C) and 60 mN/m (D). 
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Figure 3-5 AFM height images of LS films of cotton CNs transferred to gold substrates at 

different n(S)/n(DODA) or weight ratios R. n(S)/n(DODA) used were 10 (R= 125) (A), 19.3 

(R=250) (B), 29 (R=375) (C)  and 38.6 (R= 500) (D)  (see also Table 2). The surface 

pressure during deposition was maintained at 60 mN/m.  

3.4.4 Characterization of Langmuir-Schaeffer Cellulose Nanocrystal Films  

After optimization of the transfer conditions, the topography, thickness and chemical 

composition of the obtained LS films (for CNs from the three different sources) were 

analyzed via AFM, ellipsometry and XPS. Here we report the case of maximum 

n(S)/n(DODA) (weight ratio of 500) and maximum surface pressure of 60 mN/m. AFM 

images of the LS films of CNs are shown in Figure 3-6 and the respective quantitative data 

obtained from AFM analyses are summarized in Table 3-3. From these images, it is clear that 

all films obtained with the different types of CNs (sisal, cotton and ramie) were highly 
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ordered and uniformly packed. The height difference in section scans calculated from AFM 

images was between 3 to 5 nm (Table 3-3) which is slightly higher than that of the DODA-

coated substrate. The thickness of the LS CN films was also estimated via AFM.  AFM 

thicknesses of ca. 6 nm for sisal, 9 nm for cotton and 10 nm for ramie were obtained (see 

Table 3-3). There was close agreement between the AFM thicknesses and those obtained 

from ellipsometry, as also reported in Table 3-3.  

Comparing the ellipsometric and AFM thickness values to the (TEM) lateral 

dimensions of the respective single CN, it can be concluded that the transferred LS films of 

cellulose nanocrystals were equivalent to a layer with single CN layer. Habibi et al. have 

reported similar results with Langmuir-Blodgett films of CNs after vertical dipping. In 

contrast to vertical dipping, the main advantage of the LS horizontal deposition is that no 

surfactant molecules are adsorbed on the active side of the transferred film (they are 

sandwiched between the CN and the alkanethiol layers on the substrate). Therefore, LS films 

of cellulose nanocrystals are a convenient and suitable platform for studies of interfacial 

phenomena.  

Table 3-3 Thickness and RMS roughness obtained from AFM analyses for Langmuir-

Scheaffer films of different cellulose nanocrystals 

LS films Roughness (nm) Thickness (nm) * Ellipsometric Thickness (nm) 

Sisal 3.7 ± 0.5 6.3 ± 1.1 6.3 ± 0.8 

Ramie 5.2 ± 1.0 9.8 ± 1.3 10.8 ± 1.0 

Cotton 4.3 ± 0.7 9.5 ± 0.9 10.7 ± 1.1 

*The thicknesses of alkanethiol and DODA layers were subtracted from the total thicknesses 

determined by AFM. 
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Figure 3-6 AFM height images and height profiles of LS films from cellulose nanocrystals 

from sisal (A), ramie (B) and cotton (C) deposited on thiolated gold sensors using DODA as 

carrier. The surface pressure during deposition was maintained at 60 mN/m. 

XPS elemental quantification confirmed the purity of the films of CNs after LS 

transfer. Low resolution spectra of LS films prepared from CNs from the different sources 

showed that carbon and oxygen atoms were the main chemical components (see Supporting 

information), which is expected for pure cellulose. Small amounts of sulfur (0.6 to 0.8 atom 

%) were also detected (S2p XPS signal at 168 eV). The sulfur was assumed to be from the 

thiolated gold support and sulfate groups on the CNs.  High-resolution carbon spectra were 

acquired to study the local environments of the carbon atoms (C–C or C–H; C–O; O–C–O 

and O=C–O) (see Figure 3-7). In all films, the component peaks can be categorized as C–C 

or C–H that can be assigned to the thiol-DODA support or C–O; O–C–O structures that can 

assigned to cellulose structures. The XPS spectrum of DODA films without any CN (Figure 
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3-7A) deposited on the thiolated gold substrate exhibited a peak assigned to C–C or C–H, 

which can be assigned to alkane structures in the thiol and DODA. Spectra obtained for CN 

films (Figure 3-7B, C and D) exhibited contributions from each type of carbon (C–C or C–H 

and C–O and O–C–O). Since pure cellulose does not contain any carbon atom without 

oxygen bonding, the presence of C–C or C–H bonds can be explained by the contributions 

from the thiol-DODA sublayer. This is reasonable because the average escape depth of XPS 

photoelectrons, about 10 nm, is similar to the thickness of the CN monolayer. These results 

also provide indirect confirmation of the thickness of the film and the likely occurrence of a 

single CN layer.  

 

 

Figure 3-7 XPS high resolution C1s spectra of LS films of (A) DODA and cellulose 

nanocrystals from (B) sisal, (C) ramie and (D) cotton deposited on thiolated gold sensors. C1: 

C–C or C–Hx, 285.0 eV; C2: C–O, 286.5 eV; C3: O–C–O, 288.0 eV. 

A B 

C D 
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After subtraction of the XPS DODA C-C or C-H contribution from that of the signal 

from the LS CN monolayer, the ratio of carbon in O–C–O and in C–O was 0.19 (for all CN 

types). This ratio is very close to 0.2, the theoretical value for pure cellulose (C6O5H9)n.  It 

can be concluded from AFM, XPS and ellipsometry analyses that pure, ordered CN 

monolayers were produced by the Langmuir-Schaeffer deposition technique.
47

  

3.4.5 Swelling and Stability of LS films of Cellulose Nanocrystals 

To better understand potential uses of LS films with CN monolayers as a surrogate 

for “native” cellulose and in order to investigate their interactions with polymers, surfactants, 

and enzymes, we tested the stability of these CN films in a series of different challenging 

environments. For example, treatment with aqueous sodium hydroxide (NaOH) was expected 

to break down electrostatic interactions between oppositely charged CN film and DODA 

carrier molecules. In addition, NaOH was also expected to neutralize and saponify sulfate 

groups on the cellulose nanocrystals. Therefore, QCM, which has been used as a tool for 

studying the mass changes in thin films, was employed to monitor the effects of the 

treatments explained above 
48-49

 Briefly, for a flat and uniform film that is firmly attached to 

a piezoelectric resonator, the change in mass of the film is directly proportional to the change 

in frequency, as shown in the Sauerbrey equation:
50

 
frequency

mass C
n


   , where C is a 

mass sensitivity constant (= 0.177 mg m
-2

 Hz
-1

 at f = 5 MHz) and n is the overtone number. 
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LS films of CNs (sisal, cotton and ramie) deposited on a QCM gold sensor were 

immersed in water in the QCM chamber for one hour; thereafter, NaOH aqueous solutions 

(of 0.01, 0.05 or 0.1 M concentrations or equivalent pH in excess of 11) were injected for 20 

minutes at a rate of 0.2 mL/min. After treatment with the highest NaOH concentration the 

CN films were rinsed with water to restore the original aqueous environment so that the 

effective changes could be elucidated. Shift in resonance frequency of (LS) CN-coated QCM 

sensors as a function of alkaline treatment were recorded (see Figure 3-8). Only the results 

from sisal CNs are shown but similar behaviors were observed for films prepared from CNs 

from the other fiber sources. During the first hour, when the films were in contact with water, 

the frequency was reduced only slightly, showing a very limited degree of water uptake and 

indicating the physical and chemical stability of the crystalline CN films in aqueous medium.  

This is in contrast to the extensive swelling or water absorption that has been observed in the 

case of amorphous films of cellulose.
51

  

 

Figure 3-8 Shift in QCM frequency corresponding to the normalized third overtone of 15 

MHz of gold sensors coated with Langmuir-Schaeffer monolayers of sisal nanocrystals 

treated with sodium hydroxide solutions of 0.01 M (),0.05 M () and 0.1 M () 

concentration. 
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An  injection of NaOH solution across the CN film produced a rapid reduction in 

resonance frequency (negative frequency shift) indicative of the combined effects of an 

increased density and/or viscosity of the medium and the mass uptake by the sample (in the 

form of larger degree of solvation, coupling water or mass adsorption). Rinsing with water 

produced an equilibrium plateau at a lower level than the initial frequency values recorded in 

water, before alkali treatment. This was taken an indication of an increased CN film mass 

(see effects noted before) attributable to NaOH adsorption or water uptake. 

Nevertheless, these changes were observed for the LS films prepared with CNs from 

different fiber sources.  It can be concluded that the CN monolayers were relatively stable to 

alkaline treatments and sulfate groups on the surface of the CNs could be eliminated by 

alkaline treatment up to pH 11, without damaging the integrity of the films. We note that 

stronger alkali treatment (NaOH concentrations above 0.5 M or pH higher than ca. 13) 

caused delamination or destruction of the CN films. 

To further test the robustness of the CN monolayer films AFM topographical analyses 

after alkaline treatment was carried out. Representative AFM images of ramie CNs are 

shown in Figure 3-9. The AFM results indicate that after water and alkaline treatments, the 

CNs films were stable and strongly attached to the solid support. No structural changes or 

damage in the nanocrystals were observed after the alkaline treatments. The lack of swelling 

or disintegration is ascribed to the highly crystalline nature of the CN monolayers.  
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Figure 3-9. 1 m scan size AFM height (left) and phase (right) of Langmuir-Schaefer 

monlayers of ramie CNs after alkaline treatments with 0.01 M NaOH (A) and 0.1 M NaOH 

(B). 

3.5 Conclusions 

 After investigating the phase behavior of carrier molecules consisting of an insoluble 

surfactant (cationic DODA), transfer of cellulose nanocrystal-DODA complexes from the 

air-liquid interface to the surface of a hydrophobic solid substrate (alkanethiol-modified 

gold) was successfully accomplished. The Langmuir-Schaeffer (LS) horizontal deposition 

technique was found suitable for producing stable, robust monolayers of cellulose 
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nanocrystals from several fiber sources (sisal, ramie and cotton). The monolayers obtained 

from the different cellulose nanocrystals were proved to be chemically pure, stable and 

smooth. Overall, Langmuir-Schaeffer monolayers of cellulose nanocrystals are proposed to 

be suitable for studying interfacial phenomena relevant to the chemical and biological 

transformations of cellulose. Alternatively, these films can be used as a coating technology to 

modify the surface of other materials to attain unique properties.  
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4 Ultrathin film coatings of aligned cellulose nanocrystals from a 

convective assembly system and their surface mechanical properties. 

4.1 Abstract 

 Ultrathin films of aligned cellulose nanocrystals (CNCs) were deposited on solid 

supports by using a convective assembly setup. Compared to previous efforts which involved 

high electric or magnetic fields to control the orientation of these rod-like natural 

nanoparticles, the investigated process of alignment was found to be simple, inexpensive and 

easily scalable. The effect of concentration of CNC in aqueous suspensions, type of solid 

support, relative humidity and rates of withdrawal of the deposition plate were determined by 

using atomic force microscopy (AFM) and ellipsometry. The degree of orientation was 

quantified from the number density of CNCs in leading angles by using image analyses. 

Also, the contribution of shear and capillary forces on alignment parallel and normal to the 

withdrawal direction was elucidated. The best alignment of CNCs in the withdrawal 

direction, favored by shear effects, was achieved with gold and silica supports with a pre-

adsorbed cationic polyelectrolyte layer and at a CNC suspension concentration above 2.5% 

(w/w), below the critical concentration for chiral nematic phase separation. Compared to the 

bare solid support, nanoindentation of the obtained coatings of ultrathin films of oriented 

CNCs provided enhanced surface mechanical strength and wear resistance.  A transverse 

Young‟s modulus, hardness and coefficient of friction of 8.3± 0.9 GPa, 0.38 ± 0.03 GPa and 

0.51 ± 0.23, respectively, were measured. Notably, the transverse Young modulus was found 
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to be in agreement with reported values predicted by molecular modeling and measured for 

single CNCs by using atomic force microscopy. 

4.2 Introduction 

 Cellulose nanocrystals (CNCs) have been used as a reinforcing material in 

composites to improve their mechanical properties. This is in part due to their relatively high 

intrinsic strength, high aspect ratio and low density. The use of CNCs in high performance 

coatings is attractive not only because of their properties but also because they may provide a 

platform for fundamental studies related to their assembly. Thin films of CNCs have been 

produced by film casting,
1
 spin coating,

1
 and the Langmuir-Blodgett

2
 techniques. Recently, 

Rojas and coworkers also used the Langmuir-Schaeffer surface lifting technique to produce 

dense layers of CNC on hydrophobic supports
3
. When used in composites, CNCs have been 

shown to affect markedly the properties of the resultant materials, depending on the 

processing conditions
4
 and their supramolecular organization.

5
 

 In general, the possibility to control the architecture of two- and three- dimensional 

arrays of proteins, nanoparticles and nanomaterials is critical in applications related to 

biotechnology (vaccines, diagnostics, etc.), biosensing, electronics, optics, microengineering 

and electrocatalysts.
5-6

  The same can be stated about the emerging possibility of CNCs as a 

building block for a broad range of structures. In such cases the additional benefit of 

improved mechanical characteristics with aligned CNCs might be realized.
7
  

 Above a certain concentration of CNC in aqueous suspensions they self-assemble into 

chiral nematic structures.
7
 The orientation of the CNCs is slightly different at each of the 

nematic planes due to rotation of the magnetic director about the perpendicular cholesteric 
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axis.
7
 Taking advantage of such phenomena, several techniques have been used in attempts 

to control the alignment of CNCs. These techniques include the rotational shearing of gels
8
 

and the application of intense magnetic
9-10

 and electric fields.
11-13

  Recently, radially oriented 

submonolayers of CNC were produced by spin-coating and the response of myoblasts to the 

surfaces was assessed.
14

 The techniques used for parallel alignment of CNCs are time 

consuming and expensive, especially because the requirement of high (electric or magnetic) 

fields. Additionally, control over the thickness of the final films has not been easily 

accomplished.  

This work focused on a new application of shear forces in a convective assembly 

setup to parallel align CNCs in ultrathin films. Convective assembly has been mainly used to 

deposit arrays and coatings of spherical colloids or nanoparticles.  The organization of 

spherical particles occurs when the thickness of the film is reduced due to solvent 

evaporation, and the particles in the meniscus are pulled together by attractive capillary 

forces; concurrently a flux of liquid toward the interface compensates for the mass of liquid 

evaporated.
15

 Several different setups have been used in convective assembly of particles 

onto solid supports.  For example, a suspension of particles has been dropped onto an angled 

stationary substrate;
16

 in other studies, the substrate has been placed vertically into a vessel 

filled with a suspension of particles and withdrawn at a constant speed.
17-18

  More recently, a 

droplet of suspension has been trapped between two plates. The top plate was set at a given 

angle and was moved with a linear motor.
19

  In this latter study, several factors influenced the 

convective assembly. The coating thickness and the organization of the spherical particles in 
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the film were found to depend on the nanoparticle concentration,
20-22

 size,
21

 type of solid 

support, 
23

 deposition speed, 
22

 humidity
24

 and temperature.
25

 

Due to potential benefits in coating applications, the mechanical strength properties of 

nanocoatings with CNCs are of interest.  X-ray diffraction,
4, 26

 Raman spectroscopy
27

 and 

AFM,
28

 have been applied to investigate the mechanical moduli of cellulosic structures, 

especially cellulose I in the cell wall and cellulose nanocrystals. Most studies have been 

conducted on fiber bundles,
4, 26

 cast films
27

 and single CNCs.
28

  Attention has mainly focused 

on the elastic properties along the axial direction of the cellulose chain (Ea). However, only a 

few reports are available on the transversal elastic modulus (ET), which include the use of 

molecular modeling 
29-30

 and AFM measurements with single nanocrystals.
28

  

Nanoindentation, on the other hand, has been widely used in the determination of the 

elastic modulus of thin films created from different engineered materials as well as from the 

cell wall of cellulosic fibers.
31-33

 In nanoindentation tip displacement, load and time are 

continuously recorded and the Young’s modulus and hardness can be calculated by using 

models such Oliver and Pharr’s.
34

 

The goal of this study was to deposit ultrathin coatings consisting of rod-like CNCs on 

solid supports and with controlled orientation or alignment with the longer term objective to 

modulate nanoscale architectures. These coatings are expected to offer important advantages 

over conventional approaches because of the expected mechanical strength, unique surface 

performance and possible applications beyond coatings such as those related to cell 

attachment and proliferation, tissue development, etc.  The convective assembly was first 

optimized for the formation of aligned CNC films. This method was found to be simple and 
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fast; it did not demand expensive equipment and could be scaled up. The concentration of 

CNCs, withdrawal rate, humidity and the type of solid support were varied to study their 

effect on the properties of the resulting ultrathin films. Also, multilayer films consisting of 

CNCs combined with adhesive interlayers of poly(ethylenimine) where manufactured using 

the same approach. Key mechanical properties of the resulting ultrathin films were 

determined, including the transverse Young’s modulus, the hardness as well as the 

coefficient of friction and wear resistance. The possible surface strength benefits that can be 

gained through the formation of aligned CNC films are expected to broaden the possible 

applications of such sustainable, biologically-derived material.  

4.3 Materials and Methods 

4.3.1 Materials 

Ramie fibers from Stucken Melchers GmbH & Co., Germany, were used in the 

production of cellulose nanocrystals. Microcrystalline cellulose (Avicel PH-101) from Fluka 

Chemical Corporation was used in the preparation of regenerated cellulose. 

Poly(ethylenimine), PEI, from BASF Corporation was employed to create a cationic surface 

layer on the mineral substrate used as solid support for the CNC films. 50% 4-

methlymorpholine N-oxide and dimethyl sulfoxide were purchased from Sigma-Aldrich. 

