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ABSTRACT 

 

Non-ionic surfactants are known to enhance the biochemical conversion of lignocellulosic 

(LC) biomass to bioethanol. Their mechanisms of action, however, are incompletely understood. 

This research was conducted to elucidate the effects of the non-ionic surfactant Tween 80 on the 

enzymatic hydrolysis of cellulose and LC substrates. Model cellulose substrates were prepared 

from cellulose nanocrystals (CNCs) obtained by sulfuric acid hydrolysis of wood pulp. Two 

methods were developed for the removal of the sulfate groups on the CNCs, resulting from the 

use of sulfuric acid in their preparation. The effect of sulfate groups, which may be introduced 

into LC biomass during pretreatment with sulfuric acid, on the enzymatic hydrolysis of cellulose 

was studied with model cellulose substrates prepared from CNCs with different sulfate group 

densities. Adsorption of cellulases onto sulfated substrates increased with increasing sulfate 

group density but their rate of hydrolysis decreased. The decrease indicated an inhibitory effect of 

sulfate groups on the enzymatic hydrolysis of cellulose, possibly due to non-productive binding 

of the cellulases onto the substrates through electrostatic interactions instead of their cellulose 

binding domains. The effect of Tween 80 on the adsorption of cellulases onto lignin, often 

present as residual lignin in pretreated biomass, was studied with model lignin substrates, 

prepared from kraft lignin, organosolv lignin, and milled wood lignin. Cellulases appeared to 

adsorb onto the lignin substrates via both hydrophobic and polar interactions. Tween 80 

molecules on the lignin substrates seemed to hinder cellulase adsorption via hydrophobic 

interactions and reduced the adsorption rate. Finally, the effects of lignin and Tween 80 on the 

enzymatic hydrolysis of cellulose and LC substrates were studied. Lignin hindered both the 

adsorption of cellulases onto the substrates and the enzymatic hydrolysis of the substrates. Tween 

80 was found to form surfactant–protein complexes with cellulases in solution without 

compromising cellulase activity. Either substrate-adsorbed or in solution, Tween 80 had no effect 

on the hydrolysis of cellulose by cellulases. Substrate-adsorbed Tween 80 increased the apparent 

enzymatic hydrolysis rates of LC substrates but the ability of Tween 80 to increase their apparent 

hydrolysis rate depended strongly on their structural properties and the chemical properties of the 

lignin. Hence, Tween 80 may be able to mitigate the inhibitory effect of lignin on the enzymatic 

hydrolysis of pretreated biomass. 
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CHAPTER 1 

Introduction 

1.1. Motivation 

Because of the steady increase in world population and industrialization, the demand for 

energy has increased dramatically in recent years.
1
 According to the most recent World Energy 

Outlook, an annual publication of the International Energy Agency, by the year 2035 the world 

energy demand will have risen by 36% from its 2008 level, with crude oil still being the 

dominant fuel. The global demand for crude oil in 2035 is predicted to be 99 million barrels per 

day. However, depending on the vigor of government actions, global oil production is predicted 

to either peak at 88 million barrels per day before 2020, falling to 81 million barrels per day in 

2035, or to reach 96 million barrels per day, approaching peak level, in 2035. In either scenario, 

by the year 2035 crude oil production will not meet global demand. The predicted future shortage 

of crude oil makes finding a sustainable alternative a top priority in many countries. Besides the 

consideration of a future shortage of fossil fuels, environmental concerns are another driving 

force for countries to explore clean and sustainable alternatives to petroleum. During the past 150 

years, the CO2 content of the air has increased from 280 ppm to 365 ppm.
2
 This increase has 

caused serious worldwide concern about global warming.
2,3

 Of the increase in the air’s CO2 

content, 73% is attributed to the combustion of fossil fuel.
4 

Because of the aforementioned 

challenges associated with crude oil as the primary source for liquid fuels, fuels from renewable 

resources, so-called biofuels, have been pursued extensively around the globe during the past 

decades. Currently, two classes of liquid biofuels are attracting considerable attention, namely 

bioethanol (or biobutanol) for the replacement of gasoline and biodiesel for the replacement of 



 

 2 

diesel fuel.
5
 In the United States, the gasoline at most gas stations already contains 10% ethanol 

and biodiesel can be used in diesel engines with little or no modification to the engine.
1-3

 

“First-generation” bioethanol is produced by the fermentation of glucose that has been 

derived from the edible part of food crops, such as corn, wheat, sugar cane, or sugar beet. There 

are several problems related to using food as a source for biofuels. First, obviously, using food as 

a fuel source poses ethical issues, considering that people are starving in underdeveloped 

countries, and will likely cause an increase in food prices. Second, fuels derived from food crops 

are not carbon neutral because of the extensive use of fertilizer and pesticides in their 

production.
6,7

 “Second-generation” bioethanol is produced from lignocellulosic biomass, i.e. 

non-edible plant matter consisting primarily of cellulose, hemicellulose, and lignin, which is a 

more sustainable alternative, compared to food crops, and could solve both the “fuel/food 

dilemma” and “carbon positive” problems.
5,6

 The most widely investigated feedstocks for the 

production of second-generation bioethanol are fast growing trees, such as poplar or willow, 

perennial grasses, such as switchgrass or miscanthus, and lignocellulosic agricultural waste, 

including corn stalks, wheat straw, and bagasse. Economically the most promising process for the 

production of bioethanol from lignocellulosic biomass is enzymatic hydrolysis followed by 

microbial fermentation. However, there are still many technical challenges related to this process 

that need to be overcome to make bioethanol cost-competitive with gasoline. Several recent 

studies have shown that non-ionic surfactants may have beneficial effects on the enzymatic 

hydrolysis of lignocellulosic biomass.
8-13

 However, the mechanisms for these effects are not well 

understood. 

1.2. Goals and objectives 

The goal of my research was to elucidate the mechanisms by which non-ionic surfactants 

enhance the enzymatic hydrolysis of lignocellulosic biomass. The approach that I took was based 

on the use of model cellulose, lignin, and lignocellulosic substrates in conjunction with surface 

analytical techniques to study cellulase adsorption onto and hydrolysis of these substrates in the 

absence and presence of the non-ionic surfactant Tween 80. The specific objectives for this 

research were: 
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1. To develop methods for the preparation of model cellulose substrates that have 

surface properties similar to those of native cellulose 

2. To develop methods for the preparation of model lignin and lignocellulosic 

substrates 

3. To determine the interactions of these model substrates with Tween 80 and 

cellulase molecules as well as between Tween 80 and cellulase molecules 

4. To determine the effects of Tween 80 molecules on the interactions of the 

model substrates with cellulase molecules 

1.3. Dissertation outline 

The dissertation contains eight chapters and an appendix. Chapter 2 reviews some 

background information relating to this project. The review covers the primary materials of this 

research, namely cellulose, lignin, cellulases and their hydrolysis mechanisms, and surfactants. It 

also summarizes the postulated mechanisms for the enhancement of the enzymatic hydrolysis of 

lignocellulosic biomass by surfactants and the interactions between surfactants and polymers as 

well as proteins. Lastly, it discusses the main characterization techniques used in this research, 

including conductometric titration, X-ray photoelectron spectroscopy, X-ray diffraction, atomic 

force microscopy, tensiometry, fluorescence spectroscopy, quartz crystal microbalance with 

dissipation monitoring (QCM-D), and surface plasmon resonance spectroscopy. 

Chapter 3 describes two new methods for the preparation of cellulose nanocrystals with a 

native (non-sulfated) cellulose surface by sulfuric acid hydrolysis and subsequent desulfation as 

well as their characterization in terms of surface charge density, chemical composition, crystallite 

size, particle size, aggregation behavior, and particle morphology. This chapter has been 

published in the ACS journal Langmuir.
14

 

Chapter 4 describes the preparation and characterization of cellulose substrates with 

different sulfate group densities from fully and partially desulfated cellulose nanocrystals and the 

effects of the negatively charged sulfate groups on the enzymatic hydrolysis of the substrates. 
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Chapter 5 discusses the preparation and characterization of lignin substrates from three 

different lignins, namely kraft lignin, organosolv lignin, and milled wood lignin, and the 

interactions of these substrates with the non-ionic surfactant Tween 80 as well as cellulases. 

Chapter 6 presents preparation methods for lignocellulosic substrates from desulfated 

cellulose nanocrystals and the three lignins as well as their characterization and reports an 

inhibitory effect of lignin on the enzymatic hydrolysis of these substrates. 

Chapter 7 describes the interactions between Tween 80 and cellulases, determined by 

tensiometry and fluorescence spectroscopy, and discusses the beneficial effect of Tween 80 on 

the enzymatic hydrolysis of lignocellulosic substrates observed in QCM-D hydrolysis 

experiments. 

Chapter 8 summarizes the conclusions of this research and the appendix provides 

supplementary information to Chapters 3–7 and describes some additional experiments. 

1.4. References 
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Microbiology and Biotechnology 2002, 59, 618-628. 
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Combustion Science 2008, 34, 551-573. 
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CHAPTER 2 

Literature review 

2.1. Cellulose 

2.1.1. Molecular structure of cellulose 

Cellulose-based materials have been used as energy sources, building materials, and 

clothing for thousands of years. However, it was not until 1838 that cellulose was discovered in 

plant tissue, by the French chemist Anselme Payen, as a chemical compound with the empirical 

formula C6H10O5.
1,2 

Cellulose is the most abundant, natural polymer on earth, occurring abundantly in woody 

plants, cotton, bacteria, fungi, algae, and even some animals. The molecular structure of 

cellulose has been accepted to be a linear homopolysaccharide, composed of β-D-glucopyranose 

units linked by (1→4) glycosidic bonds,3-5 as shown in Figure 2.1 
 

 
 

Figure 2.1. Molecular structure of cellulose. 