Silicon wafers, 350-600 µm thickness and with no orientation, were purchase from Wafer 

World, Inc (West Palm Beach, FL).  Gold slides (1’’ x 3’’ x 0.040’’ with a coating of 50Å Ti 

and 1000 Å of Au), mica sheets (grade V5, 10 x 40 mm; thickness 0.23mm) and glass 
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microscope slides (3’’x 1’’ x 1.0mm) were acquired from EMF-Corp (Ithaca, NY), Ted 

Pella, Inc. (Redding, CA) and Fisher (Pittsburg, PA), respectively.     

4.3.2 Cellulose Nanocrystals.   

Ramie fibers were purified via soxhlet extraction; then hydrolyzed with 65 % sulfuric 

acid at 55 °C for 30 min under continuous stirring; the resulting suspension was filtered 

through a sintered Buchner funnel, washed with deionized water and recovered by 

subsequent centrifugations at 10,000 rpm (10 °C) for 10 min each. Finally the resulting 

suspension was dialyzed against deionized water and then against Milli-Q water for a few 

weeks; the resulting master stock suspension was stored at 4 °C until use. The dimensions of 

the CNC were 185± 25 and 6.5 ± 0.7 nm in length and width, respectively, as determined 

from TEM images and the crystallinity index was 88% as measured by X-ray diffraction.
3
 

4.3.3 Films of regenerated cellulose.  

Regenerated films of cellulose were prepared following the procedure reported 

elsewhere.
35

  Briefly, microcrystalline cellulose was dissolved in 4-methylmorpholine N-

oxide and dimethyl sulfoxide to a final concentration of 5 mg/ml. This solution was spin 

coated (Laurell Technologies model WS-400A-6NPP) at 5000 rpm for 40 s onto a silicon 

wafer with pre-adsorbed PEI. The films were dried in an oven at 80°C for 2 h and then 

hydrated for 4 h in Milli-Q water. This procedure was repeated at least 5 times, in order to 

obtain films of given thicknesses for further studies with nanoindentation.   
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4.3.4 CNC films from convective assembly. 

  A schematic illustration of the convective assembly setup used for the production of 

coating films of CNCs is shown in Figure 1a. It included a solid support and a moving or 

withdrawal plate. The gold and silica substrates were cleaned with a solution consisting of 

sulfuric acid (70%) and hydrogen peroxide (30%) for 20 min followed by thorough rinse 

with deonized and milli-Q water. In the production of cationic silica, silicon wafers were 

treated with a 500 ppm PEI solution for 20 min, followed by rinsing with milli-Q water. The 

respective substrate was placed in the horizontal stage of the convective assembly device 

(Figure 1a) and CNC suspension was added between the inclined plate and the substrate. 

Two parameters were kept constant namely, the volume of suspension used, 10µl, and the 

angle of inclination of the withdrawal plate, 12° with respect to the substrate. The three-phase 

line was formed at the interphase where the front of the suspension, the solid substrate and 

the air bulk phase meet, as indicated in Figure 1a. The solid support was fixed on the stage 

and the glass slide moved at a constant speed. The withdraw velocity was precisely 

controlled by attaching inclined plate to the syringe pump motor assembly (NE 500 New Era 

pump system Inc., Wantaugh, NY). After the deposition was completed, the films were 

allowed to air-dry in a laminar flow cabinet. For multilayer films, silicon wafers were first 

treated with the PEI solution by immersion in a solution of 500 ppm for 20min, then rinsed 

with milli-Q water and dried with nitrogen nozzle. CNCs were then deposited with the setup 

shown in Figure 1 and the procedure was repeated as many times as required to obtain 

targeted number of layers. In the case of nanoindentation studies there 10 deposition steps 

were carried out.   
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4.3.5 Atomic Force Microscope (AFM).   

An AFM XE 100 from Park Systems (Santa Clara, CA) was used in non-contact 

mode to obtain topographic images of the supports before and after CNC deposition. A 

pyramidal silicon tip with a radius less than 10 nm and an aluminum coating on the backside 

(Park Systems, Santa Clara, CA) was used with an applied constant force of 42 N/m and 330 

KHz frequency. The XE-100 scanner configuration allowed simultaneous recording of X-Y 

and Z signals. The X-Y scanner moved the sample in the horizontal direction and the Z 

scanner traced the topography of the sample moving the cantilever in the vertical direction. 

The coordinate information allowed interpretation of the orientation direction of the CNCs in 

the images. At least three different films, at three different positions were imaged for each 

deposition condition used. The images were analyzed using the XEI software, and only a 

flatten process of one regression order was used to correct the slope of the tip/sample 

interaction. Scans of different sizes were obtained but only the 2.5 x 2.5 µm sizes are 

reported here, unless stated otherwise.  

4.3.6 Ellipsometry.  

A variable angle spectroscopic ellipsometer (VASE, J. A. Woollam Co., Inc.) with 

wide spectral range capability of 190-1100 nm was used to measure the film thickness. Data 

were collected at different angles of incidence (55, 60, 65, 70 and 75 degrees), between 300 

and 800 nm. The ellipsometric amplitude ratio, Ψ, and the phase difference, Δ, data were fit 

using a Cauchy model, (
36

) assuming a reflective index of 1.56 for cellulose. 
37

 In order to 

increase the fitting accuracy the Bruggeman model of the effective medium approximation 

layer (EMA) (
38

) was employed. This approximation allowed proper film thickness analysis 
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by incorporating air as an integral part of the ultrathin  film and to consider the effect of 

roughness for ultrathin  films. 

4.3.7 Degree of CNC Alignment after convective assembly.  

A convective assembly setup was used to align CNC within thin films deposited from 

aqueous suspensions (see Figure 4-1).  After obtaining AFM images of the resultant films a 

Matlab code was used to determine the degree of CNC alignment.  This code used AFM 

topography images by performing a grain partition and filtering the sizes of the grains.  The 

angles of leading edge or the long axis of the CNCs were determined in a polar plot between 

0 and 90° with respect to the withdrawal direction and the degree of CNC alignment was 

defined as the number % of CNCs in the angle range between 0 and 20 degrees in the 

withdrawal direction. Considering symmetry conditions for the angles between 0 and 90, and 

90 and 180° the respective number % of CNC counted at the given angle were added to the 

number collected for the 0 to 90 ° angle range. The histograms (number % of CNCs) for a 

given angle range were obtained. Typically more than 300 CNC particles were included in 

the image analysis.  

4.3.8 Nanoindentation. 

  A TI 900 TriboIndenter from Hysitron Inc. (Minneapolis, MN) equipped with a 

Berkovich three-sided pyramidal diamond tip of 50 nm radius of curvature was used to 

measure the mechanical properties of multilayers of CNCs assemblies.  The apparatus used a 

load of 3 µN and a displacement resolution of 4 nm. The lateral positioning accuracy is 

reported to be ±20nm, according to the manufacturer.  
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 For the indentations the peak load force was controlled between 5µN and 35µN with 

a total 15 seconds testing time per load (5 s loading, 5s hold and 5s unloading). The 

unloading load-depth curve was used to analyze the nanoindents and fitting of the data using 

the Oliver-Pharr approach
34

 to obtain the hardness and Young’s modulus. The friction 

coefficient was measured at four different load forces (10, 15, 20 and 25 µN) with a 1 µm 

scratch length.  In the wear tests four different load forces (10, 15, 20 and 25 µN) where 

applied for four passes in a 5 x 5µm scan area. Indentation in wear tests were followed by 

imaging a larger size area (10 x 10µm) that contained the “worn” region. The peak load 

forces were selected so that the indentation depth remained less than 20% of the film 

thickness, to prevent the influence of the substrate in the measurement of the mechanical 

properties.
39

 Three different points for at least three different samples were tested to 

determine the average values reported. 

4.4 Results and discussion 

 CNCs suspended in aqueous medium self-assemble in chiral nematic phases in which 

the orientation of the nanocrystals is slightly different at each of the nematic planes, due to 

rotation of the magnetic director about the perpendicular cholesteric axis.
7
 This can be 

observed in films of CNCs obtained by cast evaporation studied under an optical microscope 

with cross-polarized light.  The so-called fingerprint patterns of the cholesteric texture can be 

distinguished by their characteristic alternating light and dark bands which represent the 

rotation of the nematic director.
40

 Several parameters affect the chiral nematic phase of CNC, 

such as ionic strength, temperature, concentration and external forces.
41

 It has been observed 

that the behavior of CNCs in aqueous suspensions under shear depends on the ratio of two 
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Leslie viscosities, either flow-aligning, where the director adopts a stable position during 

flow, or tumbling, where the director has no stable position.
42

 Overall, it is expected that by 

controlling shear forces, or electric and magnetic fields, it is possible to change the rotation 

of the nematic director to achieve ordered structures in 2-D assemblies.  As such, the effects 

of shear and capillary forces on CNC alignment are discussed further. 

4.4.1 Alignment of CNCs by shear forces in a convective assembly setup 

The method used in the present investigation involved a convective assembly setup 

that was found to be effective in organizing CNCs with different degrees of alignment with 

respect to the withdrawal direction (see Figure 4-1a).  The values of the angles of leading 

edge or the long axis of the CNCs were calculated in a quadrant of a polar plot between 0 and 

90° with respect to the withdrawal direction.  The degree of alignment of CNCs was defined 

as the number percentage of CNCs in the angle range between 0 and 20 degrees in the 

withdrawal direction (see Methods section). Two extreme, illustrative results are provided in 

Figure 4-1 (b-d). The upper panels of Figure 4-1b-c show an ultrathin film of cellulose 

nanocrystals deposited on a gold substrate that were preferentially oriented parallel to the 

withdrawal direction. The respective histograms indicated that ca. 70 number % of CNCs 

were parallel to the withdrawal direction (see polar histogram in Figure 4-1d, upper). The 

bottom panels of Figure 4-1b-c show that the cellulose nanocrystals coated onto a mica 

surface were oriented mainly normal to the withdrawal direction, with only 5 % of CNCs 

parallel to the withdrawal direction (see polar histogram in Figure 4-1d, bottom).  
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Figure 4-1  Experimental setup for convective assembly deposition showing the CNC 

suspension, solid support, withdrawal plate and three-phase line (a) and AFM top view of 

cellulose nanocrystals assembled on solid supports using a withdrawal plate operated at 8.4 

cm/h (b and c). The 2.5 x 2.5 µm AFM height images in panel (b) were obtained at the center 

of the film assembled on gold (upper image) and on mica (bottom image). The corresponding 

black and white processed images obtained after partitioning and filtering the AFM scans of 

the nanocrystal film are shown in panel (c).  Panel (d) shows the respective histograms for 

the number % of aligned CNCs in leading angles using as a reference the withdrawal 

direction 

The effects of the substrate type and the concentration of cellulose nanocrystals in 

aqueous suspension as well as the withdrawal speed in the convective assembly setup were 

investigated. Also considered were the influence of the relative humidity of the surrounding 
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air, and the resulting changes in the drying rate. The primary film parameters that were 

evaluated included the thickness of the CNC layers, surface roughness and degree of CNC 

alignment.  

4.4.1.1 Effect of solid support. 

  To evaluate the effect of the solid support on the degree of CNC alignment, five 

different substrates were tested, namely, mica sheets with a high negative charge density; less 

negatively charged silica wafers; positively charged silicon wafers with pre-adsorbed 

polyethylenimine (PEI) and, high and low surface energy gold-based slides. The low surface 

energy substrates were prepared by reacting alkylthiol with freshly cleaned gold. It is worth 

noting that the CNCs used in this study were produced by sulfuric acid hydrolysis; 

consequently they were negatively charged due to the presence of residual sulfate ester 

groups.
43

  

Different degrees of alignment were obtained in the different regions of the film, as 

determined by AFM and image processing. At the edge of the film, i.e., at the beginning of 

the deposition process, the CNCs were more randomly distributed compared to areas where 

the film was well developed (after reaching stable conditions for nanoparticle deposition). 

This behavior was more pronounced on the mica substrate. Therefore, the areas of the films 

that were used in the determination of the degree of alignment (see for example Table 4-1) 

corresponded to average values measured in the middle section, at three-fourths the total film 

length and close to the end edge of the film.  

The CNCs films shown in Figure 4-2 on mica (a) and silica (c), i. e, substrates with 

same charge type than that of the CNCs were less aligned than those deposited on gold (b) or 
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on silica with pre-adsorbed PEI (d). One would expect that the CNCs alignment would have 

been more pronounced on the negatively-charged substrates, compared to the positively-

charged one (PEI). In fact, it has been reported that ordered arrays of colloidal spheres on 

solid supports are achieved when a higher mobility of the particles is favored, for example, 

when electrostatic repulsion forces for systems of equal electrostatic charges are present in 

the film before the solvent evaporates.
23

  

 

Figure 4-2   AFM 2.5 x 2.5 m height images for four different substrates: mica (a), gold (b), 

silica (c), and silica with pre-adsorbed PEI (d). The films were deposited from 2.5% CNC 

aqueous suspension at a withdrawal speed of 8.4 cm/h. 
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Table 4-1 Percentage of CNCs aligned in the 0-20° angle range with the withdrawal direction 

as reference after utilizing different solid supports in a convective assembly setup (Figure 1). 

The % CNC number distribution was obtained from image analysis and respective polar 

histograms (see Figure 4-2). 

Substrate 
% CNC alignment 

between 0 and 20° 

Silica 31 ± 20 

Mica 27 ± 19 

Gold 55 ± 16 

Silica with pre-

adsorbed PEI 
44 ± 12 

 

In the case of gold surfaces (Figure 4-2b) the shear forces appeared to be determinant 

in CNC alignment. On the other hand, layers of CNCs were difficult to form on the 

hydrophobic substrates, using same operation conditions, likely due to the reduced wetting 

by the aqueous phase. The fact that different substrates produced different degree of CNC 

alignment highlights the influence of their charge and surface energy. 

Overall, the induced orientation of CNCs is determined by a complex balance of 

forces, mainly, hydrodynamic (shear and drag), Brownian, surface tension (capillary forces) 

and electrostatic interactions (between the negatively charged CNCs and between the CNCs 

and the substrate). Thus, it appears that the poor alignment of CNC observed in the case of 

the negatively charged solid support can be explained by the dominant and counterbalancing 

effects of shear and capillary forces acting normal and parallel to the three phase contact line, 

respectively.  
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Two dimensionless numbers could be useful to quantify the relative effect of capillary and 

shear forces. These are a capillary number,    
   

  
, where σ is the surface tension, μ the 

viscosity and W0 withdrawal velocity (influence of shear) and a fluid property number, m 

which is defined by     
    

    
 
   

 which also includes the density and gravitational forces, 

g. However, no attempt was made here to fully characterize the system by using Ca and m 

since the density and viscosity of the films are expected to vary during deposition. 

Furthermore, related effects of concentration gradients are relevant because of the 

evaporation at the back end of the film leads to a higher CNC concentration. This could 

translate into a better alignment in the withdrawal direction, from the middle towards the end 

section of the film. 

4.4.1.2 Multilayer Films.  

Multilayer films of different thicknesses can be obtained by adjusting the CNC 

concentration and withdrawal rate.  As explained in the “Materials” section, TEM imaging 

indicated a width of 6.5 ± 0.7 nm for individual CNC particles which would also correspond 

to the thickness of a CNC monolayer film. Typically, film thicknesses after deposition under 

the conditions used in films reported in Figure 3b and 3d, using cationic substrates, were 

equivalent to ca. three CNC layers. CNC films obtained by the Langmuir-Schaeffer 

technique, as reported in our earlier publication,
3
 were subjected to AFM imaging and found 

not to exhibit any particular alignment, see AFM height and phase images in Figure 4-3 a and 

c).  This is especially evident when one compares the AFM images with those for CNC films 

obtained with the convective assembly technique (Figure 4-3 b and d). Relative to the 

http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6V26-4W38RCY-2&_mathId=mml44&_user=290868&_cdi=5694&_pii=S0045793009000565&_rdoc=1&_issn=00457930&_acct=C000015398&_version=1&_userid=290868&md5=c29d7de2bc3617815f371b68a1471a6c
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6V26-4W38RCY-2&_mathId=mml44&_user=290868&_cdi=5694&_pii=S0045793009000565&_rdoc=1&_issn=00457930&_acct=C000015398&_version=1&_userid=290868&md5=c29d7de2bc3617815f371b68a1471a6c
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6V26-4W38RCY-2&_mathId=mml45&_user=290868&_cdi=5694&_pii=S0045793009000565&_rdoc=1&_issn=00457930&_acct=C000015398&_version=1&_userid=290868&md5=4e8c6ebdda6bf2128e1f06242c0627b5
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6V26-4W38RCY-2&_mathId=mml46&_user=290868&_cdi=5694&_pii=S0045793009000565&_rdoc=1&_issn=00457930&_acct=C000015398&_version=1&_userid=290868&md5=a9f1e0f87a9ac3edbb951b7ee2181fbc
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6V26-4W38RCY-2&_mathId=mml44&_user=290868&_cdi=5694&_pii=S0045793009000565&_rdoc=1&_issn=00457930&_acct=C000015398&_version=1&_userid=290868&md5=c29d7de2bc3617815f371b68a1471a6c
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6V26−4W38RCY−2&_mathId=mml49&_user=290868&_cdi=5694&_pii=S0045793009000565&_rdoc=1&_issn=00457930&_acct=C000015398&_version=1&_userid=290868&md5=8d7c635e3e627e8afa57e01c0bba2c58
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vertical direction (vertical axis taken as zero degrees) the CNC number distribution of the 

respective leading angles was determined to be 12 % (0-20°), 14 % (20-40°), 23 % (40-60°) 

and 51 % (60-90°). On the other hand, films obtained by using the convective assembly setup 

showed a distinctive alignment of CNCs, with 70% of the particles aligned in the 0-20° angle 

range. The better alignment obtained in the latter case can be explained by attractive 

electrostatic forces that helped to pin the first CNC layer onto the solid support while 

repulsion forces between the contiguous CNC facilitated better mobility and therefore better 

alignment under shear. Also, it is possible that pinning down the first layer could create 

higher shear forces that improved organization or alignment of CNCs above it.   These 

hypotheses are supported by the observed effect of initial CNC concentration (see Figure 

4-4): monolayer films made at low concentrations exhibited poor alignment while multilayer 

films displayed better alignment. Other considerations are discussed further in this 

discussion.   
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Figure 4-3   AFM 1 µm x 1 µm height (a and b) and respective phase images (c and d) of 

CNC films produced with the Langmuir-Schaeffer technique (a and c) and a convective 

assembly setup using silica substrates with preadsorbed PEI (b and d). Images b and d are 

placed in such a way that the vertical direction was parallel to the withdrawal direction. A 

withdrawal speed of 8.4 cm/h and 2.5 % CNC concentration were used. 