In cellulose, the pyranose rings are in their 4C1 chair conformation, with all hydroxyl 

groups in equatorial positions. The preferred bond angles of the acetal oxygen bridges are 
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with one cellulose chain, whereas cellulose Iβ has a monoclinic unit cell with two cellulose 

chains of parallel orientation.10,11 

Besides crystalline regions, native cellulose also contains amorphous regions. The degree 

of crystallinity, i.e., the fraction of cellulose that is crystalline, depends on the cellulose origin 

and ranges from 0.43 to more than 0.80.3,5 

2.1.3. Cellulose nanocrystals 

In the amorphous regions, the cellulose chains are less tightly packed than in the crystalline 

regions, making them more susceptible to acid attack. In the presence of strong acids, such as 

HCl or H2SO4, hydronium ions will penetrate the cellulose chains in the amorphous region and 

cleave the glycosidic bonds between the AGUs. Cleavage of these bonds will eventually lead to a 

release of individual crystallites.12,13 

Cellulose crystallites have been isolated in 1951 by hydrolysis of native cellulose (cellulose 

I) and mercerized cellulose (cellulose II) with sulfuric acid. The crystallites were found to have 

the same lattice structure as the original cellulose fibers.14 In 1959, aqueous suspensions of 

cellulose crystallites were found to have interesting liquid crystal properties. Colloidal 

suspensions of cellulose crystallites exhibited birefringence when observed between crossed 

polarizers under a polarized-light microscope.15 

During the isolation of cellulose crystallites, more commonly called cellulose nanocrystals 

(CNCs), by sulfuric acid hydrolysis, two processes occur simultaneously. The first one is 

hydrolytic breakdown of the cellulose chains, preferentially those in the amorphous regions. The 

second one is esterification of some of the hydroxyl groups on the pyranose rings, resulting in 

negatively charged sulfate groups. Electrostatic repulsive forces generated by these negative 

sulfate groups stabilize cellulose nanocrystal suspensions.12,16 

Owing to their exceptional properties, including optical birefringence, ionic surface groups, 

high mechanical strength and stiffness, and high chemical functionalizability, CNCs are being 

studied for a wide range of potential applications including drug delivery,17 polymer 

nanocomposites,18 and for polyelectrolyte interactions.12 
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2.1.4. Model cellulose substrates 

Because the number of cellulose applications has increased dramatically in recent years, a 

thorough understanding of the chemical structure and properties of cellulosic fibers is of great 

importance. However, cellulose fibers are small, porous, and have a rough surface. These 

properties make it difficult to study their surface interactions and properties.19 Model cellulose 

substrates are able to mimic the outer surface of cellulose fibers to facilitate characterization by 

surface analytical techniques, such as quartz crystal microbalance with dissipation monitoring 

(QCM-D), surface plasmon resonance (SPR) spectroscopy, and ellipsometry, practical for 

studying cellulose surface properties. 

In the past few years, thin cellulose films have been studied extensively as model cellulose 

substrates and very smooth films with a roughness on the order of a few nanometers have been 

prepared. As the preparation methods for cellulose films with controlled morphology, e.g., 

completely amorphous20,21 or with a cellulose I crystal structure,22,23 matured, cellulose thin films 

have been used to investigate the interactions between two cellulose surfaces,24-27 a cellulose 

surface and the cellulose binding domains (CBDs) of cellulolytic enzymes,28 or cellulose 

surfaces and polyelectrolytes.29 More recently, cellulose thin films have been used to investigate 

the enzymatic hydrolysis of cellulose with surface analytical techniques. The results of these 

studies demonstrate that model cellulose substrates provide a tool through which a better 

understanding of how enzymes function during cellulose hydrolysis can be obtained.30-33 

On the basis of the film deposition methods and materials used for film deposition, several 

cellulose thin film preparation methods can be distinguished. The two most frequently used film 

deposition methods for the preparation of cellulose thin films are Langmuir-Blodgett (LB) 

deposition34,35 and spin coating.20-23 Regarding the materials used for deposition, there are mainly 

three different types: a) cellulose derivatives that are soluble in common organic solvents and 

can be converted back to cellulose after the film is formed, such as trimethylsilyl cellulose;20,21,36 

b) cellulose dissolved in various solvents that can be removed after film deposition, such as N-

methylmorpholine-N-oxide (NMMO)37 or dimethylacetamide (DMAC)/LiCl;19 or c) aqueous 

colloidal suspensions of CNCs22,23 or cellulose nanofibrils.38 Cellulose thin films prepared by 

these methods have smooth surfaces, with a roughness on the order of several nanometers, and 

thus provide ideal model surfaces for the study of cellulose surface properties and interactions. 
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isolated either by chemical or solvent treatment of the plant matter.49,50 During chemical 

treatment, such as the sulfite pulping process, using a combination of sulfur dioxide and water at 

high temperature and pressure, or the kraft pulping process, using sodium hydroxide and sodium 

sulfide, a series of chemical reactions, including sulfonation, hydrolysis, and condensation, occur, 

rendering structural changes in the lignin. A nearly sulfur-free lignin, more closely resembling 

native lignin, can be obtained by:40,42 

i. Extraction in the solvent pulping process (organosolv lignin); 

ii. Solvent extraction after extensive grinding (milled wood lignin); and 

iii. Removal of associated polysaccharides with cellulolytic enzymes in the biomass 

conversion process (cellulolytic enzyme lignin). 

The following section reviews the isolation methods and structural properties of the three 

types of lignin used in this research, namely kraft lignin, organosolv lignin, and milled wood 

lignin. Kraft lignin is lignin that has been recovered from black liquor during the kraft pulping 

process, also known as the sulfate process. Kraft pulping is conducted by reacting wood with an 

aqueous solution of sodium hydroxide and sodium sulfide at a temperature of about 170 °C for 

several hours. The active chemicals in kraft cooking liquor are the hydroxide ion (OH–) and the 

hydrogen sulfide ion (HS–), which can cause depolymerization and fragmentation of the 

lignin.47,51 The most prevalent reactions in the kraft lignin isolation process are the cleavage of α- 

and β-aryl ether bonds, as depicted in Figure 2.6.52 Under basic conditions, α-aryl ether bonds are 

readily cleaved under formation of para-quinone methide intermediates (2 in Figure 2.6a). The 

reaction of 2 with hydrogen sulfide ions (Figure 2.6b) yields a benzyl mercaptide structure (3). 

Attack of the β-carbon by the mercaptide anion leads to a thiirane intermediate (4) and the 

cleavage of β-aryl ether bonds.47 The cleavage of α- and β-aryl ether bonds results in an increase 

in phenolic hydroxyl groups. For example, the number of phenolic hydroxyl groups in the 

residual lignin of a softwood kraft pulp (Pinus sylvestris, kappa number of 31.4) was reported as 

27 and that in the dissolved lignin as 55–70 per 100 C-9 units, as compared to 13 in the original 

wood lignin.52,53 
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Native wood lignin is rich in primary hydroxyl groups positioned at the γ-carbon of the 

phenylpropanoid units. Besides the increase in phenolic hydroxyl groups, kraft pulping causes a 

decrease in primary hydroxyl groups due to the elimination of the γ-hydroxymethyl group as 

formaldehyde (Figure 2.6c), resulting in an enol ether unit (6).51,54 

Organosolv lignin is lignin that has been recovered during the organosolv pulping process, 

which is a wood delignification process based on non-aqueous media. In organosolv pulping, 

wood chips are treated at elevated temperature and pressure with an organic solvent generally 

containing either some water or an acid or base catalyst.55 Commonly used solvents in 

organosolv pulping are methanol, ethanol, butanol, dioxane, phenol, and dimethyl sulfoxide.56 

As in kraft pulping, the cleavage of ether linkages is the primary reason for lignin fragmentation 

and causes an increase in phenolic hydroxyl groups. The solvolytic cleavage of an α-aryl ether 

linkage, facilitated by a free phenolic hydroxyl group in the para position, leads to the formation 

of a quinone methide intermediate, nucleophilic substitution at the benzylic position, or 

formation of a benzyl carbocation.55 The cleavage of β-aryl ether linkages does also occur during 

organosolv pulping, especially under more acidic conditions, as has been shown for the 

acidolysis reaction of lignin in a 9:1 (v/v) dioxane–water mixture containing 0.2 M hydrogen 

chloride.57 Organosolv lignin is generally free of carbohydrate contamination and has a very low 

molecular weight due to hydrolytic depolymerization.58 

Milled wood lignin has traditionally been regarded as the best representative for native 

lignin because its isolation does not involve reactive chemicals or drastic reaction conditions.59,60 

The isolation of milled wood lignin starts with the suspension of finely ground wood meal in an 

inert and non-swelling medium, followed by vibratory or rotary ball milling. Finally, the lignin is 

extracted from the milled wood with a 9:1 (v/v) dioxane–water mixture.48 Despite having a less 

altered chemical structure, compared to kraft and organosolv lignin, milled wood lignin has 

several shortcomings that limit its suitability as a native lignin model. First, milled wood lignin 

stems primarily from secondary cell walls and is therefore not representative of the entire lignin 

sample.61 Second, milled wood lignin contains some carbohydrate contamination that cannot be 

removed even by enzymatic digestion.48,62 Third, although to a lesser extent than kraft and 

organosolv lignin, milled wood lignin is chemically altered. As for kraft and organosolv lignin, 
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chemical modifications are primarily the cleavage of aryl ether linkages60,63 and an increase in 

the number or phenolic hydroxyl groups.60,64 

2.2.3. Model lignin substrates 

The study of lignin interactions with cellulose and cellulolytic enzymes requires well-

defined lignin films with low surface roughness, high uniformity, and high stability. Constantino 

et al. prepared lignin LB films with acetosolv lignin from sugar cane bagasse and Pinus caribaea 

hondurensis dissolved in tetrahydrofuran,65-67and calculated a root-mean-square (RMS) 

roughness of 1.8 Å67 and a thickness of 300 Å65 for lignin from sugar cane bagasse. Pasquini et 

al. prepared five-layer lignin LB and cast films by depositing ethanol and saccharification lignins 

onto mica and achieved RMS roughnesses of 3.8 nm for the ethanol lignin LB films and 0.24 nm 

for the saccharification lignin LB films.68 The RMS roughnesses of LB films prepared with 

acetone–oxygen and soda lignins were 0.30 nm and 1.25 nm, respectively.69 The low 

roughnesses obtained with the ethanol and acetone–oxygen lignins were ascribed to the higher 

content of COOH groups. Pillai and Renneckar prepared lignin substrates from kraft lignin and 

poly(diallyldimethylammonium chloride) (PDDA) using a layer-by-layer technique and found 

that the total film thickness was proportional to the number of layers and that a substrate with a 

thickness of 50 nm could be achieved with 15 layers.70 More recently, spin-coating has been 

applied for the preparation of lignin thin films because of its simplicity and ability to obtain thin, 

uniform films on flat substrates.71 Softwood kraft lignin was dissolved in various solvents and 

spin-coated onto silicon wafers. Excellent films for use as model lignin substrates were obtained 

from kraft lignin dissolved in 0.75 M NH4OH. The thickness of the films varied from 20–140 nm 

and depended on the lignin concentration and spinning speed. The RMS roughness of the films 

was around 1 nm, independent of lignin concentration and spinning speed.71 Such smooth, 

uniform lignin films provide valuable model substrates for the study of lignin-cellulose 

interactions in aqueous electrolyte solutions,72 adsorption of polyelectrolyte or polyelectrolyte 

complexes onto lignin,73,74 and the surface energy and wettability of lignin.75 
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concentration. At this concentration, called the critical micelle concentration (CMC), the 

surfactant molecules start to aggregate and form micelles, a thermodynamically stable molecular 

arrangement able to disperse in aqueous media, to minimize the free energy of the system. 