4.4.1.3 Effect of suspension concentration on CNC assembly. 

 Generally, the thickness of films obtained by convective assembly of spherical 

particles can be controlled by varying the solids concentration in the casting suspension and 

the withdrawal rates.
22,20-21

  In fact, CNC films thickness was observed to increase with CNC 

concentration, for a given withdrawal rate (see Figure 4-4 and Table 4-2). Roughly, a CNC 

monolayer was formed at concentrations below 1 % while multilayer films were produced at 

concentrations above 1% (see ellipsometric thicknesses reported in Table 4-2).   
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Figure 4-4 AFM 2.5 µm x 2.5 µm height images of ultrathin films of CNC obtained from 

aqueous suspensions of different concentration deposited on silica substrates with 

preadsorbed PEI by using a convective assembly setup operated at a withdrawal speed of 8.4 

cm/h. CNC concentrations used were 0.1 (a), 0.5 (b), 1 (c), 2.5 (d) and 4.5% (e). 

 

Table 4-2 Effects of precursor CNC concentration in aqueous suspension on obtained 

ellipsometric thickness and percentage alignment of ultrathin films produced in the 

convective assembly setup. CNC films were deposited on silica with pre-adsorbed PEI. As a 

reference it is noted that the TEM thickness of a single CNC was measured to be 6.5 ± 1 nm. 

Concentration,% 

w/w 

Ellipsometric 

thickness, nm 

% CNC alignment   

between 0 and 20° 

0.1 7.4 ± 0.5 33 ± 7 

0.5 9.4 ± 0.8 20 ±7 

1.0 20.8 ± 0.4 33 ± 8 

2.5 37.8 ± 0.8 44 ± 12 

4.5 63.5 ± 7.4 68 ± 9 

(a) (b) (c)

(d) (e)
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 Geometrical hindrance can account for the low orientation of CNCs at the 

concentrations below 1% reported in Table 4-2, in agreement with observations made in 

CNC suspensions.
4
  The shear rate during deposition from 0.1% CNC suspension was 

calculated to be ca. 2.5 s
-1

; similar low shear fields favored more random orientation of 

CNCs in diluted aqueous media.
42

 For concentrations above 1% (w/w) the alignment of 

CNCs in the withdrawal direction was clearly increased with concentration, as can be 

observed in Figure 4-4 and Table 4-2.   

4.4.1.4 Effect of withdrawal rate and relative humidity on CNC assembly.  

Under the conditions of CNC assembly used, the alignment occurred mainly in the 

direction normal to the three phase contact line, as shown in Figure 4-1, i.e., in the direction 

parallel to the withdrawal axis. This fact supports the hypothesis that shear forces were 

leading factors for CNC alignment, as demonstrated in the case of rod-like Tobacco Mosaic 

virus studied by Velev et al.
44

  In order to investigate this issue further the withdrawal speed 

of the upper plate was varied. It was observed that at low withdrawal rates the CNC 

alignment was first improved with the withdrawal rate (see Table 4-3). However, maximum 

order was achieved at intermediate shear rates while at the highest withdrawal rates tested 

(21-25.2 cm/h) the CNCs became less ordered. 

It is proposed that as the liquid front was pulled in the withdrawal direction by 

surface tension forces and as the withdrawal rate increased the thickness of the resulting film 

decreased, thereby shifting the architecture of the film from a multiple layer towards a 

monolayer.  At the highest shear rates only one or second layers were deposited. As this 

layer(s) were sticking irreversibly to the cationic substrate, it was randomly oriented (low 
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degree of alignment) while in thicker films the overlying layers were generally better 

oriented. These observations are in agreement with the previous discussion for the effect of 

CNC concentration on particle alignment. 

Film depositions were performed at different air relative humidity while keeping 

constant the withdrawal rate at 8.4 cm/h and CNC concentration at 2.5%. It was observed 

that the thickness of the assembled CNC layers on silica with a pre-adsorbed layer of PEI 

increased with the reduction of the air relative humidity. This effect can be explained by an 

increased evaporation at lower relative humidity which led to a faster assembly and the 

formation of thicker films. However, no significant difference in CNC alignment was 

observed (see Figure 4-5). 

Overall, it can be concluded that aligned CNCs can be obtained under a set of 

conditions of concentration, withdrawal speed and substrate. The degrees of orientation in the 

films presented here are comparable to those obtained from high electric field alignment of 

same type of CNCs.
13

 However, in this latter case a special setup and large electric field 

strengths and frequencies, on the order of 2500-5000 V/cm and 5x10
6 

Hz, respectively, were 

needed. Similar observations can be made for experiments that used magnetic fields of 7-

Tesla over a period of hours or days in a solid state NMR spectrometer, even though a 

different source of CNC was used.   
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Table 4-3 Thickness and degree of alignment of CNCs in ultrathin films deposited at 

different withdrawal rates on silica substrates with preadsorbed PEI (CNC concentration in 

aqueous suspension was 2.5%). 

Withdrawal 

rate, cm/h 

Ellipsometric 

thickness, nm 

% CNC alignment 

between 0 and ±20° 

4.2 85.4 ± 2 41 ± 19 

6.3 40.6 ± 1.7 57 ± 7 

8.4 37.8 ± 1 44 ± 12 

16.8 19.0 ± 2 44 ± 20 

21.0 19. 2± 2 37 ± 16 

25.2 16.7±6.7 38 ± 10 

 

 

 

Figure 4-5  AFM 1 µm x 1 µm height (a, b and c) and respective phase images (d, e and f) of 

ultrathin films of CNC produced at 20 (a and d), 35 (b and e) and 55% relative humidity (c 

and f) 

(a) (b) (c)

(d (e) (f)
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Finally, for CNC films to be considered in coating and other applications their 

mechanical properties have to be considered. Thus, the next section provides a 

characterization of surface mechanical properties of the obtained ultrathin films of CNCs.   

4.4.2 Mechanical properties of ordered CNC films 

Multiple depositions by using the convective assembly setup were performed in order 

to obtain relatively thicker, ca. 200 nm, CNC films. PEI interlayers were used to improve 

CNC layer cohesion. The elastic transversal modulus, hardness, friction coefficient and wear 

resistance were measured for silica surface coated with such CNC films. Figure 4-6a shows 

the penetration depth of the tip of a nanoindenter as a function of the loads applied. In order 

to determine related mechanical properties it was ensured that the penetration of a 

nanoindenter tip was ca. 10%,
34

 and never above 20%
39

 of the film thickness.  This allowed 

minimizing contributions from the substrate on the measured elastic modulus of the coating 

film. It was observed that a tip penetration equivalent to 20 % in typical CNC film was 

reached at a normal force of about 25 µN.  

4.4.2.1 Transverse elastic modulus of CNC films. 

 It was found that the elastic transversal modulus of CNC films (8.3± 0.9 GPa, Figure 

6b) was of the same order of magnitude than values predicted by molecular modeling and 

also recently reported for single CNC measured using AFM, i.e., 11-57 GPa
29-30, 45

 and 18-50 

GPa (Tunicate CNCs),
28

 respectively. The reason for the comparatively lower modulus in the 

present study might be related to the fact that multilayer structures intercalated with PEI 

layers were the ones probed as opposed to pure CNC in van der Waals contact which is 
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assumed in molecular modeling or in AFM measurement with a single CNC. The hardness of 

CNC films was found to be in the range of 0.38± 0.03 GPa (see Figure 4-6c).  To our 

knowledge no values for the hardness of CNC films have been reported in the literature. 

Published values for the hardness of wood (0.358 and 0.387 GPa)
32

 and microcrystalline 

cellulose (0.01 – 1 GPa)
46

 have been reported. 

The mechanical properties for films of regenerated cellulose obtained by spin coating 

having an elastic transversal modulus and a hardness of 13.1±2.3 GPa and 0.50± 0.1 GPa, 

respectively, did not differ substantially from those measured in oriented CNCs films. The 

comparatively high values for the elastic transverse modulus for films of regenerated 

cellulose can be explained by the possibility that the axes of cellulose chains could lie both 

parallel and normal to the silica surface while in the case of films with CNCs chain axes lie 

parallel to surface. A more pronounced difference in the mechanical properties would be 

found if these films were tested in the axial direction since the axial elastic modulus of CNCs 

is distinctively high, 110-200 GPa, compared to values expected for regenerated cellulose.
28, 

47
 

While in the case of cellulose films the transverse elastic modulus and the hardness reached 

somewhat constant values with the penetration of the probe, this was not the case for the 

reference bare silica surface: the elastic modulus was observed to increase with penetration 

depth in the range tested. For silica a minimum penetration depth of 20 nm was calculated to 

be needed in order for the respective mechanical properties to become independent of the 

depth of probing,
39

 a situation that was not ensured with the normal loads that were applied. 

In fact, the loads applied produced only a tip penetration in silica of only 5 nm. As a 
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reference, 172 GPa and  12.75 GPa for the elastic modulus  and a hardness respectively  have 

been reported for silica.
39

 

 

Figure 4-6 Mechanical properties of surfaces as a function of force load: Penetration depth 

during nanoindentation at various loads (a), elastic transversal modulus (b) and hardness (c). 

The systems studied consisted of CNC-PEI films (▲) and references of silica (■) and spin 

coated regenerated cellulose (●). The vertical lines correspond to 20% film penetration for 

regenerated cellulose ( ) and for CNC-PEI multilayer films ( ). 

4.4.2.2 Friction and wear resistance of CNC films. 

  Coatings are usually used to improve material performance, including tribological, 

electrical, optical, electronic, chemical or magnetic functions.
48

 Composite tribological 

coatings have been designed primarily to have a specific friction behavior and a high wear 

resistance.
48

  Controlling the friction of a coating may be beneficial in a number of 

applications; for example, in the automobile and aeronautic industries the reduction of 

friction often means a reduction in the energy consumption.
48

  On the other hand, wear 

determines the lifetime of many materials and it is critical in many processes.
49

 Materials 

commonly used for related coatings include nitrides, carbides, oxides and their combinations, 
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as well as molybdenum disulphide, diamond-like carbon and diamond. Recently mineral 

nanocrystalline multilayer coatings with superior mechanical and tribological properties were 

developed.
50

  

In the present investigation the friction coefficient of CNC films was measured at 

four different load forces (10, 15, 20 and 25 µN) using a 1-µm scratch length. The friction 

coefficients for silica (0.22 ± 0.18), regenerated cellulose (0.73 ± 0.26) and CNCs (0.51 ± 

0.23) were obtained (see Figure 4-7). Low friction coatings often display a friction 

coefficient from 0.05 to 0.25 in dry sliding.
48

 Other applications demand higher friction 

coefficients such as in brakes, bolted joints and safety connectors.
48

 It can be concluded that 

the friction coefficient for CNC films was relatively high for an application requiring low 

friction coefficients.   

 

Figure 4-7  Friction coefficient for coating films composed of CNCs with PEI interlayers 

measured at different loads (▲). Friction coefficients for the references bare silica substrate 

(■) and regenerated cellulose (●) are also included. 
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The wear resistance of the cellulose films was measured by scratching repeatedly a 5 

x 5 µm area under constant load force, followed by scanning a larger area, enclosing the 

scratched region, under a low load. The wear height or volume, a measure of the wear 

resistance (larger height is produced with materials with lower wear resistance), was 

determined by analyzing the height profile of the scratched area. For CNCs films, two types 

of nanocrystal coating film structures were investigated: one corresponded to CNC 

multilayers deposited in the same withdrawal direction (Figure 4-8c and Table 4-4) and 

another consisting of CNC films deposited with alternate support rotation, by 90° between 

layers. In this latter case contiguous nanocrystal layers were aligned in normal directions (so 

called cross direction in Figure 4-8d and Table 4-4). 

In Figure 4-8, images of the coatings after the wear test are presented. As expected, 

the bare silica supports had the highest wear resistance (lowest wear volume as reported in 

Table 4-4). The regenerated cellulose film was disrupted to a large extent, as observed in the 

scratched area, presenting the highest wear volume (see Table 4-4 and Figure 4-8b). In the 

case of CNC multilayers it appeared that CNCs were dragged during scratching, as can be 

observed in Figure 4-8c and d in which lines with lighter color intensity (higher Z height) on 

the scratch edges were observed.  The force applied by the tip seemed to disrupt the 

electrostatic interactions that held together the CNC layers with the PEI adhesive interlayers. 

As to the two arrangements of CNCs films, the wear resistance appeared to be the same 

within the experimental error. Finally, the applied load (10-25 µN) did not seem to have a 

significant effect on the wear resistance of the films (Table 4-4).   
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Figure 4-8.  10 µm x 10µm scanning probe microscope (SPM) images including 5 µm x 5µm 

scratched areas produced in the wear test with a nanoindenter tip under 25 µN normal force. 

The probed areas are centered in each of the images for the following surfaces: (a) silica, (b) 

regenerated cellulose-PEI multilayer film, (c) CNC-PEI multilayer film from convective 

assembly in parallel direction; and, (d) CNC-PEI multilayer film from convective assembly 

with deposition in alternate or cross directions. 

Table 4-4 Wear resistance as measured by the wear volume at different applied forces 

Force, 

µN 

Wear Volume, µm
3
 

Silica 
Regenerated 

Cellulose 

CNC, parallel 

direction 

CNC, alternate 

directions 

10 0.02 ± 0.003 0.57 ± 0.2 0.56 ± 0.2 0.4± 0.2 

15 0.02 ± 0.01 0.68 ± 0.4 0.60 ± 0.3 0.56 ± 0.1 

20 0.02 ± 0.008 0.53 ± 0.2 0.53 ± 0.2 0.52 ± 0.1 

25 0.03 ± 0.007 0.64 ± 0.4 0.53 ± 0.2 0.53 ± 0.2 

4.5 Conclusions 

Ultrathin films of aligned CNCs were successfully obtained in a convective assembly 

setup that was employed under conditions that favored alignment to different extent 

depending on suspension concentration, withdrawal speed, and substrate type. The degree of 

orientation of CNCs in these films was comparable with those obtained after application of 

high electric fields, 40-60 number % of CNCs in angles between 0 and 20 degrees with 

(b)(a) (c) (d)
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respect to the withdrawal direction. CNC alignment was explained to depend on a balance of 

forces that included hydrodynamic (shear and drag), surface tension (capillary forces), and 

electrostatic interactions. Best alignment was obtained in cases where the shear force was 

dominant.  

Nanoindentation was used to determine key mechanical properties of coating films of 

aligned CNCs. Elastic transversal modulus and hardness of 8.3± 1 and 0.38± 0.03 GPa, 

respectively, were obtained. The friction coefficient of CNC films was found to be higher 

than desired for applications with high tribological demands. Finally, measurement of wear 

resistance was found to be challenging due to the mobility of the CNCs and CNC layers 

during nanoindentation tests since PEI interlayer adhesion was lower than typical forces 

applied with the nanoindenter tip.  
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5 Dielectrophoresis of cellulose nanocrystals and their alignment in 

ultrathin films by electric field-assisted shear assembly 

5.1 Abstract 

 Ultrathin films of cellulose nanocrystals (CNCs) are obtained by using a convective 

assembly setup coupled with a low-strength external AC electric field. The orientation and 

degree of alignment of the rodlike nanoparticles are controlled by the applied field strength 

and frequency used during film formation. Calculated dipole moments and Clausius–

Mossotti factors allowed the determination of the critical frequencies, the peak 

dielectrophoresis as well as the principal orientation of the CNCs in the ultrathin films. As a 

result of the combination of shear forces and low electric field highly ultrathin films with 

controlled, unprecedent CNC alignment are achieved. 