Besides surfactant concentration, temperature governs the formation of micelles. Below a 

critical temperature, the solubility of the surfactant is below its CMC so that no micelles can 

form. This critical temperature is called the critical micelle temperature or Krafft temperature. 

Non-ionic surfactants do not have a Krafft temperature because their solubility decreases with 

increasing temperature. The temperature at which a suspension of surfactant aggregates becomes 

cloudy is called the cloud point. 

The CMC can be determined by measuring the surface tension, electrical conductance, 

response of an ion-selective electrode, osmotic pressure, or turbidity of the surfactant solution as 

a function of surfactant concentration because these properties exhibit abrupt changes at the 

CMC, as shown in Figure 2.12.96 CMC values measured via different techniques differ from one 

another because micellization occurs over a finite concentration range as opposed to a fixed 

surfactant concentration. 
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carboxymethyl cellulose and xylan, and found that the addition of Tween 80 increased their 

conversion by 50% and 9%, respectively. Kaar et al.97 studied the effects of both Tween 20 and 

Tween 80 on the enzymatic hydrolysis of corn stover and found Tween 20 to be slightly more 

effective than Tween 80, with a maximum increase of cellulose, xylan, and total conversion by 

42%, 40%, and 42%, respectively. 

Researchers have offered three potential explanations for why surfactants improve the 

efficiency of the enzymatic hydrolysis of lignocellulosic biomass: (i) surfactants may increase 

enzyme stability and prevent denaturation of the enzymes during hydrolysis; (ii) surfactants may 

alter the structure of the substrate and make it more accessible for enzyme hydrolysis; and (iii) 

surfactants may positively affect enzyme-substrate interactions leading to more effective 

conversion of cellulose.100 

2.4.4. Interactions between surfactants and proteins 

Interactions between surfactants and proteins have been extensively studied for decades. 

Among the studied systems, the combination of bovine serum albumin (BSA), a globular protein, 

and SDS is the most extensively studied.104-107 The interactions of other globular proteins, such 

as papain,108,109 lysozyme,110,111 and ovalbumin,112 and of cationic113-115 and non-ionic 

surfactants116 have also attract attention because of the widespread application of protein–

surfactant complexes in cosmetic, food, industrial, biological, and pharmaceutical sciences. 

Depending on the type of surfactant, i.e., cationic, anionic, or non-ionic, and the structure 

of the protein, two types of interactions between surfactants and proteins have been identified. 

They are specific binding by electrostatic attraction and cooperative association of the surfactant 

to the protein via hydrophobic affinity.117 Through their interactions with proteins, surfactants 

usually function as denaturants and solubilizing agents for proteins. Protein denaturation by 

surfactants is considered to be due to surfactant-induced unfolding of the protein.105,108,109 

Four characteristic binding regions have been observed in the binding isotherms of proteins 

and anionic surfactants, such as SDS,105,118 as shown in Figure 2.13. In the first region, at very 

low surfactant concentrations, surfactant monomers bind to specific high-energy sites on the 

protein through electrostatic interactions. The second region is a plateau or only slightly 
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interactions. The second one is replacement of the surface-adsorbed protein by surfactant 

molecules due to stronger surfactant–surface interactions.119 

2.4.5. Interactions between surfactants and polymers 

Polymer–surfactant mixtures have been studied extensively because of their broad 

industrial application in areas such as cosmetics, detergents, and mining.120,121 Interactions 

between polymers and surfactants can be classified as weak interactions between the polymer 

molecules and surfactant headgroups, strong electrostatic interactions between oppositely 

charged polymer molecules and surfactant headgroups, and hydrophobic interactions between 

the polymer molecules and hydrophobic tails of the surfactant.122 

The interactions between neutral polymers and surfactants have been well studied by 

means of surface tension measurements.123-125 As an example, Figure 2.14 shows the surface 

tension of pure SDS solution126 and an SDS solution containing poly(ethylene oxide), as a 

function of SDS concentration.123 Initially, the surface tension of the surfactant solution 

decreases as the surfactant adsorbs at the air/water interface, and there is no interaction between 

the surfactant and the polymer. At a certain surfactant concentration, which is usually below the 

CMC of the surfactant, the surfactant starts to form aggregates with the polymer molecules. This 

concentration is called the critical aggregation concentration and is indicated by a change in 

slope in Figure 2.14. When the polymer is saturated with surfactant molecules, excess surfactant 

molecules start to form regular micelles, indicated by the second change in slope in Figure 

2.14.122-124 
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Figure 2.14. Surface tension versus ln[SDS] of aqueous SDS solutions (, data from ref 126) 

and SDS solutions containing 0.025% (w/v) polyethylene oxide (, data from ref 

123). (Adapted from ref 123; fair use; Copyright 1967 Elsevier Inc., and ref 126; 

fair use; Copyright 1949 American Chemical Society) 

Interactions between polymers and surfactants of opposite charge are much stronger than 

those in neutral polymer–surfactant system because of the strong electrostatic interactions 

between the charged groups of the polymer molecules and surfactant headgroups. 