5.2 Introduction 

 Ultrathin films of cellulose nanocrystals (CNCs) produced by controlled assembly 

have gained recent attention not only because of a number of emerging applications such as 

fabrication of advanced materials but also because of the fact that they can be used to better 

understand the nature of complex interactions in related systems.
1-5

  

 Self-assembly of high aspect ratio nanoparticles, such as CNCs, is facilitated by their 

geometry, dimensions, surface, and intermolecular interaction forces and from their response 

to external (electric and/or magnetic) fields. For example, convection-driven assembly has 

been used in coatings with spherical nano- and microparticles.
6,7

 Highly crystalline CNCs 

obtained after their cleavage from the cell wall of fibers
8-10

 allow the creation of functional 
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systems via simple and inexpensive self-assembly. Ultrathin films of cellulose nanocrystals 

(CNCs) have been developed by using the Langmuir–Schaeffer (LS) lifting
11

 and also the 

convective/shear assembly (CSA) techniques.
12,13

 The resulting structures were found to be 

isotropic in the case of the LS method, while the CSA films comprised aligned CNCs. In the 

latter approach, orientation was achieved by a subtle balance of effects that included 

nanoparticle geometry (aspect ratio, mainly), surface charge density of the CNs and the 

substrate, surface tension forces, and withdrawal rate in the CSA setup.
12,13

 Directed 

assembly of CNCs and microcrystals has been carried out using external electric,
4,5,14-16

 

magnetic,
17-20

  and shear fields.
2,13,21

 However, such external fields have had limited success 

in producing highly oriented CNCs within these films. Compared with magnetic fields, 

application of electric fields typically requires less energy. Furthermore, the fact that 

alternating current (AC) can be used opens additional opportunities for manipulation of 

particle orientation. 

 Shear alignment of CNCs in a convective assembly setup was shown to be an 

effective, inexpensive, and scalable method.
13

  However, improved control of orientation, 

faster processing, and improved particle alignment are desirable. Therefore, we propose the 

fabrication of ultrathin films of highly oriented CNCs by using a convective/shear forces 

coupled with low intensity electric fields. 
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5.3 Materials and Methods 

5.3.1 Materials  

Ramie fibers from Stucken Melchers GmbH & Co., Germany, were used in the 

production of cellulose nanocrystals. The detailed procedure can be found in previous 

communications;
22

 briefly, ramie fibers were purified with a Soxhlet extraction system and 

then hydrolyzed with 65 % sulfuric acid at 55 °C for 30 min under continuous stirring. The 

resulting suspension was filtered through a sintered Buchner funnel, washed with deionized 

water and recovered by subsequent centrifugations at 10,000 rpm (10 °C) for 10 min each. 

Finally the resulting suspension was dialyzed against deionized water and then against Milli-

Q water for a few weeks. The obtained CNC suspension was stored at 4°C until use. The 

dimensions of the CNCs were 185± 25 nm in length and 6.5 ± 0.7 nm in width, as 

determined by transmission electron microscopy.
22

 Deionized water from an ion-exchange 

system (Pureflow, Inc.) followed by treatment in a Milli-Q® Gradient unit with a resultant 

resistivity of >18 MΩ•cm was used in all experiments. The particles were confirmed to be 

88% crystalline as determined by WAXS.  

5.3.2 Preparation of CNC films 

 Aqueous CNC suspensions of 2.5 wt.% concentration were used in all particle 

deposition experiments by using a withdrawal speed of 8.4 cm h_1, which was found to be 

optimal for obtaining highly oriented films.
12,13

 The CNC films were created in a convective 

assembly setup combined with an AC electric field. The AC electric field was generated by a 

power amplifier (Krohn-Hite Model 7500- DC to 1 MHz wideband power amplifier, Krohn-
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Hite Corp., Brockton, MA) driven by a sine wave from a function generator (Wavetek Model 

134, Wavetek Corp., San Diego, CA). The reported voltages are peak-to-peak values. 

Microscope glass slides were used as support for thin sheets of freshly cleaved mica 

which were used as a carrier of the CNC film. To this end, mica sheets were gently glued 

onto the glass slides and the topmost layer was peeled off to uncover a clean, pristine mica 

surface. Before CNC assembly, the glass-mica carrier was treated with a 500 ppm 

polyethyleneimine (PEI) solution, which made cationic charges available for electrostatic 

interactions with the negatively charged CNCs. In the course of convective self-assembly, a 

droplet (ca. 20 µl) of liquid suspension was placed in the wedge formed by a tilted (24°) 

glass slide and the mica carrier (Figure 5-1 Schematic illustration of the convective assembly 

setup coupled with an electric field. In a typical experiment, a volume of CNC suspension 

was placed between a tilted, deposition glass slide and a base substrate consisting of mica 

with pre-adsorbed PEI and supported on a glass slide. The distance between the aluminum 

electrodes was 5 mm and withdrawal of the deposition glass slide occurred in the horizontal 

direction at a constant speed (v) of 8.4 cm/h.). The CNC suspension was held by capillary 

forces, and the liquid meniscus was withdrawn horizontally across the mica carrier by 

translating the tilted glass slide. This translation was produced with a syringe pump (NE-500 

New era pump systems, Inc., Wantagh, NY) that moved the tilted glass at a constant speed of 

8.4 cm h
-1

. To create the constant AC electric field around the mica carrier, two parallel 

aluminum electrodes spaced 5 mm apart from each other were placed on the edges of the 

mica sheet and connected to a power amplifier (see Figure 5-1). The CNC film deposition 

was carried out at room humidity and temperature. 
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Figure 5-1 Schematic illustration of the convective assembly setup coupled with an electric 

field. In a typical experiment, a volume of CNC suspension was placed between a tilted, 

deposition glass slide and a base substrate consisting of mica with pre-adsorbed PEI and 

supported on a glass slide. The distance between the aluminum electrodes was 5 mm and 

withdrawal of the deposition glass slide occurred in the horizontal direction at a constant 

speed (v) of 8.4 cm/h. 

The system was driven by a computer, allowing precise control of the withdrawal 

speed. The alignment of CNCs in the obtained ultrathin films with application of AC electric 

fields was examined at field strengths of 100, 400, and 800 V cm_1 and frequencies of 200 and 

2000 Hz. The results were compared against assemblies obtained in the absence of external 

electric fields. The typical thicknesses of the deposited films were ca. 38 nm, as measured by 

ellipsometry. 

5.3.3 Image analysis  

A Matlab code was used to determine the degree of CNC alignment. AFM height 

images were used to perform grain partition and filtering, and the resulting images were 

analyzed for the angles of the long axis of the CNCs with respect to a reference line in the 

withdrawal direction. The degree of CNC alignment was defined as the number % of CNCs 
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in the angle range between 0° and 20° in the withdrawal direction considering symmetry 

conditions. Typically, more than 300 CNCs were counted in image processing, and at least 

three different locations, from the different films, were analyzed for each condition. More 

details about this method can be found in Ref.
13

  

5.3.4 Atomic force microscope imaging 

 An AFM XE 100 from Park Systems (Santa Clara, CA) was used in non-contact 

mode to obtain topographic images of the surface. A pyramidal silicon tip with a radius of 

less than 10 nm and an aluminum coating on the backside (Park Systems, Santa Clara, CA) 

was used with an applied constant force of 42 N m
-1

 and a frequency of 330 kHz. At least 

three different films at three different positions were imaged for each deposition condition 

used. The images were analyzed using the XEI software, and only flattening of one 

regression order was used to correct the slope of the tip/sample interaction. 

5.4 Theoretical considerations 

 Frequency-dependent changes in polarizability of biological cells and colloidal 

particles
23

 take place from structural, Maxwell–Wagner polarization effects.
24-26

 Dielectric 

models have considered the properties of the particles by assuming spherical or ellipsoidal 

geometries.
27,28

  When colloidal particles are suspended in low conductivity medium 

different states of polarizability occur, less or more polarizable than the medium. These states 

of polarizability are frequency dependent. At low frequencies, the surface charges are 

expected not to affect the polarization mechanism while at high frequencies, the differences 

in permittivity are dominant factors.
29

 The charges of opposite signs on either side of the 
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particle lead to an effective net-induced dipole moment. In dielectrophoresis (DEP), when a 

non-uniform electric field is applied on a dielectric particle, a force unbalance takes place, as 

described by Pohl in 1951.
30

  Consequently, the colloidal particles move toward or away 

from regions of high field, depending on their polarizability relative to that of the 

medium.
31,32

  

 Similar phenomenology as the one described above is expected to offer a simple 

approach to align CNCs at low AC electric fields. Calculated dipole moments and the 

Clausius–Mossotti factors can describe the critical frequencies for alignment and the peak 

dielectrophoresis of CNCs. The DEP is a phenomenon where a force is exerted on a 

dielectric particle in a non-uniform electric field to move or rotate it in a given surrounding 

media. The potential at the crystal surface depends on the field frequency as well as electrical 

and geometrical characteristics. In this investigation, a prolate spheroid geometry was 

assumed for the CNCs.
33,34

  It was also assumed that during polarization by an external, 

homogeneous electric field, the ellipsoid CNCs acquired only a dipolar moment; multipoles 

of higher orders were assumed to be absent.
35

  

The dipole moment depends on the frequency of the applied electric field and the 

dielectric properties (permittivity and conductivity) of the particle and the fluid.
36

  The 

dielectric force FDEP  can be described by 

01 EpFDEP 
      

(1) 

where E0 is the applied electric field and p1 is the dipole moment.  
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Furthermore, the dipole moment for an ellipsoid can be calculated by the volume integral of 

the polarization vector    ( P ), which is constant over the volume:  

iimi EKbap  24
    

(2) 

 

where a,b stand for the major and minor half axes, respectively and i= x, y represents the 

directions projected along the major and minor axes of the particle. ε is the permittivity of the 

medium and Ki denote the Clausius-Mossotti (CM) factor. The complex CM factor for 

homogeneous ellipsoid can be written as: 
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where p and m refer to the particle and the medium, respectively. σ is the conductivity of the 

dielectric and ω is the angular frequency of the applied field. Ai is a component of the 

depolarization factor along any of the three axes of the ellipsoid (i=1,2,3). For a prolate 

ellipsoid the major axis component of the depolarization factor is given by 
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is the eccentricity. As expected, if the particle shape is close to spherical, e tends to unity. 

Due to the symmetry of the ellipsoid of revolution, the components of the depolarization 

factor at the two other axes of the prolate ellipsoid (i=y,z) have the same value, given as: 

2

1 x
yz

A
AA




     
(7) 

Finally, the DEP behavior can be described using the average of the real part of the 

Clausius-Mossotti factor for the three possible axes of polarization:  
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On the other hand, the rotation of particles can be determined by the equilibrium of 

hydrodynamic and electrorotation (ER) torque, according to the imaginary part of the 

Clausius-Mossotti factor:  
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(9) 

The nature of the particle or the type of material is critical. Of relevance to the present 

work are the measured dielectric properties of cellulose: cellulose,
37

 cellophane,
38

 

microcrystalline cellulose,
39

 and regenerated cellulose,
40

 which have been reported to be 

similar (values below 0.1 MHz). In this work, the real and imaginary parts of the CM factor 

were calculated by assuming the dielectric constants (permittivity and conductivity at given 

frequencies) and provided in Ref.
40

  

Figure 5-2 shows the real and imaginary components of the CM factor for CNCs 

calculated at different temperatures. Since the polarizability of CNCs is low (see Figure 5-2a 
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for the real part of the Clausius-Mossotti factor), Re[Ki(ω)] becomes negative (Re[Ki(ω)]<0), 

and the particles are expected to move toward regions with minimum electric fields. This is 

called negative dielectrophoresis (n-DEP). As the water medium temperature increases, the 

real part of the CM factor is shifted to higher frequencies but still remains in the negative 

dielectrophoresis (n-DEP) region. At high frequencies, (beyond 10
3
 Hz) the value of the real 

part of the Clausius-Mossotti factor changes sharply but remains in the n-DEP region. As can 

be observed in Figure 5-2a, the calculated real part of the CM factor have no crossover 

frequency; this was also the case when different medium conductivities were considered. 

The b/a ratio (~0.03 using the average TEM diameter and length of CNCs) was found 

to play a minor role in nanoparticle rotation rates and changes by no more than tenths of a 

percent were calculated. This result is explained by the fact that the reduction in the moment 

of electrical forces (polarization in the direction normal to the symmetry axis decreases for 

elongated ellipsoids) is compensated by a diminishing viscous friction.
26,41
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Figure 5-2. (a) Real part of the Clausius-Mossotti factor as a function of the frequency of the 

electric field applied to CNCs modeled as prolate ellipsoids and suspended in aqueous 

medium. (b) Imaginary part of the Clausius-Mossotti factor as a function of the frequency of 

the electric field applied to CNCs modeled as prolate ellipsoids and suspended in aqueous 

medium. 

In the 20–100°C temperature range, the peaks of the electrorotation (ER) spectrum of 

CNCs shifted linearly to higher frequencies with T (see Figure 5-2b). This is due to the 

inverse temperature dependence of permittivity and conductivity. When the temperature is 

increased, the intermolecular forces become less dominant and the particles are more 

unrestricted to respond to the applied electric field, thus giving a shifted peak at higher field 
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frequency. A temperature of 25°C was used in further theoretical and experimental 

considerations (no significant changes with temperature of the medium were observed). 

 In sum, the calculated polarizability of prolate objects in aqueous solution was used to 

describe electrophoretic phenomena of CNCs subjected to electric fields. Resulting CM 

spectra for dielectric properties of homogeneous prolate ellipsoids assisted in discriminating 

between purely physical and temperature-induced changes
27

  and to find the optimal field 

strength and frequency for isotropic alignment. The polarization model introduced here was 

used further used to understand and control the alignment of CNCs during film formation. 

Results for CNC alignment in ultrathin films are described in more detail in the next section 

in light of the CM function. 

5.5 Results and discussion 

 Ultrathin films of CNCs deposited on mica surfaces were observed in air using AFM. 

In our earlier work, CNC suspension subjected to shear/convective forces was shown to 

produce a disorder film on mica. Other substrates were found to favor better alignment under 

the experimental conditions employed. Therefore, mica as the most unfavorable substrate for 

CNC alignment was used in this work. This condition also helps in decoupling the effects on 

electric field from the complex contributions of shear and capillary forces.
13

 Prior to AC 

field-assisted shear assembly, two reference deposition experiments, without application of 

electric fields, were carried out. AFM images of ultrathin film of CNCs assembled on mica 

and also on mica with a pre-adsorbed layer of PEI are presented in Figure 5-3 a and b, 

respectively. 
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The withdrawal direction is indicated in these figures by the respective vector which 

was used relative at a given angle of the applied electric field. It can be generally concluded 

that shear forces created randomly oriented, anisotropic multilayers of CNCs.
13

 The degree of 

alignment on mica (Figure 5-3a) and on mica with a pre-adsorbed layer of PEI (Figure 5-3b), 

as quantified by the % number density of CNCs in the angle range 0° and ±20°, were 16% 

and 56%, respectively. It was noted that the experimental degree of alignment had a large 

standard deviation owing to the disordered nature of the film. 

Film formation was observed to depend on the withdrawal speed and on the rate of 

solvent evaporation. Mica was primed with pre-adsorbed layer of cationic PEI, with an 

ellipsometric thickness of less than 1 nm. The films of CNC deposited on the mica pre-

treated with PEI were multilayered, as can be determined from typical CNC film thicknesses 

of ca. 40 nm. More homogeneous deposition was favored in the case of positively charged 

substrate. The bottom layer of CNCs was expected to bind to PEI via van der Waals and 

electrostatic interactions, rather than by forming crosslinked networks.
42

 Such anchored layer 

likely worked as an insulation, and under AC electric field, it facilitated alignment of CNCs 

in the upper layers. In fact, the PEI adsorbed layer was shown to facilitate a linear growth of 

ultrathin films of CNCs. 

During deposition, the withdrawal speed must be matched with that of the settling 

particles so as to maintain a continuous and homogeneous film consolidation. Moreover, the 

deposition surface must be wetted by the CNC suspension in order to enable sliding on the 

substrate, to maintain a constant evaporation rate, and to form a stable film.
43

 At high 
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evaporation rates, instabilities in the growth of the structure, for example rupture or stripping 

of the film, may occur.
44

  

In the experiments, the evaporation rate decreased linearly with time, and therefore, 

the formation of structured assemblies improved after some withdrawal distance from the 

initiation of the deposition, i.e., at a distance from the edge of the deposited film of CNCs. 

 

Figure 5-3    CNC films assembled on pure mica (a) and on mica with a pre-adsorbed layer of 

PEI (b) by the CSA technique. The withdrawal direction is indicated by the arrow. The films 

were produced with the AC electric field turned off. 

In contrast to the randomly oriented CNC film shown in Figure 5-3, application of an 

external electric field induced CNC orientation. For example, Figure 5-4 shows aligned 

nanoparticles on mica with pre-adsorbed PEI in films obtained by shear assembly coupled 
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with an electric field of 100 V/cm AC and 2 kH 1 frequency. In the experiments illustrated in 

Figure 5-4, the electric field was directed perpendicular to the withdrawal direction. 

However, by changing the field strength and frequency, the orientation direction could be 

altered according to the bivariate map for the orientation parameter (Op) shown in Figure 5-4. 

In this figure, the polarizability of CNCs is presented as a function of field strength and 

frequency. 

The effective polarizability is the proportionality constant in the linear relationship 

between the induced dipole moment and the external field. More specifically, dipoles and 

particles such as CNCs have a special form of polarization, on account of the Maxwell– 

Boltzmann distribution (MBd); the dipoles can be oriented in such a way to have a net dipole 

moment along the direction of the field.  

 

 

Figure 5-4 AFM height image of an ultrathin film of CNCs assembled under an electric field 

of 100 V/cm and 2 kHz frequency. The electric field vector is perpendicular to the 

withdrawal direction which is indicated by the arrow.  
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The component of the external electric field direction of the dipole moment can be calculated 

from: 

cosip
    (10) 

and the potential energy of a dipole in an electric field can be calculated as the real part of 

scalar product: 

).()( EpAV      
(11)

    

where A is a factor that can be used to adjust the theoretical model to the numerical data and 

θ is the angle between the dipole axis of the particle and direction of electric field.
45

 

If all orientations in water medium were equally likely, the average component along 

the field would be zero.
45

 But on account of the MBd, the probability (P) of finding the 

dipole axis is proportional to:
46
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where k is the Boltzman‟s constant, and T the temperature. Hence, the orientation parameter 

(Op) can be calculated by integration of the MBd over solid angles: 
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(13) 

This function is proportional to the external field in the bivariate plot shown in Figure 

5-5. It can be seen that at low field strength and frequency, the mean dipole moment is 

proportional to the field and the polarizability and dipoles are oriented antiparallel to the 
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electric field, as was the case observed in Figure 5-46. Over the inflection point (at a value of 

Op of 0.407 Figure 5-5), high field saturation starts to take place and all the dipoles are 

parallel to the external field.  