2.5. Substrate characterization techniques 

The most important substrate properties that will affect enzyme adsorption onto and 

enzymatic hydrolysis of the substrate are surface charge, morphology, and surface roughness. 

The surface charge of model cellulose surfaces prepared from CNCs stems from the sulfate 

groups on the surface of the CNCs. The surface sulfate groups of CNCs are most commonly 
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quantified by conductometric titration.127 The surface charge of planar substrates can be deduced 

from their chemical composition, commonly measured by x-ray photoelectron spectroscopy 

(XPS). Substrate morphology, i.e., amorphous or crystalline, can be determined by x-ray 

diffraction (XRD). The surface roughness of planar substrates is commonly measured by atomic 

force microscopy (AFM). 

2.5.1. Conductometric titration 

Titration is a chemical analysis technique used to determine unknown properties of a 

particular analyte or titrand by gradually adding a standard solution of titrating reagent or titrant. 

Like metallic conductors, electrolytic solutions obey Ohm’s Law, stating that the electrical 

current, I, is proportional to the applied electromotive force, E, and inversely proportional to the 

electrical resistance, R: 

 I = E/R [2.1] 

The electrical resistance depends on the cross-sectional area, a, and length, l, of current 

flow. A material property that is independent of a and l can be obtained by 

 ρ = Ra/l [2.2] 

The quantity ρ is the specific electrical resistance or electrical resistivity of a material 

subjected to an electromotive force. The reciprocal of electrical resistivity is the electrical 

conductivity, k. The electrical conductivity of an electrolytic solution depends on the 

concentrations and mobilities of the ions present. The molar conductivity, Λ, of an electrolyte is 

related to its electrical conductivity by 

 Λ = 1000k/c [2.3] 

where c is the molar concentration of the electrolyte. The molar conductivities of some common 

ions are listed in Table 2.1. 
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Table 2.1. Molar conductivities of ions at 25°C (Ω–1·cm–2·mol–1) (from ref 127) 

Cations Anions 

M+ M2+ X– X2– X3– 

 H+ 349.8  Ca2+ 119.0   OH– 198.3  CO3
2– 138.6  PO4

3– 240 

 Na+ 50.1  Mg2+ 106.2   Cl– 76.3  SO4
2– 160.0   

 K+ 73.5  Cu2+ 107.2   NO3– 71.5     

 

The principle of conductometric titration is the substitution of ions of one molar 

conductivity with ions of another molar conductivity through an ionic reaction. During the 

titration of strong acid with base, the conductivity decreases because of the replacement of 

hydrogen ions, which have the greatest molar conductivity, as shown in Table 2.1, with another 

cation of lower molar conductivity. The conductivity of the titrand is measured after each 

addition of a small amount of titrant and then plotted against the volume of titrant to give a graph 

with two straight lines intersecting at the equivalence point. In order to maintain the volume of 

titrant and avoid a decrease in conductivity due to dilution, the concentration of the titrant is 

usually 20 to 100 times higher than that of the titrand. 

Some typical conductometric titration curves are shown in Figure 2.15. Figure 2.15a shows 

curves for the titration of strong acid with strong base (1, 2) and weak base (1, 3). The initial 

decrease (1) in conductivity is due to the replacement of hydrogen ions with cations of lower 

molar conductivity. After the equivalence point has been reached, addition of strong base causes 

a rapid increase in conductivity (2), due to the large molar conductivity of hydroxyl ions, 

whereas addition of weak base gives a horizontal line (3), due to the low ionization of weak base. 
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On the basis of the relative lengths of the crystallographic axes and the angles between 

them, seven different unit cell types can be defined, as shown in Table 2.2. The French 

crystallographer Auguste Bravais further divided the unit cell types into primitive, body-centered, 

face-centered, and base-centered types, on the basis of the location of lattice points within the 

unit cell. He thus arrived at 14 different lattice types, listed in Table 2.2.132 

 

Table 2.2. Crystallographic unit cell types and Bravais lattices 

 Unit cell type Axial lengths and angles 14 Bravais lattices1 

 Cubic a = b = c, α = β = γ = 90° 

Primitive 

Body-centered 

Face-centered 

 Tetragonal a = b ≠ c, α = β = γ = 90° 
Primitive 

Body-centered 

 Orthorhombic a ≠ b ≠ c, α = β = γ = 90° 

Primitive 

Body-centered 

Base-centered 

Face-centered 

 Rhombohedral a = b = c, α = β = γ ≠ 90° Primitive 

 Hexagonal a = b ≠ c, α = β = 90°, γ =120° Primitive 

 Monoclinic a ≠ b ≠ c, α = γ = 90° ≠ β 
Primitive 

Base-centered 

 Triclinic a ≠ b ≠ c, α ≠ β ≠ γ ≠ 90° Primitive 

1 Primitive: One lattice point located at each corner of the unit cell (total of one lattice point per unit cell); 
Body-centered: like the primitive lattice with an additional lattice point at the center of the unit cell (total 
of two lattice points per unit cell); Face-centered: like the primitive lattice, with additional lattice points at 
the center of each face of the unit cell (total of four lattice points per unit cell); Base-centered: like the 
primitive lattice, with an additional lattice point at the center of one of the faces of the unit cell (total of 
two lattice points per unit cell). 

 

Because of its 3-D periodicity, a crystal lattice can be thought of as a family of parallel 

planes containing the lattice points. The orientation of a lattice plane, or family of lattice planes, 
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Scherrer observed that the angular width of a diffraction peak, commonly called reflection, 

is related to the size of the crystal in the direction normal to the hkl family of lattice planes, Dhkl, 

by the equation136 

 Dhkl 
K  

Bhkl  cos
 [2.9] 

where K is the Scherrer constant (1.00 for equatorial reflections of needle-like crystallites)137 and 

Bhkl is the full width at half maximum in radians of the reflection of that family of lattice planes. 

2.5.4. Atomic force microscopy 

AFM was invented in 1986 by Binnig et al.138 and has evolved to become an important 

method for the characterization of nanoparticles and solid surfaces. AFM, along with scanning 

tunneling microscopy (STM), also invented by Binnig et al.,139 are both scanning probe 

microscopies. Although STM was invented before AFM, AFM is more commonly used in 

various research fields including materials science, physics, chemistry, biology, and engineering 

because of the limitation that STM can only image electrically conductive samples.140,141 

The heart of an atomic force microscopy is a sharp tip mounted on the end of a cantilever 

with a low spring constant, which scans systematically across the sample during a measurement. 

As the tip scans the sample, the cantilever bends because of interactions between the tip and the 

sample. As the tip approaches the sample from a distance, the force that the tip experiences 

increases from zero to weakly attractive. Eventually, as the tip gets closer to the sample, the 

interaction force becomes repulsive.142 Nowadays, some of the most commonly used cantilevers 

are made of silicon or silicon nitride. The rectangular silicon cantilevers have spring constants 

between 0.1 and 40 Nm–1, whereas the triangular nitride cantilevers have spring constants 

between 0.01 and 0.58 Nm–1.143 

Besides the cantilever and the tip, piezoelectric actuators are also important components of 

an atomic force microscope. Piezoelectric materials can convert electrical potential into 

mechanical motion. On the basis of the position of the piezoelectric actuator, atomic force 

microscopes can be divided into sample-scanning and probe-scanning instruments, as illustrated 
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In tapping mode (Figure 2.24c), which combines both contact and non-contact mode, the 

cantilever oscillates at or near its resonant frequency at an amplitude between 20 and 100 nm 

when it is not in contact and maintains a fixed average height over the surface during scanning. 

During the scan, the tip touches the surface intermittently and lifts off at a frequency of 50–500 

kHz. The amplitude of the oscillation decreases as a result of the energy loss during tip contact 

with the sample. The surface topography is obtained by comparing the oscillation amplitude to a 

reference value. This mode avoids damaging the sample by eliminating lateral forces between 

the tip and the sample, present in contact mode, and makes it possible to obtain high-resolution 

topographical images of soft samples.140,147 

2.6. Surfactant characterization techniques 

2.6.1. Tensiometry 

Surface tension is a phenomenon caused by the cohesive forces among liquid molecules at 

the air/liquid interface. For molecules in the bulk liquid, cohesive forces are exerted from all 

directions and thus balance to a net force of zero. The liquid molecules at an air/liquid interface, 

however, are only surrounded by other liquid molecules in the liquid phase but not in the gas 

phase. As a consequence, there is a net force pulling surface molecules towards the liquid phase. 

Thermodynamically, the surface tension, γ, is defined as the Gibbs free energy per unit area at 

constant temperature, T, pressure, p, and number of moles of component, n  

 
  G

a









T,p,n  
[2.10] 

As discussed in section 2.4.2, the surface tension of a liquid is affected by surfactants. 

Figure 2.25 shows the surface tension of a liquid as a function of surfactant concentration. Above 

a minimum concentration, the surface tension decreases with increasing surfactant concentration. 

When the surfactant concentration exceeds the CMC, the surface tension stays constant. Pure 
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2.6.2. Fluorescence spectroscopy 

Fluorescence is the emission of light associated with the transition of electronically excited 

molecules from a singlet state back to the ground state, with the molecules previously having 

been excited from the electronic ground state to the electronic excited state by absorption of 

light.150,151  During a fluorescence measurement, a fluorescent probe is employed to emit light as 

it transitions from the excited state to the ground state, and the emission spectrum is obtained by 

plotting the intensity of emitted fluorescence as a function of wavelength. The fluorescent 

properties detected by the instrument are very sensitive to changes in the microenvironment of 

the probe, and can be used to characterize the microenvironment. Properties of the 

microenvironment that can be detected from a change in fluorescence include micropolarity, 

microviscosity, diffusion, partitioning between phases, concentration of quenchers, and distance 

between groups.150 

Pyrene (Figure 2.27a) is a commonly used fluorescence probe because it exhibits solvent 

induced variation in the ratio of emission intensities. The fluorescence spectrum of pyrene is 

shown in Figure 2.27b. The five peaks in the spectrum correspond to the transitions of pi 

electrons from the excited state to the various vibrational modes of the ground state. The ratio of 

the intensity of the third vibronic band (386.0 nm, Im3) to that of the first vibronic band (375.0 

nm, Im1) reflects the electronic polarity of the microenvironment that pyrene experiences. Higher 

Im3/Im1 values indicate a more hydrophobic microenvironment.151,152 Consequently, pyrene 

fluorescence measurements can be used to determine the CMC of a surfactant by measuring the 

changes in Im3/Im1 with increasing surfactant concentration. Im3/Im1 increases sharply at the onset 

of micelle formation because pyrene partitions to the hydrophobic core of the micelles and thus 

experiences a change to a more hydrophobic microenvironment.153 
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where Edissipated is the energy dissipated during one period of oscillation and Estored is the energy 

stored in the oscillating system. Edissipated is the result of uncoupled oscillatory motion by energy 

dissipating subsystems of the composite oscillating system. Thus, D contains information about 

the rigidity of the adsorbed film. A change in mass, Δm, of the oscillating system through 

adsorption, will induce a change in the oscillation frequency, Δf. 