 

 

Figure 5-5. Magnitude of the orientation parameter (Op) of CNCs as a function of field 

strength and frequency. Crosses are drawn at frequency-field strength conditions used in 

experiments that yielded films as those illustrated in Figures 4, 6 and 7. 

 At low-frequency AC fields, particle polarization, and interactions are controlled by 

the particle and fluid conductivities.
47

 This effect is frequency dependent in the case of 

cellulose in aqueous medium.
40

 At high-frequency AC fields, the charges have insufficient 

time to respond and orientation polarization is dominant; conductivity no longer plays a 
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role.
48-50

 In the present case of low–to-medium frequencies, both the permittivity and 

conductivity are important. 

In order to illustrate the implications of the bivariate map shown in Figure 5-5, a 

series of experiments were conducted to validate the predictions for the direction and degree 

of alignment. Moreover, image analyses were performed of AFM scans (see Section 2) to 

calculate the alignment of CNC particles according to Op (reported here as % number density 

of particles in the 0° to ± 20° leading angle range). The alignment of CNC particles at low 

intensity electric field and frequency (400 V/cm AC and 200 Hz) was 46%; at low intensity 

electric field and high frequency (100 V/cm AC and 2000 Hz), it was 77%. At high intensity 

electric field and frequency (800 V/cm AC and 2000 Hz), it was 88%. The combination of 

electric fields and shear forces that favored alignment in the same direction produced nearly 

perfect orientation in the film. 

 Figure 5-6 shows an AFM scan of the end section of a CNC film deposited on mica 

with pre-adsorbed PEI and obtained by shear assembly assisted with an electric field of 400 

V/cm AC and 200 Hz frequency. In this arrangement, anisotropy and some degree of 

alignment were observed in the section close to the edge. For this field strength and 

frequency range, the particles were expected to align perpendicular to the electric field (see 

bivariate map in Figure 5-5). 
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Figure 5-6.  AFM height image end sections of ultrathin film of CNCs formed under an 

electric field of 400 V/cm and 200 Hz (see Figure 5 for location in bivariate map). The 

preferred alignment is parallel to the withdrawal direction, indicated by the arrow. The length 

of the deposited CNCs film on mica with pre-adsorbed PEI was 5 cm. 

In contrast, when the electric field strength and frequency were increased, the CNCs 

tended to align parallel to the field direction, as shown in Figure 5-7. Highly oriented, 

anisotropic structures were observed in the middle section of the film. 

If simultaneously the AC electric field and frequency are decreased, the magnitude of the 

induced dipole moment of the CNCs also decreases and the field-induced rotational torque is 

not large enough to overcome thermal forces. Consequently, the isotropic phase grows and 

eventually spans the entire frequency range.
51 
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Figure 5-7.  AFM height image of the middle sections of ultrathin film of CNCs formed 

under an electric field of 800 V/cm and 2000 Hz (see Figure 5 for location in bivariate map). 

The alignment of particles produced a highly oriented structure. The electric field vector in 

this case is perpendicular to the withdrawal direction, indicated by the arrow. 

It was observed that over large scanned areas, the ultrathin films of CNCs exhibited 

ordered and disordered domains. This can be explained by the polydispersity of the particle 

suspension or nanocrystals aggregates that created instabilities in the alignment, during film 

deposition. Different particle geometries can also cause some dislocations or multilayer 

formation. However, the developed technique for ultrathin film coating showed that the 

process of alignment was stable for the middle part of the film and that dislocations were 

damped with the progress of film deposition (steady state conditions) and also by the 

decreasing CNC volume fraction as solvent evaporation occurs (in the meniscus formed 

between the substrate and the moving plate, see Experimental). 

The effect of geometry and size of CNCs are expected to be relevant. Such variables 

may affect water evaporation rate and explain the inhomogeneous volume fraction during the 

shear assembly and also the formation of aggregates after deposition. In order to obtain a 
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more direct understanding of such effects, further experiments with CNCs of different 

average size and size distributions must be performed. 

The main parameters that have effect on the ultrathin film formation can be found in 

Dimitrov and Nagayama‟s equation:
45
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where ξ and h are the porosity and height of the deposited colloidal crystal, φ is the volume 

fraction of the particles in suspensions, je is the evaporation flux, and l is the evaporation 

length (which is the integral of total evaporation flux per unit length) β is an interaction 

parameter that relates to the mean solvent velocity to the mean particle speed before entering 

the drying domain
52

 and takes values between 0 and 1. β  depends on the particle-particle and 

particle-substrate interaction: the stronger the interaction, the smaller β will be. PEI treatment 

of mica decreased β relative to the value for bare mica. It can be concluded that reducing the 

withdrawal speed may increase the alignment further, as calculated for the evaporation length 

by using 0.74 for the density of packed ellipsoids and considering that water evaporation flux 

per unit length did not depend on the particle diameter (l≈4.2 cm for 8.4 cm/h). 

Deposition speed exceeding the natural assembly rate of a monolayer, as described by 

Eq. (14), results in incompletely ordered films.
53

 If the ambient air around the deposition 

plate is not saturated by water vapor, fast and ordered assembly is expected to take place 

under electric fields (Figure 5-7). 

The primary driving force for the convective transfer of CNC particles is the water 

evaporation from the freshly formed aligned CNC film. The volume of the CNC suspension 
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decreases with the withdrawal motion and the film thins out gradually, as the water 

evaporates. Unsaturated air with water vapor around the forming film causes influx from the 

meniscus toward the formed film. This influx compensates the evaporation of water from the 

film and particle flux makes a dense, aligned CNC film under the electric field. The particle 

flux is obviously stronger than the migration effect of low voltage electric field, and as 

stated, CNCs are subject to negative dielectrophoresis (the particles tend to align at low 

electric fields). Because the AC voltage is maintained in the entire withdrawal shear process, 

until the water is evaporated, the densely packed alignment cannot change further. The model 

handles simultaneously the dielectric properties of CNCs and water medium around it. When 

water evaporates to unsaturated ambient air, the ratio between the dielectric materials will 

change. Hence, the formation of the aligned CNC film is irreversible when the proper amount 

of water evaporates. 

 In sum, the polarizability of CNCs has been considered in an electric field and used to 

interpret CNC alignment in a convective assembly setup that induced shear forces during 

withdrawal of the deposition plate. While this is clearly an approximation to describe the 

highly complex system involved, it was useful to explain the origins of highly ordered CNC 

structures assembled on flat surfaces. Most importantly, the proposed methods enabled the 

production of continuous films, which is in clear contrast to previous efforts. Finally, it is 

hoped that the results will help on-chip manipulation and assembly of CNCs.
54

  

5.6 Conclusions 

 A convective assembly setup was used to produce highly oriented ultrathin films of 

CNCs under low electric fields. CNC orientation was observed to depend on the field 
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strength and frequency and was calculated by assuming the dipole moment value for prolate 

ellipsoids and the Clausius Mossotti factor. The low electric field strength used in this 

investigation was observed to be suitable for the formation of unprecedented anisotropic, 

homogeneously oriented ultrathin films of CNCs. 
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6 Development of bicomponent lignocellulose thin films and their use as 

biosensors: the role of surface lignin in cellulolytic reactions 

6.1 Abstract 

 Ultrathin bicomponent films of a cellulose and lignin derivatives were deposited on 

silica by spin coating and employed as enzymatic sensors after regeneration to cellulose and 

lignin. The morphology, surface chemical composition and wettability of films with different 

polymer composition were characterized via atomic force microscopy, X-ray photoelectron 

spectroscopy and water contact angle, respectively. A phase separation mechanism that 

explains the changes in morphological and wettability observations is proposed. The 

cellulose/lignin bicomponent films were used to monitor cellulolytic reactions via quartz 

crystal microgravimetry. The complex role of lignin in related enzymatic processes was 

investigated. The hydrophobic interactions between cellulases and the substrates and their 

critical role on the irreversible adsorption of the enzymes were investigated by using 

acetylated lignin films with different degrees of substitution. The rate and extent of 

hydrolysis was quantified by using kinetic models and the effect of lignin domains was 

elucidated. The new platform proposed to monitor cellulolytic reactions in bicomponent  

films efforts is expected to help to further understand the complex phenomena that occurs in 

lignocellulose biomass conversion. 
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6.2 Introduction 

 Fundamental and applied interests in producing biofuels from lignocellulosic 

materials are advancing at a rapid pace. However, commercial developments are still being 

held back by economic uncertainty, and several aspects of this uncertainty are directly tied to 

the performance of cellulolytic enzyme systems. For example, the reactions conditions 

needed to optimize the enzyme hydrolysis rate and performance of the enzyme systems on 

realistic substrates need to be better understood. However, progress on both of these 

challenging areas have been held back by a lack of sensitive, and realistic systems for 

studying the hydrolysis of lignocellulosic substrates with enzymes systems.
1-2

 

 Cellulases are members of the glycoside hydrolase families of enzymes, and their 

main function is to hydrolyze oligo- and poly-saccharides. They are specially responsible for 

the cleavage of beta-1,4 glucosidic bonds in cellulose.
3
 Cellulolytic enzymes are grouped in 

at least 15 of more than 80 known structural families of glycosyl hydrolases,
4
 but not all of 

their functions are known. These enzymes have a three dimensional structure, and most of 

them are composed of domains or multi-domains, which are structurally and functionally 

discrete units of proteins. Typically, these domains include the catalytic domain, the cellulose 

binding domain (or carbohydrate-binding domain), and inter-domain linkers.
3-4

 The primary 

role of carbohydrate-binding domains is to bind the enzyme to the substrate and increase the 

local „concentration‟ of enzyme, thereby enhancing the hydrolysis reaction rate.
5
 The 

catalytic domain is thought to be responsible for the hydrolysis reaction.
6
 It has also been 

reported that cellulase enzymes have hydrophobic amino acid residues,
7-8

 which influence the 

interactions with hydrophobic materials.  A great deal of interest has been focused on 
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understanding and improving the specific mechanisms that drive the binding interactions of 

cellulolytic enzymes and different substrates.
9-14

 

 A complex array of substrate features impact the enzymatic hydrolysis of cellulose, 

including the accessibility/surface area, the crystallinity and degree of polymerization, the 

occurrence of structural irregularities, the presence and distribution of lignin and 

hemicelluloses, which are all affected by different biomass pretreatments.
1-2

 Lignin has been 

shown to have a detrimental effect on the hydrolytic degradation of biomass.
15-17

 The 

inhibition of enzymatic hydrolysis of lignocellulosic material by lignin has been attributed to 

steric hindrance effects that prevent effective binding onto cellulose by physically blocking 

the beta-1,4 bonds of cellulose.
2, 18-19

  In addition, inhibition has been explained by the loss of 

cellulase enzymes as they adsorb on lignin fragments.
17, 20-26

  

 In the production of biofuels from biomass the specific conditions used for the 

pretreatment process selected to increase the availability of the substrate, can either increase 

or decrease the reactivity of enzymes.  For example, in chemical pulps obtained from a 

softwood, Pseudotsuga menziesii, chemical delignification increased the hydrolysis rate and 

yield.
18, 27

. Conversely, partial removal of lignin from P. radiata and Pseudotsuga menziesii 

after steam pretreatment followed by alkaline treatment or oxygen deligninification can 

produce a decrease in the hydrolysis yield.
27-29

 Nevertheless, an increase of the cellulose to 

glucose yield can be produced from steam explosion treatment followed by mild alkali 

extraction or protein addition.
30

 Overall, biomass pretreatment as well as the type or source 

of biomass are important factors defining the hydrolysis reactions. 
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Due to the complexity of these systems most studies in this area have focused on the 

enzymatic hydrolysis of bulk materials, and have measured the overall production of sugar. 

However, they have not directly monitored the dynamics of enzymatic hydrolysis and surface 

activities. Investigations using thin films of pure cellulose as substrates have been shown to 

be a suitable platform to study enzymatic hydrolysis with techniques such as quartz crystal 

microgravimetry (QCM).
31-35

  By measuring the change in frequency with the QCM it was 

possible to monitor in situ the adsorption and hydrolysis events in enzymatic reaction and the 

effect of crystallinity of the cellulose was accessed.
32

 

The surface properties of lignin thin films will depend on the source of lignin, the 

method used in its extraction, the solvent and the deposition technique used. Smooth 

Langmuir-Blodgett films of lignin have been prepared from Pinus caribaea var. 

hondurensis,
36

 sugar cane bagasse,
36-38

 wheat straw Triticum aestivum
39

 and milled wild 

cherry wood.
39

  Films obtained after spin coating kraft
40-41

 and mill wood lignin
40, 42

 have 

been reported. In addition, films from adsorption of kraft lignin precipitated from black 

liquor have also been used.
43

 Finally, lignin thin films have been used with QCM to monitor 

the enzymatic behavior of laccase enzymes.
44

  

Despite of the recent advances to deploy films of cellulose and lignin to measured 

fundamental aspects of enzymatic reactions, a more representative platform to study 

hydrolysis events on surfaces containing both key polymers, i.e., lignin and cellulose, is not 

available yet. 

 The present study uses model surfaces consisting of both cellulose and lignin 

domains. Related systems with immiscible blends have been reported in the literature; for 
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example, cellulose/polystyrene thin film were demonstrated to consist of respective 

hydrophilic-hydrophobic domains.
45

 Bicomponent films with tunable hydrophilicity after the 

selective regeneration or dissolution of  domains of trimethylsilyl cellulose (TMSC) and 

cellulose acetate were reported recently.
46

 Finally, extruded and solvent cast films were 

manufactured with blends of hydroxypropyl cellulose and organosolv lignin,
47

 cellulose 

propionate and hydroxypropyl lignin
48

 and, cellulose acetate butyrate and lignin esters.
49

  

Associated studies have mostly focused on the characterization of the properties of the 

obtained multiphase materials and have demonstrated that phase separation occurs from the 

effects of partial miscibility.
47-48

  In addition, the size of the domains have been found to 

depend on the process conditions and blend composition.
49

  

 The present work with novel bicomponent films of cellulose and lignin combines the 

demonstrated potential of the individual polymer to investigate surface reactions when used 

as a (thin film) biosensor.  First, derivatives of cellulose (TMSC) and lignin (lignin acetate) 

are dissolved in a common solvent to form a precursor bicomponent film with intermixed 

phase domains. The respective polymer in the film is regenerated either to cellulose or lignin 

and the resulted system used as substrates for studies on enzyme binding and hydrolysis. A 

sensing platform based on the developed, tunable multiphase system is anticipated to allow 

the advancement of our understanding of complex interactions implicating biomass 

substrates. 
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6.3 Experimental section 

6.3.1 Materials  

 Chloroform was of analytical grade (Sigma-Aldrich) and high purity water obtained 

from a Millipore Direct-Q 3UV (Millipore, Molsheim, France) with a resistivity > 18MΩ 

was used in all experiments. Trimethylsilyl cellulose (TMSC) was synthesized from cellulose 

extracted from spruce (Fluka) as described elsewhere.
50-51

 Two lignin sources where used, a 

commercial lignin (Indulin AT, Westvaco, USA) and an organosolv lignin from aspen 

(Lignol Innovations Ltd, Canada).  These lignins where acetylated following microwave 

reactions. In short, 100 mg of lignin was disolved with a mixture of pyridine and acetic 

anhydride 1:1 ratio and then submitted to micro-wave irradiation for 1 min at 750 mW.  

Afterwards, it was diluted with distillated water and neutralized with hydrochloric acid at 1% 

v/v. The precipitated product was rinsed several times with water and then freeze dried for 

further use. Herein the acetylated lignins are referred to as “LAc”.  LAc was characterized 

with photoacoustic Fourier transform infrared spectroscopy (see Supporting Information 

document Figure 6-A1).  

Silicon wafers were cut to 1x1 cm
2
 squares with Si 100 native oxide layer on top 

(Okmetic, Espoo, Finland) and silica-coated QCM sensors (Västra Frölunda, Sweden) were 

used as base substrates for the organic thin films. These surfaces were exposed to ultraviolet 

radiation for 15 min UV/ozonator prior to film deposition. A multicomponent enzyme system 

NS-50013 (Novozymes) containing endoglucanases, exo-glucanases, cellobiohydrolases, and 

ß-glucosidases was used to test the bicomponent sensors. This enzyme system was selected 

for its efficient saccharification of lignocellulose biomass 
31, 52-54

. The maximum activity of 
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this complex enzyme mixture was reported to occur under mild acidic conditions (pH of ca. 

5) and temperatures between 50 and 60 °C. The enzyme system was characterized by 

standard tests including those with filter paper (FPU)
55

 and xylanase activity
56

 as well as ß-

glucosidase,
55

 endoglucanase and exoglucanase activity using cellobiose, CMC/viscosity
55

 

and Avicel cellulose assays.
55

 The results indicated activities equivalent to 64 IU/ml of FPU, 

1669 µmol*ml
-1

 min
-1

 of xylanase and 500 and 97 IU/ml of CMC and Avicel, respectively.  

6.3.2 Manufacture of bicomponent (cellulose/lignin) films on solid supports for use in 

sensors 

Solutions (10 g/l) of TMSC and LAc where prepared by using chloroform as a 

solvent. Bicomponent solutions where obtained by mixing TMSC and LAc stock solutions so 

as to obtain different TMSC:LAc ratios, 1:0, 10:1, 5:1, 1:2, 1:1, 1:2, 1:5 and 0:1.  In the 

preparation of these solutions the concentration of the mayor component was always kept 

constant at 5 g/l. The respective solution was spin coated on a WS-650SX-6NPP/LITE 

(Laurell Technologies Corporation, North Wales, PA, USA) on the solid support (QCM 

silica-coated resonator) at 4000 rpm with the acceleration speed of 2130 rpm s
-1

 for 1 min. 

Conversion of TMSC to cellulose and LAc to lignin was carried out by following two simple 

treatments: hydrolysis of TMSC to cellulose was produced by exposing the film to 10 wt % 

aqueous HCl vapor for 2 min.
51, 57-58

 and de-acetylation of LAc was achieved in an 

ammonium hydroxide atmosphere at room temperature for one day followed by rinsing with 

mQ-water; for partly de-acetylated films the treatment was stop at 6 hours.
59

 In typical 

experiments to obtain bicomponent cellulose/lignin films the precursor system was first 

deactylated with ammonium hydroxide and then hydrolyzed with HCl. The neat or 



 

147 

 

bicomponent polymer layers attached to the QCM silica resonator were used as a sensor to 

monitor enzyme activities in quartz microgravimetry; such novel system can be also used in 

combination with other surface-sensitive platforms including AFM, XPS, ellipsometry, 

surface plasmon resonance, etc. The main complementary experimental approaches 

considered in this study consisted of atomic force microscopy (AFM), X-ray photoelectron 

spectroscopy (XPS) and water contact angle measurements. 

6.3.3 Film morphology analysis by AFM. 

The surface topography of the films was characterized by using a Nanoscope IIIa 

Multimode scanning probe microscope (Digital Instruments, Inc., Santa Barbara, CA). The 

images were scanned in tapping mode using a J-scanner and silicon cantilevers 

(NSC15/AIBS from Micromasch, Tallinn, Estonia). The radius of curvature of the AFM tip 

according the manufacturer was less than 10 nm, and typical resonance frequency of the 

cantilever was 325 kHz. At least two different films obtained for each condition were 

prepared and at least two different areas were analyzed on each of them, scan sizes included 

10 x 10, 5 x 5 and 1x1 µm. The images where flattened following first order conversion. 

Image analysis was performed using Nanoscope software (ver. V6.13 R1, Digital 

Instruments, Inc.) from which RMS roughness and Z-sections in line profiles were 

determined.    

6.3.4 X-ray Photoelectron Spectroscopy (XPS) 

  The surface chemical composition of the thin films was quantified by using a XPS 

spectrometer (AXIS 165, Kratos Analytical, Manchester, UK) with monochromated Al KR 
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X-ray source. All samples were pre-evacuated overnight to obtain stable ultrahigh vacuum 

(UHV) conditions.  Two parallel samples of the same type were subject to evaluation and for 

each sample at least three points were analyzed. Low scan resolutions at 80 eV pass energy 

and 1 eV steps were used to determine the elemental surface composition. 1s high-resolution 

spectra at 20 eV pass energy at 0.1 eV steps were used for detail carbon, C1s and oxygen, 

O1s peaks. The atomic concentrations were calculated from the photoelectron peak areas by 

using a Gaussian-Lorentzian deconvolution. The C1s spectra was divided into four different 

contributions of bonded carbon, corresponding to carbon without oxygen bonds (C-C and C-

H) with the peak centered on a binding energy of 285eV; carbon with one oxygen bond (C-

O) with binding energy of 286.7eV; carbon with two oxygen bonds (O-C-O) with a binding 

energy of 288 eV; and carbon with three oxygen bonds (O-C=O) with a binding energy of 

289.5eV.
60-61

 

6.3.5 Contact Angle Measurements 

Water contact angle measurements were performed to test the changes in 

hydrophobicity of the surfaces. A CAM-200 contact angle goniometer (KSV Instruments 

Ltd., Helsinki, Finland) was used to determine the plateau value of the advancing contact on 

the surfaces with a water drop of 7 μL. The measurements were conducted in ambient air at 

room temperature. At least three different specimens were measured for each surface 

composition. The calculation of the contact angles was based on a numerical solution of the 

Young- Laplace equation following a computational protocol built in the instrument.  
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6.3.6 Quartz Crystal Microgravimetry 

 Cellulolytic activity on the bicomponent films was monitored with a by using quartz 

crystal microbalance (QCM E4 model, Q-Sense AB, Gothenburg, Sweden). The hydrolyzed 

thin overlayers deposited on the QCM resonator were used as sensors in QCM. Before 

mounting, the sensors were rinsed with water and thoroughly dried with nitrogen.  Right 

before starting the measurement, buffer acetate was introduced in the measuring chamber by 

using a peristaltic pump operating at relatively high flow rates (0.7 ml/min). After the unit 

was filled with the background solution the flow rate was lowered to 0.1 ml/min and the 

frequency of vibration was monitored continuously until reaching a stable signal. Thereafter, 

enzyme solution was injected for 25 min at a flow rate of 0.1 ml/min, flow was then stopped 

and the frequency shift monitored until reaching stable conditions (complete adsorption 

and/or hydrolysis indicated by a plateau signal). Background solution (buffer solution) was 

introduced to rinse the system after plateau signal. All measurements (shift in frequency and 

dissipation) were recorded at 5 MHz fundamental resonance frequency and its overtones 

corresponding to 15, 25, 35, 55, and 75 MHz. The third overtone (15 MHz) was used for data 

processing. The temperature was maintained to 40 °C in all runs and each experimental 

condition was tested at least two times; the frequency and dissipation data reported were 

obtained as the average values. 
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6.4 Results and discussion 

6.4.1 Characterization of the bicomponent films 

The topography of the bicomponent films of TMSC and Lac prepared with different 

blend ratios is presented in Figures 6-1 and 6-2 for two different scan sizes, 5x5 and 1x1 m, 

respectively. The AFM images of neat lignin films, both acetylated and deacetylated lignin 

are shown in Figure 6-A2 of the Support Information document. There is clear evidence in 

these AFM images of lateral phase separation of the bicomponent polymer system that 

occurred during the spin coating process, upon solvent evaporation due to their differences in 

state of miscibility. The size of the second phase grows with the soluble concentration, e.g., 

the size of the respective domains in the films increases (see films in Figure 6-1 as the 

component ratio increases from 10:1 to 2:1, i.e., as the LAc concentration in the precursor 

solution increases).  
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Figure 6-1. AFM 5 x 5 µm
 
height images of bicomponent thin films of TMSC and Indulin 

LAc after spin coating from solution on silica. Polymer composition ratios (TMSC:LAc) of 

1:0 (pure TMSC); 10:1; 5:1, 2:1; 1:1 and 1:2 are shown. The height scale (bar at the right of 

each image) corresponds to Z values between -10nm and 10 nm. The respective line scan 

shown in each AFM image produced the height profile shown in the bottom panels. 

It is known that the morphology of immiscible polymer blends films depend on their 

solubility parameters, the solvent, sample preparation conditions, and interfacial phenomena, 

including polymer -substrate affinity, preferential wetting and dewetting at the air-polymer 

TMSC 10:1 5:1 

2:1 1:1 1:2 
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interface, etc. Given the complexity of this blend system, the rapid, and likely non-

equilibrium process during film formation conditions, there is potential for differences in the 

phase morphology in both the horizontal and vertical directions.
62

 The lateral phase 

separation can be observed in better detail in Figure 6-2 with AFM images of different scan 

size; distinctive changes in the size of the domains formed in the TMSC/LAc films can be 

observed and ascribed to the phase separation process.  

The formation of different structural features during film formation has been 

explained for other polymer systems by the transient bilayer theory,
63

 couple with dewetting 

and layer inversion, as recently explained by Taajamaa et al. for TMSCA-cellulose acetate 

(CA) bicomponent films
46

  Pathways for the phase separation processes as the film 

undergoes rapid spinning, dewetting and solvent evaporation could be useful to interpret the 

morphology of the resultant films (see Figures 6-1 and 6-2). One possible schematic 

illustration of the process can be suggested if it is assumed that TMSC/LAc polymer blends 

undergo similar phase separation mechanisms as those reported for TMSC/CA (see Figure 6-

3). In this process the bilayer theory helps to explain the formation of domains from 

immiscible polymer blends as a product of a solvent-concentration gradient that causes 

instability at the polymer–polymer interface
64

Heriot, 2005 #357} given the fact that the 

interfacial tension at the interface is a strong function of the solvent concentration.
63

This was 

explained in detail in the case of polystyrene and poly(methyl methacrylate) immiscible 

blends.
64

 and for TMSC/CA blends.
46

 In those system, and possibly in the present case of 

TMSC/lignin mixtures, the polymers are initially solubilized in a common solvent as a single 

phase system; then, as the spin coating process proceeds and the solvent evaporates, the 
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polymer concentration rises and the fundamentally immiscible polymers undergo bimodal or 

spinodal phase separation. In the present case, the formation of both lignin-rich and TMSC-

rich phases takes place. The different evaporation rates are expected from the differences in 

the molecular weight and relative solubility between the respective polymer and the solvent.  

Therefore, solvent-concentration gradient throughout the film can be expected.  As the 

evaporation continues the TMSC-rich phase will tend to migrate towards the substrate, due to 

its higher affinity to silica because of the presence of unsubstituted OH groups in the 

backbone of TMSC. So far, the dynamics of the process can be factored in the vertical phase 

separation shown in Figure 6-3, which indicates two distinct phases: the TMSC-rich phase in 

contact with the silica substrate and a LAc-rich phase atop, at the air interface. As the 

evaporation continues the LAc-rich phase is dewetted and, if the transit bilayer theory 

applies, lateral phase separation can occurs leading to the formation of holes in the LAc-rich 

phase which are filled with TMSC. 

Spin coated multicomponent films that are subjected to annealing at temperatures 

higher than the Tg of the respective polymers can become instable at the polymer-polymer 

interface, leading to dewetting and pore formation. Depending on factors such as the 

differences of viscosity, partial or total layer inversion can occur.
65-66

 It has been reported 

that dewetting takes place during spin coating of very thin film at room temperatures
67

 or in 

the presence of high humidity.
46, 68

  However, the latter effect may not apply to the present 

case of TMSC/LAc films because they were manufactured in relatively dry atmosphere (16 

% RH). This leaves the very small thickness of the film as a possible factor that induced 

dewetting due to a capillary instability mechanism.
69

 The TMSC overlayer shown in Figure 
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6-3 is hypothesized to occur from layer inversion
65

 at the air-film interface. This process was 

found to occur in the case of TMSC/CA films and thus it is also possible to be present in the 

case of TMSC/LAc films. In fact,  water contact angle (WCA) measurements reported in 

Table 6-1 seem to support the occurrence of layer inversion: all of the TMSC/LAc blend 

films, regardless of the ratio between the polymers, exhibited WCA equivalent to that of 

TMSC 91° even in cases when LAc was the major component. 

 

 

Figure 6-2. AFM 1 x 1 µm
 
height images of bicomponent thin films of TMSC and LAc after 

spin coating from solution on silica. The LAc component corresponds to Indulin AT lignin 

(upper row) or organosolv lignin (lower row). The blend ratios (TMSC:LAc) are 10:1; 5:1 

and 1:1. The height scale (bar at the right of each image) corresponds to Z values between -

10nm and 10 nm. The respective line scan shown in each AFM image produced the height 

profile shown in the bottom panels.  
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Figure 6-3. Schematic illustration of possible changes occurring during phase separation of 

TMSC (indicated in black) and LAc (indicated in dark grey) after formation of bicomponent 

films on a silica substrate by spin coating.  The film formed is expected to undergo vertical 

and lateral phase separation, dewetting and a partial layer inversion as the chloroform 

(indicated in light grey) evaporates. Leading to  an overlayer of TMSC at the air-film 

interface. 
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Table 6-1  Water contact angles of bicomponent films before (TMSC/LAc) and after 

hydrolysis (Cellulose/Lignin).  

TMSC/LAc 

blend ratio in 

precursor film 

Contact Angle (°) 

TMSC/LAc Celulose/Lignin 

1:0 91 ± 1 49 ± 4 

10:1 92 ± 1 42 ± 5 

5:1 92 ± 1 46 ± 1 

1:1 92 ± 1 55 ± 1 

1:5 91 ± 1 57 ± 1 

0:1 65 ± 1 58 ± 1 

 

The final morphology of the film depends on the initial total polymer concentration, 

blend ratio, spinning speed and polymer-polymer interactions, and could produce a bi-

continuous structure or isolated domains.
70-72

 In the present case of films of TMSC and LAc 

the combination of transient bilayers, dewetting and layer inversion can account for the 

morphologies observed in Figures 6-1 and 6-2 as shown schematically in Figure 6-3. 

However, this is still a speculative illustration and more detailed investigations are required 

to confirm the exact evolution and morphology of the multiphase film.   

Interestingly, during the first steps of film consolidation similar type of domains were 

formed for the two different types of lignin tested (Indulin AT and organosolv lignin), as 

observed in Figure 6-2 with AFM scans of films of TMSC blended at different ratios. 
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Experiments of conversion (regeneration) and enzyme incubation were conducted with 

polymer blends containing either type of lignin. Interestingly, the trends observed in the 

dynamics of the enzymatic hydrolysis was very similar and for brevity we consider further in 

this discussion the case of organosolv lignin only. 

The AFM roughness of the bicomponent films before and after the respective 

conversion steps (deacetylation to lignin and desilylation to cellulose) are reported in Table 

6-2. Some distinctive changes in roughness are observed after the respective chemical 

conversion. Generally, there was an increase in the roughness after the first hydrolysis step, 

either de-acetylation or desilylation. In the case of the conversion (desilylation) of TMSC to 

cellulose this can partly be explained by the contraction of the TMSC phase to a de-swelled 

cellulose structure, which increases the differences in height between the various domains.
45

 

AFM images of bicomponent films with 1:1 blend ratio are shown in Figure 6-4 as an 

illustrative example of these transformations. In the case of a conversion sequence with 

deacetylation to lignin applied first followed by desilylation to cellulose, there is clear 

indication of the change in height profile (and thus roughness) after the different conversion 

steps; also in this figure, the changes in the morphology of the film due to the hydrolysis 

steps can be appreciated. Specially, when inspecting the 1µm AFM scans, the size of the 

domains are shown to change in the last step, obtaining the cellulose/lignin film. The increase 

in the lignin on the blend ratio promotes the formation of larger domains. Overall, lateral 

phase separation is apparent as indicated in Figures 6-1 to 6-4. Results of measurements of 

water contact angle and surface chemical atomic composition are discussed in the next 

section in order to gain more insights about the hydrophobicity and nature of these films.  
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Table 6-2. AFM roughness (5x5 µm AFM scans) of precursors films of TMSC:LAc 

(organosolv lignin) with different polymer compositions after conversion of LAc to lignin 

(TMSC/Lignin) or after conversion of TMSC to cellulose (Cellulose/LAc). Included also is 

the case of a sequential conversion, first to lignin (TMSC/Lignin) followed by conversion to 

cellulose (Cellulose/Lignin). 

 Roughness (nm) of films from TMSC:LAc precursor films of given  

compositions 

1:0 10:1 5:1 1:1 0:1 

Precursor 
bicomponent film, 

TMSC/LAc 

1.0 ± 0.2 1.3 ± 0.4 1.5 ± 0.2 5.0 ± 0.6 2.0 ± 0.1 

Conversion of LAc  

to lignin: 
TMSC/Lignin  

- 1.8 ± 0.3 1.4 ± 0.1 11 ± 1.4 - 

Conversion of 

TMSC to cellulose: 
Cellulose/LAc  

- 1.2 ± 0.1 2.2 ± 0.3 9.1 ± 0.8 - 

Conversion of both 

components: 

Cellulose/Lignin  

1.2 ± 0.1 1.2 ± 0.3 2.0 ± 0.3 4.4 ± 0.2 2.0 ± 0.6 
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Figure 6-4. AFM height image and respective height profile from section analysis of a spin 

coated after conversion. Two scan sizes are shown, 5 x 5 µm (upper row) and 1 x 1 µm 

(lower row). The left images correspond to the precursor TMSC and LAc (1:1) bicomponent 

film. The same film after conversion of LAc to lignin after deacetylation (to produce a film 

of TMSC/Lignin) is shown in the center. A subsequent conversion of TMSC to cellulose via 

desilylation produced the films shown on the right.  

 

TMSC/LAc TMSC/Lignin Cellulose/Lignin 
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6.4.2 Surface hydrophobicity of the bicomponent films 

Water contact angle (WCA) measurements were carried out to study the changes in 

the hydrophobic-hydrophilic balance of the substrate. Keeping in mind that roughness 

contributes to the change in WCA, some general conclusions can be drawn from the effect of 

chemical heterogeneity of the substrate. WCA values for different spin coated bicomponent 

films are included in Table 6-1. The measured WCA for spin coated film of neat TMSC, ca. 

91°, was in agreement to the values reported by other authors.
46

 The WCA of cellulose 

obtained after desilylation is also in agreement with the contact angles reported for thin films 

of cellulose obtained from Langmuir-Blodgett films of TMSC, 35-55°
57, 73-74

 and from spin 

coated films. 
46, 75

 More interesting is the fact that no change in the WCA was observed for 

TMSC/LAc films with various amounts of LAc. While the WCA of a film of neat LAc was 

58 degrees, all bicomponent (TMSC/LAc) films presented a WCA of ca. 91 degrees, i.e., the 

same for neat TMSC films. As discussed in previous sections, it is likely that a very thin 

overlayer of the more hydrophobic TMSC covers the entire film, as was proposed in the 

schematic illustration of Figure 6-3. This schematic illustration also includes an account of 

the observed variations in roughness observed and discussed before in light of Figures 6-1 

and 6-2.  

Of additional interest is the fact that sequential conversion of TMSC and LAc to 

cellulose and lignin (to produce cellulose/lignin films) yields values of WCA consistent with 

the polymer composition: a clear increase in WCA is observed with the increase of the 

amount of lignin present, which is the polymer relatively more hydrophobic.  Detail 
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information about the surface chemical composition of the bicomponent films is provided 

next by XPS analyses.   

6.4.3 Surface chemical composition 

Before application of deacetylation of films containing LAc some optimization of the 

conversion procedure was performed, as far as the reaction time. Even though the results for 

such conversions were presented already, XPS analysis is included here to further elucidate 

the surface chemical composition, relevant to the enzymatic hydrolysis to be discussed later. 

As can be observed in Figure 6-5, a noticeable reduction of the intensity of the 289 eV signal, 

which corresponds to the acetyl (COO
-
) bond, is observed with the time of de-acetylation. It 

can be concluded that hydrolysis for about 24 h is required for complete de-acetylation. 

When tested for longer times, e.g., 3 days, the integrity of the films started to be 

compromised as there was an increase in the signal from the silica support. The hydrolysis of 

TMSC to cellulose has been thoroughly documented before and therefore is not discussed 

herein any further.
45, 51, 58

   

The surface of the cellulose/lignin blend films were analyzed with XPS, two 

important variables were calculated from the respective XPS intensities, the atom 

oxygen/carbon ratio on the surface and the surface concentration of C-C groups. 

Lignocellulosic species have been analyzed by using these two variables since the early 

reports of Dorris et al.
60

 This is because the oxygen-to-carbon atomic ratio (O/C) determined 

from the low-resolution data is different for cellulose and lignin. Theoretically O/C values 

have been reported for cellulose, 0.83,
60, 76

 mill wood lignin, 0.34,
60, 77-78

 and organosolv 

lignin, 0.26.
79

 With respect to the concentration of C-C groups, theoretically pure cellulose 
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does not have a C-C signal due to structure of the polysaccharide, althoght there is always  a 

small contribution that is atributed to sample contamination;
80-81

 however, mill wood and 

organosolv lignins have a C-C % contribution equivalent to 49 
78, 82

 and 55 %,
79

 respectively. 

Appling these figures lignin has been succesfully identified and quantified when adsorbed on 

top of cellulose fibers.
61

 While Figure 6 will be discussed mainly in the context of the 

enzymatic reactions, it is included here to indicate the changes observed in such values after 

de-acetylation and desilylation of TMSC/LAc films:  a decrease in the O/C ratio and an 

increase in the C-C % with the increase of the lignin fraction in the blends is clearly 

observed. The O/C ratio was lower and the C-C% was higher for the pure lignin film when 

compared to reported values.
79

 These discrepancies could be due to differences in the 

organosolv process or not complete deacetylation of the sample. Nevertheless, the trend for 

the blends is consistent with the fact that there is an increase in the carbon content as the 

fraction of lignin increases.  
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Figure 6-5.  XPS spectra for LAc organosolv films before and after different de-acetylation 

times in ammonium hydroxide atmosphere. Shown in this figure are the carbon (C1s) high 

resolution spectra (a) corresponding to different reaction times, from the bottom up: 0, 1, 3, 

6, 12 and 24 h.  Close-up of the carboxyl peak is shown in (b) while the wide range low 

resolution spectra is included in (c). 
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Figure 6-6. Correlation plot including the % C-C surface concentration vs O/C atomic ratio 

calculated from XPS data. The blend ratios 10:1, 5:1 and 1:1 before and after enzymatic 

hydrolysis (H) are shown; as well as the theoretical values of cellulose and the neat lignin 

film. The carbon contribution of the lignin in the bicomponent films before hydrolysis is 

evident in the plot; there is a clear trend showing an increase in the C-C signal and a decrease 

in the O/C atomic ratio as the fraction of lignin in the blend films increases. In the case of the 

blend films after hydrolysis a contribution of adsorbed enzyme on the signal of the respective 

data is expected. However, it is interesting to note that the data points move closer to the 

value of lignin as cellulose is removed by the enzymatic treatment (see respective 

discussion).         
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From the AFM, contact angle and XPS results it is possible to conclude that the 

developed bicomponent films are suitable for model studies related to interfacial phenomena 

(including, surface reactions, interfacial adhesion, surface modification, etc.). Nanoscopic-

level analyses with surface-sensitive tools can be performed with these films in situations 

when the use of actual biomass is prevented. Specifically, they are foreseen to offer new 

possibilities for fundamental research in lignocellulose use and transformation.   

In the next section of this contribution we use the developed cellulose/lignin 

bicomponent films to study surface enzymatic reactions. The interest here lies on the need to 

uncover details about the inhibition effect of lignin during hydrolysis of cellulose. There are 

two principle hypotheses that explain enzymatic inhibition by liginin: the irreversible 

adsorption of cellulase enzymes on lignin
17, 20-26

 and the site-blocking effect.
2, 18-19

 

Elucidation of the dominant effect in enzyme inhibition by lignin can be accomplished by 

calculating and comparing the kinetic parameters from hydrolysis isotherms as those to be 

presented from real time, in situ QCM signals.  

6.4.4 Bicomponent films as biosensors to monitor cellulolytic reactions 

The adsorption of a mixture of cellulase enzymes on bicomponent films and the 

enzymatic hydrolysis of neat cellulose and the cellulose domains within these films was 

monitored by following QCM frequency shifts, which are related to the gain or loss of mass 

on the sensor. This is taking advantage of the simple relationship between the shift of QCM 

frequency and the change in mass, as illustrated by the Sauerbrey relation (see Supporting 

Information).
83

 However, it is important to consider that the changes in frequency are also 
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affected by water coupling to the film and therefore it is the rate of change or the relative 

changes what is most relevant to this discussion.
84

       

 As stated in the introduction, enzymatic treatment of neat lignin and cellulose films 

have been successfully performed by using the quartz crystal microbalance.
31-32, 34, 44

 By 

combining cellulose and lignin in the film used as biosensor, the knowledge of enzymatic 

hydrolysis can be expanded. For example, the influence of lignin on the activity of pure 

cellulases components such as endoglucanases, or exo-glucanases on cellulose hydrolysis can 

be elucidated. Furthermore, by labeling the enzymes it can be possible to monitor the 

preferential adsorption site of the enzymes and the hydrolysis pathways. Finally, the 

contribution to the enzyme reactions brought by other components present in the system such 

as cellobiose, glucose and alcohols could be determined for any detrimental (or enhancing) 

effect.  

The surface interactions between pure lignin or cellulose films with the 

multicomponent enzyme system used in this investigation were first investigated. The present 

multicomponent enzyme system was chosen in order to ensure the complete hydrolysis of 

cellulose. In these experiments the enzyme solution was diluted with acetate buffer (pH of 

4.5) to a 7.5 mg/ml concentration, equivalent to an activity of 3 UI/ml. In Figure 6-7 the 

negative shift of QCM frequency (third overtone) is used to correlate the data with the 

amount of adsorbed or bound enzyme. After hydrolysis, rinsing with buffer solution is 

performed and the final values of frequency are used to discern the effective contribution of 

enzyme addition. 
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The shift in frequency followed the typical profile of QCM adsorption isotherms. The 

irreversible binding of the enzymes on the lignin films is evident upon inspection of Figure 

6-7a. The final, plateau frequency after rising, with enzyme-free solution indicated the net 

change of the system. Here a large net reduction of frequency is observed in all cases.  

As indicated before, the enzymes have hydrophobic amino acid residues
7-8

 that likely 

contribute to hydrophobic interactions with the lignin substrate. Different experiments were 

carried out to investigate the role of hydrophobic interactions in enzymatic activity on 

lignocellulose substrates. The adsorption of the enzyme mixture was monitored on 

hydrophobic, acetylated lignin films as well as de-acetylated lignin films (less hydrophobic); 

obtained after two levels of de-acetylation, i.e., after 6 h (indicated as partial de-acetylation) 

and after 24 h (total de-acetylation),  according to the procedure introduced in the 

experimental section (see also Figure 6-5). Noteworthy, the more hydrophobic lignin 

substrates adsorbed enzymes to a larger degree: acetylated lignin, LAc > partially de-

acetylated (6-hr) > de-acetylated lignin, (Lignin, 24 h) 

An additional experiment was performed after denaturation of the enzyme by heat 

treatment in a water bath at 100 ºC for 10 min, after which the enzyme was put in contact 

with the fully de-acetylated lignin substrate (after 24h hydrolysis). Figure 6-7a highlights 

further the important role of hydrophobic interactions: cellulase enzymes bind more 

prominently on the substrates after denaturation. The results in this latter case are simply 

explained by the fact that after denaturation the enzymes are more extended and the 

hydrophobic residues are exposed to the surface. 
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We turn now our attention to sensors with bicomponent cellulose/lignin films to 

investigate enzyme activities and further elucidate the role of lignin in cellulolytic reactions. 

Figure 6-7b includes the QCM isotherms for enzymatic binding and hydrolysis of a pure 

cellulose film and after using bicomponent films with different cellulose:lignin compositions 

(10:1, 5:1 and 1:1). The dynamics of the process as monitored by changes in frequency in the 

QCM are indicative of adsorption or binding events (gain in QCM frequency) and the 

hydrolysis of the substrate (frequency reduction). Note that the data range on the frequency 

axis in the QCM isotherms is the negative change in frequency; so in these profiles an 

increment of the signal indicates mass being adsorbed (enzyme binding) and a decrease of 

the signal indicates the loss of mass (hydrolysis).  

The frequency data were fitted to two kinetic models. The assumptions and derivation 

of such models are explained in more detail in the Supporting Information. The first method 

(method I) consist of empirical equations that describe adsorption and hydrolysis during the 

enzyme activity.
31

 The fitted parameters include the binding rate (1/τ) and maximum binding 

capacity (Mmax) (see Table 6-3) as well as the parameters related to the hydrolysis reaction, 

the frequency at which hydrolysis ceases (B), time when conversion to product is maximized 

(V50) and the hydrolysis rate (1/C) (see Table 6-4).  

The second approach (method II) involves a combination of the Langmuir and 

Michaelis-Menten models to better describe the adsorption and hydrolysis events that occur 

in cellulolytic enzymes and that can be described by a set of three differential equations. The 

results for kinetic constants are shown in Table 6-A2 of the Supporting Information. In the 

estimation of the kinetic constants with this model the contributions of both components in 
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the film is taken into account, as well as the mass transfer at the diffusion layer. This is 

accomplished by solving simultaneously three first order differential equations. The 

calculated kinetic parameters allow a better comparison of the dynamics of enzyme 

interactions with the different substrates (see Figure 6-A5 in the support information 

document). 

For the lignin films considered so far and regarding its effect on the hydrophobicity of 

the substrate, as indicated by the presence of acetyl groups, it is observed that the binding 

rates are reduced with substrate hydrophobicity. As observed in Table 6-3, compared to the 

rest of the systems, the denatured enzyme adsorbed at a faster rate and to a larger extent (as 

indicated by the rate and the maximum binding amount). This observation can be explained, 

as stated before, by the fact that the proteins unfold after denaturation and their hydrophobic 

amino acid residues are more accessible for interactions with the substrates.  In studies with 

laccase enzymes adsorbing on lignin films the effect of hydrophobic and electrostatic 

interactions were highlighted; a maximum adsorption at low pH, where the effect of 

electrostatic interactions is minimized, was observed. 
44

  The role of electrostatic interactions 

in the present system is expected to be relevant but was not directly evaluated. Overall, there 

is confirmed indication that hydrophobic forces play an important role in the adsorption of 

cellulases on films containing lignin.  



 

170 

 

 

Figure 6-7. Negative shift in QCM frequency normalized by the third overtone as a function 

of time after continuous injection of a multicomponent enzyme (flow rate of 100µl/min) 

following by buffer (pH 4.5) rinsing as indicated by the vertical arrows. Figure (a) includes 

the enzyme adsorption  isotherms at 40°C corresponding to substrates consisting of 

acetylated lignin and lignin with two degrees of de-acetylation and the same multicomponent 

enzyme after thermal heating (denatured enzyme) on the de-acetylated lignin film. Figure (b) 

includes the isotherms at 40°C for enzymatic binding and hydrolysis of a pure cellulose film 

and after using bicomponent films with different cellulose:liginin compositions (10:1, 5:1 

and 1:1). In addition, the isotherm for the de-acetylated lignin film is included. The QCM 

isotherms shows are typical of four repetitions that were run for each condition and yield 

consistent results; however, only single runs are presented for clarity.  
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Table 6-3. Parameters (method I) describing enzyme binding on lignocellulosic films used in 

QCM sensing (see Supporting Information document for more details). 

 Binding Parameters 

Substrate -Mmax (Hz) 1/τ (min
-1

) R
2
 

Cellulose 28 ± 2.5 3.53 ± 0.458 0.98705 

Cellulose (denature enzyme) 220 ± 15.0 0.43 ± 0.084 0.9194 

Cellulose:Lignin, 10:1 57 ± 7.1 0.74 ± 0.188 0.990 

Cellulose:Lignin, 5:1 138 ± 10.9 0.13 ± 0.016 0.955 

Cellulose:Lignin, 1:1 145 ± 25.5 0.16 ± 0.084 0.904 

Lignin  95 ± 18.2 0.21 ± 0.037 0.947 

Lignin (denature enzyme) 131 ± 6.5 0.52 ± 0.127 0.883 

Acetylated lignin  93 ± 1.6 0.16 ± 0.023 0.960 

 

Table 6-4. Parameters (method I) describing cellulolytic activity on lignocellulosic substrates 

used in QCM sensing  (see Supporting Information document for more details). 

Substrate Hydrolytic Parameters 

B V50 1/C R
2
 

Cellulose 150 ± 14.2 8.0 ± 0.04 0.60 ± 0.28 0.989 

Cellulose:Lignin 10:1 101 ± 41.4 10.3 ± 5.12 0.65 ± 0.08 0.996 

Cellulose:Lignin 5:1 47 ± 27.7 6.9 ± 4.07 0.55 ± 0.22 0.999 

Cellulose:Lignin 1:1 53 ± 8.0 8.4 ± 3.87 0.06 ± 0.01 0.997 

 

A very fast enzymatic hydrolysis was observed on sensors based on thin films of pure 

cellulose. These films were completely hydrolyzed in 25 minutes, as seen in the QCM 

isotherm shown in Figure 6-7b.   However, the presence of lignin had a distinctive effect: an 

increase in the enzyme adsorbed amount and a reduction of the hydrolysis rate of the 
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substrate was observed with increased lignin content.  Furthermore, these observations are 

further corroborated by the quantitative assessment performed and reported by the key 

parameters in Tables 6-3 and 6-4, i.e., as the fraction of lignin increases in the bicomponent 

films the binding and the hydrolysis rate constant decrease. Such negative effect on the 

enzymatic hydrolysis of lignocellulosic materials has been described after use of actual 

biomass.
15-17

   

The enzyme mixture was injected in a large excess relative to the amount needed to 

fully degrade the substrate, according to the enzyme activity measured with the standard 

methods (see Materials section). Therefore, it is reasonable to assume that the cellulose in the 

films was completely hydrolyzed at the end of the incubation. However, the QCM frequency 

signals corresponding to the bicomponent films did not reach the original levels as that 

observed for neat cellulose film. This observation provides support to the discussion in 

previous sections regarding the hypothesis that the enzymes are irreversible adsorbed onto 

lignin domains with such added mass contributing with a net frequency signal (see Figure 6-

7b). Note that there should be same amount of cellulose in all of the films. This was 

purposely aimed since upon film deposition by spin coating the concentration of precursor of 

cellulose, TMSC, in the blend was kept constant.  

 Support for the hypothesis of irreversible binding is further indicated after a 

combined analysis of Figures 6-6 and 6-8, as follows. In Figure 6-8 the AFM images before 

and after the enzymatic hydrolysis show that the domains of lignin are still present in the 

films, and there is an increase in the roughness of these films, as indicated by the height 

profiles. This observation supports the fact that hydrolysis of cellulose results in a higher 
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AFM height difference between the lignin domains and the silica substrate; this is also 

correlated with the XPS data for bicomponent films after enzymatic treatment. On the low 

scan resolution the contribution of Si 2p is observed but the percentage of silica decreases 

with the increase of lignin in the films, i.e.,  9.6 ± 5.3, 5.7 ± 0.6 and 0.4 ± 0.2 % for the 

composition ratios of 10:1, 5:1 and 1:1, respectively.  This is a direct indication of the 

removal of cellulose from the film. In the XPS correlation curve, Figure 6, the O/C atomic 

ratio and C-C amount showed a distinctive trend: the O/C ratio increases and the C-C % 

decreases after the enzymatic hydrolysis of the films. The XPS low resolution scan signal of 

the bicomponent films after the enzymatic treatment also shows an increase in the N1s signal 

with the increase of lignin fraction in the film, i.e 4.6 ± 0.8 , 6.4 ± 0.7 and  7.6 ± 0.3 % for the 

composition ratios of 10:1, 5:1 and 1:1, respectively. This signal is expected to originate 

from the enzyme that is being irreversibly adsorbed on the lignin domains. 

In summary, lignin is acting as a competitive inhibitor, as it is adsorbing part of the 

enzymes that would otherwise be used for cellulose hydrolysis: they bind irreversibly on the 

lignin domains. This is also confirmed by the decrease of the catalytic efficiency of the 

reaction (kcat/km) calculated with the second model (fitting method II) for bicomponent films 

with the lignin fraction, 1.3x10
-8

, 4.2x10
-9

 and 1.8x10
-9

 m
3
*min

-1
*mg

-1
 for films with 

composition ratios of 10:1, 5:1 and 1:1, respectively.  The  changes in the catalytic efficiency 

are an indication on the substrate specificity, which often results from differences in 

transition state, difference in the formation of the enzyme-substrate complex which lead to 

the product formation.
85
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Figure 6-8. AFM 5 µm x 5 µm height images before and after enzymatic hydrolysis of pure 

cellulose and different bicomponent films. The features of the bicomponent films after the 

hydrolysis are a combination of lignin, adsorbed enzyme and some residual salts from the 

buffer after drying. The latter can account for the features observed on the pure cellulose film 

after the hydrolysis. The range in height scale for the films before hydrolysis is -10 to 10 nm 

and -30 to 30 nm after hydrolysis. The scale for the line profile is -10 nm to 20 nm for films 

before hydrolysis and -10 nm to 30 nm for films after hydrolysis.  

The overall enzymatic phenomena observed at the interface for bicomponent 

cellulose/lignin films are in accordance with the enzymatic hydrolysis of lignocellulosic 

material in the bulk as concluded from indirect measurements. The negative lignin effect in 

cellulolytic activity has been reported.
15-17

  The effect of lignin on the enzymatic hydrolysis 
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depends on the type of cellulose and its characteristics, the type of enzyme,
15, 21

 and also 

depends on the source, isolation and pre-treatment applied. 
17, 21

    

The inhibitory effect of lignin in cellulolytic reactions has been attributed to steric 

hindrance, preventing the effective binding to cellulose by physically blocking the -1,4 

bonds of cellulose,
2, 18-19

or to loss of enzyme due to adsorption on lignin, either reversible or 

irreversible.
17, 20-26

  Also reports indicating that lignin does not have an effect are available: in 

these cases enzymatic hydrolysis was not detected when the source of lignin was from acid 

hydrolysis.
21

 Therefore, there is no easy way to elucidating the dominant effects, partly due 

to the complexity of the substrate, chemically and morphologically and also due to the highly 

coupled and complex reactions that take place in the system. For example, it has been shown 

that there is a decrease in cellulose hydrolysis rate by the addition of lignin to the system;
17

 

the reports from Pan et al, showed that this decrease is not linearly proportional to the 

increase in lignin content.
86

 In fact, in this case the addition of 10% w/w lignin had a greater 

impact on the hydrolysis than the further addition of lignin.
86

 According to the data presented 

in Table 6-A2 of the Supporting Information for the kinetic of the hydrolysis rate the highest 

inhibitory effect on the hydrolysis rate in bicomponent films occurred at the composition 

ratio of 5:1 (20%w/w of lignin),  followed by the 1:1 ratio films.  

 Important to note than in studies with bulk systems, lignin is added to a cellulose 

disperse system, as there are not carbohydrate-lignin complexes the interactions between 

cellulose and lignin are weaker than if the complexes were present, and therefore 

examination of the effect of lignin as blocking molecules is prevented.   In the current work 

the lignin domains at the surface increase with the composition ratio and this has a great 
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effect on the 2D structure, shown in Figures 6-4 and 6-6. Our results using simple, 

bicomponent films with cellulose and lignin, clearly support the hypothesis that the effect of 

lignin can be mainly ascribed to the irreversibly binding of the active enzymes by 

hydrophobic forces.  

6.5 Conclusions 

 The development of new cellulose/lignin bicomponent thin films were reported. The 

morphology of these films depend on the polymer composition ratio and the sequence 

followed in the conversion of respective precursor polymers. The film formation can be 

explained by the transient bilayer theory coupled with partial layer inversion, accounts for the 

contact angle measurements that indicated a TMSC overlayer. AFM, XPS and contact angle 

experiments indicated that the bicomponent films are suitable for studies of enzymatic 

processes. They are expected to be of interest as models for lignocellulose, to be used for 

surface analyses where actual fibers cannot be employed and from which molecular-level 

information and detailed biomolecular events can be extracted. 

The inhibition effect of lignin in the cellulolytic activity of enzymes seems to be 

mainly due to the irreversible hydrophobic binding between the active enzyme and the lignin 

domains.   
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6.8 Supporting information document 

The following information is complementary to the presented work. There are the 

FTIR spectra signals used to monitor the acetylation procedure Figure 6-A1; the AFM of the 

lignin films before and after deacetylation is presented in Figure 6-A2. QCM basic equations 

to calculate the change in mass and the viscosity of the adsorbed layer are reported. Finally 

the models used to calculate the kinetic parameters for the enzymatic hydrolysis are 

explained in detail, and plots comparing the model and the experimental data are shown.   

Evidence of the Acetylation of lignin  

The FTIR spectra of the lignin before and after acetylation is represented in Figure 6-

A1. The appearance of the bands at 1740 cm
-1

 and 1766 cm
-1

 (colored peak) are attributed to 

carbonyl (C=O stretch) groups thus indicating the successful acetylation of the phenolic and 

aliphatic hydroxyl.
1
 

 

Figure 6-A1. FTIR spectra of organosolv lignin before and after the microwave assisted 

acetylation treatment. 
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Atomic force microscope images of neat lignin films 

Atomic force microscope height images of the acetylated and deacetylated organosolv lignin 

films are shown in Figure 6-A2. No major changes can be observed in the morphology of the 

films and even the line profile is similar for both films. 

 

Figure 6-A2. Atomic force microscopy 5 µm x 5µm height images of the organosolv lignin 

film before and after deacetylation. The z scale goes from -10nm to 10 nm. The scale of line 

profile is from -10 nm to 20nm.  

Additional theoretical Quartz Crystal Microbalance information  

The quartz crystal microbalance with dissipation monitoring allows for detecting 

simultaneously the change in mass (adsorbed or desorbed) on the crystal through the change 

in frequency and the change in the viscoelastic properties of the layer through changes in 

dissipation. The following equations are useful in translating the QCM output signals on 

more common variables, i.e. change in frequency to the change in mass by the Sauerbrey 

equation 
2
 and change in dissipation to viscosity,

3
 

Acetylated lignin Lignin 

deacetylated 
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The Sauerbrey equation: 

    
       

   
  

       

   
   

  
   

 
                            (a1) 

 In equation a1, the variables ρq and νq are the specific density and the shear wave 

velocity in quartz, respectively; tq is the thickness of the quartz crystal, η is the surface area 

of the sensor and f0 is the fundamental resonance frequency.
2
 This equation is only valid if 

the added mass on the sensor is evenly distributed, is much smaller than the mass of the 

crystal and the mass is rigidly attached.
4-5

  The last parameter can be estimated by the change 

of dissipation 

 The dissipation (D) factor is proportional to the power dissipation in the oscillatory. 

In QCM measurements the contribution of D comes from the frictional losses of the liquid 

contacting the crystal. 
6
According to Strockbridge,

3
 the change in dissipation can be 

calculated by: 

   
 

    
  

    

   
                       (a2) 

 In equation a2:    and     are the density and thickness of the quartz plate; the    and 

   are the viscosity and density of the fluid, respectively. 
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Empirical models of the enzymatic kinetic parameters   

 Various equations are used to describe the enzymatic behavior on the surface of a 

substrate. For example, the binding and hydrolysis rates for this type of systems have been 

characterized by the following equations:
6
 

                               (a3) 

     
   

                                (a4) 

 This empirical model, which is referred as model I, was used with no modification in 

the present investigation. The equation a3 represents the binding step, in it the change in 

frequency (  ) is in Hz, Mmax is the maximum binding value in Hz and it corresponds to the 

minimum frequency measured, or the plateau value;   is the relaxation time or the reciprocal 

of the enzyme adsorption rate, expressed minutes. 
6
 

 Equation a4, represents the hydrolysis part, where the    is in Hz, B is the maximum 

frequency value (Hz) reached after the hydrolysis.V50 is the time, in minutes, at which the 

inflection in frequency occurs. At V50, and where the conversion from the complex form 

(ES) to final products (P) is maximized; C is the inverse of the hydrolysis rate in minutes. 

Finally the value of parameter A corresponds to the minimum frequency in the sigmoidal 

curve, related to the time period for the transition between binding and hydrolysis. 
6
 

 It is important to note that the experimental data had to be divided into the adsorption 

and hydrolysis behaviors in order to apply the equations a3 and a4.   
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Figure 6-A3. Example of the fitting of equations a3 and a4 to experimental data; the red 

curve is the experimental data and the black curve is the data obtained by the model. The plot 

on the left is the adsorption of the mixture enzyme on neat lignin films and on the right is the 

hydrolysis step of 10:1 blend ratio film.   

 A more deterministic model (model II in the paper) based on surface enzyme kinetics 

have been proposed as a combination of Langmuir and Michaelis-Menten approximations,
7
 

taking into account the presence of lignin as an inhibitor in the enzymatic hydrolysis, by 

following the approached by Gan et al.
8
 who had other types of inhibitors present in their 

hydrolysis of cellulose. An account of the basic equations follows: 

The main heterogeneous enzymatic reactions are assumed to correspond to: 

    
   
   

   
          (a5) 

   
    
              (a6) 

    
   
   

   
          (a7) 
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Where E is the enzyme, SC is the cellulose part of substrate, ESC is the cellulose-enzyme 

complex, ka is the rate of adsorption, kd is the rate of desorption, P is the product of 

hydrolysis, kcat is the rate of hydrolysis, SL is the lignin part of substrate, and ESL is the 

lignin-enzyme complex. 

Based on this set of reactions the following relationships were derived for cellulose 

and lignin substrates (the description of all the variables is in Table 6-A1). 

For neat cellulose substrate: 

     

  
 

                                            

     
 

  
               

      (a8) 

   

  
                 (a9) 

For neat lignin substrates: 

     

  
 

                      

     
 

  
            

           (a10) 

For the bicomponent systems: 

     

  
 

          
                 

   
                    

     
 

  
  

                 
   

 
           (a11) 

   

  
                 (a12) 

     

  
 

          
                 

  
 
 

          

     
 

  
  

                 

  
 
 

 
        (a13) 

The set of equations were model in simulation program (simulink of Matlab), if the treated 

film was neat cellulose the equations (a8) and (a9) where used, if the treated film was neat 

lignin then the equation a10 was modeled, and if the treated film was bicomponent then the 
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equations (a11-a13) where applied. The software solved the first order differential equations 

by the ODE45(Dormand-Prince) approximation method, with a variable step of 0.02 and a 

relative tolerance of 1x10
-3

 . The input of the program are the initial enzyme concentration, 

the lignin fraction, the boundary layer thickness, the diffusion coefficient, and the constant 

rates (for the first iteration values found on the literature were used).
8
 The output of the 

program is the surface coverage of the enzyme complex to cellulose (accounts for the 

enzyme adsorption onto cellulose), the surface coverage of the product (hydrolysis product) 

and the surface coverage of the enzyme complex to lignin (adsorption of cellulase onto 

lignin). To verify the values obtained by the model (and the kinetic rate used) the change in 

mass per unit area in the surface of the substrate was calculated according to the next 

expression:  

                     (a14) 

The equation a14 expresses that at the surface the enzyme is being adsorbed onto the 

surface (on the lignin and cellulose domains) and simultaneously mass is being release 

(hydrolysis) from the surface. This change in mass should be the same as the one monitored 

by the QCM. So for the QCM isotherms the change in frequency was transformed into 

change in mass by the Sauerbrey equation, and these two values were compared, e.g. Figure 

6-A5 (for the last iteration done). As can be seen in these plots the fit is not one hundred 

percent, for neat cellulose and the blend films the model fits the experimental data at the 

adsorption and at the end of hydrolysis best and for neat lignin films the simulated data fitted 

well the initial and end stages of adsorption. This is a representative model, and the data 

obtained was an approximation, for better fitting many more iterations have to be performed, 

also there are several assumptions and considerations that are used when applying the model 

(see below), which could also influence the output data. The values obtained for the different 

constant rates are reported in Table 6-A2. In that table there are two new parameters the, 



 

190 

 

Michaelis–Menten kinetics (km), calculated with equation (a15) and the catalytic efficiency 

of the reaction (kcat/km). Michaelis–Menten kinetics constant: 

   
       

  
          (a15) 

 

Table 6-A1. Nomenclature of the kinetic equations of the second model 

 

 

 

 

 

 

 

Nomenclature 

  
Surface coverage (mg m

-2
) the subscript refers to the component, e.g.        is the surface 

coverage for the enzyme-cellulose complex 

     Initial enzyme concentration (mg m
-3

) 

     Maximum surface coverage (mg m
-2

)  (see assumptions and considerations) 

  Diffusion coefficient (m
2
 min

-1
), subscript 1 is cellulose and 2 is lignin 

  Bounder layer thickness (m)  

T Time (min) 

    rate constant of enzyme adsorption on cellulose (min
3
 min

-1
mg

-1
)  

    rate constant of enzyme desorption on cellulose (min
-1

) 

     rate constant of product formation (min
-1

) 

    rate constant of enzyme adsorption on lignin (min
3
 min

-1
mg

-1
)  

    rate constant of enzyme desorption on lignin (min
-1

) 

  Lignin fraction on the film 
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Assumptions and considerations applied in the model:  

 The value of the diffusion coefficient of cellulase on cellulose was taken from the 

literature and it’s 1x10
-7 

cm
2
* s

-1
, 

8
 as values for the diffusion coefficient of 

cellulase to lignin are not reported in the literature the same value of cellulose was 

used (although it should be lower). 

 The lignin fraction on the surface of the bicomponent film was taken to be the same 

as the one of the blend and not to change over the simulation time. On the real 

system the relative amount of lignin vs cellulose is increasing with time due to the 

hydrolysis of cellulose. 

 No consideration on inhibition effects due to intermediate products and products, 

i.e. cellobiose, glucose, etc. are taken into account in the model.     

 The surface coverage   mg/ m
2
 (adsorbed mass) for the experimental values where 

calculated with the Sauerbrey relation. 

 The maximum coverage      (mg m
-2

) used in the model was calculated as the 

initial adsorbed mass of the film, values are reported in Table 6-A3. The frequency 

of vibration on air at 25 °C of the silica crystal was measure in the QCM prior to 

the film deposition, and then the frequency of vibration of the same crystal was 

measure after the conversion treatments. Then the Sauerbrey equation was applied 

to calculate de adsorbed mass. 

 The value use for the boundary layer thickness was a reported for proteins 
9
    

 The Michaelis–Menten kinetics constant was calculating using only the parameters 

from the cellulose hydrolysis; attempts were made to incorporate the influence of 

lignin in this variable, but they were unsuccessful.    
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Table 6-A2. Kinetic constants (model II) describing the rate of adsorption (ka), the rate of 

desorption (kd), for the cellulose and lignin domains (1) and the rate of hydrolysis (kcat) on 

lignocellulosic films used in QCM sensing. (see Supporting Information document) 

 

Cellulose 

Cel:lig 

10:1 

Cel:lig 

5:1 

Cel:lig 

1:1 Lignin 

ka (m
3
*min

-1
*mg

-1
) 1.2x10

-8
 1.3x10

-8
 4.2x10

-9
 1.8x10

-9
 - 

kd  (min
-1

) 1.0x10
-3 

5.0x10
-4

 5.0x10
-4

 5.0x10
-4

 - 

kcat (min
-1

) 1.55 x10
-1

 1.35 x10
-1

 7.7 x10
-2

 5.8 x10
-2

 - 

ka1 (m
3
*min

-1
*mg

-1
) 

 

8.50 x10
-8

 2.63 x10
-8

 1.90 x10
-9

 4.10 x10
-8

 

kd1 (min
-1

) 

 

3.80 x10
-4

 2.80 x10
-4

 2.50 x10
-4

 1.00 x10
-4

 

Kad (m
3
*mg

-1
) 1.20 x10

-5
 2.60 x10

-5
 8.4 x10

-6
 3.58 x10

-6
 

 Kad1(m
3
*mg

-1
) 

 

2.24 x10
-4

 9.39 x10
-5

 7.6 x10
-6

 4.1 x10
-4

 

Km (mg*m
-3

) 1.3 x10
7
 1.0 x10

7
 1.8 x10

7
 3.3 x 10

7
 

 Kcat/km(m
3
*min

-1
*mg

-1
) 1.2x10

-8
 1.3x10

-8
 4.2x10

-9
 1.8x10

-9
 

  

Table 6-A3. Mass per area unit adsorbed on the silica after film deposition. As measure in the 

QCM by change in frequency in air before and after the deposition, the mass was calculated 

using Sauerbrey equation.  

Film 
Ave adsorbed mass 

 (mg/m2) 

Cellulose 24 ± 3 

Cel:Lig 10:1 34 ± 2 

Cel:Lig 5:1 43 ± 6 

Cel:Lig 1:1 132 ± 11 

LAc Aspen 61 ± 7 

LAc Aspen 6h 56 ± 2 

Lignin Aspen 50 ± 8 
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Figure 6-A5. Comparison of the change in mass vs time between the experimental data (red) 

and simulated data (black). This change in mass is due to the enzymatic activity on the films, 

and for experimental case is calculated from the change in frequency with the Sauerbrey 

equation. On the top, from left to right the plots are the isotherms with the substrates 

cellulose, Cel:Lig 10:1 and Cel:Lig 5:1; in the bottom the substates were Cel:Lig 1:1 and 

lignin. 
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