Sauerbrey model 

The Sauerbrey model is a frequently applied model for the conversion of frequency 

changes into mass changes. It is based on a linear relationship between Δm and Δf, derived by 

Sauerbrey in 1959 as159 
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where ρq is the density of quartz, tq is the thickness of the quartz disc, f0 is the fundamental 

resonance frequency of the first overtone (n = 1), n is the overtone number (n = 1, 3, 5, 7…), and 

vq is the shear wave velocity in quartz. With ρq = 2648 kg·m–3, vq = 3340 m·s–1, and f0 = 5 MHz, 

the mass sensitivity constant, C, becomes 17.7 ng·cm–2·Hz–1. The Sauerbrey model assumes that 

the adsorbed mass is: (i) evenly distributed over the entire crystal, (ii) small with respect to the 

mass of the crystal itself (< 1%), and (iii) rigidly attached to the crystal without slip or inelastic 

deformation caused by the oscillation. 154,155 Hence, eq 2.15 treats the adsorbed mass as part of 

the crystal itself, oscillating in phase with the crystal and causing minimal changes in energy 

dissipation. However, when ΔD exceeds 1·10–6 per 10 Hz, the adsorbed film is not rigid enough 

to be regarded as part of the crystal and the upper layer of the film will be out of phase with the 

oscillating crystal. In a non-rigid film, such as an adsorbed protein layer, the frequency change 

does not result solely from the mass of the adsorbed film, but also is affected by energy 

dissipation caused by the oscillatory motion within the film. As a result, the Sauerbrey model 

underestimates the adsorbed mass of non-rigid adsorbed films. In order to obtain accurate mass 

changes for non-rigid films, one has to consider ΔD and Δf values for several overtones and use a 

viscoelastic model to describe the oscillating system.160 
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with 

 , [2.20] 

and 

 , [2.21] 

and 

  [2.22] 

ρ2 and η2 in eq 2.22 are the density and viscosity of the bulk liquid, respectively. 

Application of the viscoelastic film model requires a series of measurements at several overtones 

(n = 1, 3, 5, 7…) and comparison of the obtained values with the theoretical ones.  

In QCM-D measurements of the adsorption of enzymes onto model cellulose surfaces, 

which are rigid enough to be regarded as part of the crystal, and of their enzymatic hydrolysis, 

ΔD can be attributed to (i) the oscillatory motion within the enzyme film, which includes the 
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effect of trapped water molecules, (ii) the interfacial oscillatory motion (slip) between the 

adsorbed enzyme layer and the rigid cellulose film, and (iii) the change in surface roughness of 

the cellulose film resulting from the hydrolytic action of the enzymes. 

Because QCM-D is widely used for the study of biological phenomena, such as protein 

adsorption,158 cell adhesion,158,163 and lipid vesicle adsorption,158,164 methods for the calculation 

of masses of non-rigid adsorbed layers have become a top priority for its application. As 

mentioned above, the mass of non-rigid films is underestimated by the Sauerbrey equation.156,165 

Voinnova et al.165 applied the Sauerbrey equation to the data of Keller and Kasemo164 and 

obtained a reduction of Δf = 51 Hz, which was termed the “missing mass”. Compared to the 

Sauerbrey equation, the Voigt viscoelastic model gave more accurate changes in the adsorbed 

mass because it used a combination of frequency and dissipation change in the calculation. Hook 

et al.162 studied the adsorption of mussel adhesive protein (Mefp-1) on a methyl-terminated gold 

surface. The thickness values for the adsorbed Mefp-1 layer, calculated with the Sauerbrey 

equation, were 15.2, 11.3, and 9.9 nm for the overtones 1, 3, and 5, respectively. However, the 

viscoelastic model gave a thickness of 22.4 nm. The “missing mass” effect is obvious from this 

comparison. In addition to providing mass values for non-rigid adsorbed layers, the viscoelastic 

model can also be used to estimate the rheological properties of proteins162,166,167 and 

polymers.168,169 

2.7.2. Surface plasmon resonance spectroscopy 

Surface plasmon resonance spectroscopy (SPR) relies on an optical biosensor that uses an 

evanescent wave to monitor small real time changes in refractive index near the surface of a 

sensor. In SPR, the binding of analyte in solution with a ligand immobilized on the sensor 

surface, causes an increase in the refractive index close to the sensor surface. The amount of 

bound analyte, the affinity between analyte and ligand, and the association and dissociation 

kinetics can be determined from the change in refractive index.170,171 Besides measuring binding 

parameters with very high accuracy, SPR can be used for real-time measurement of biomolecular 

interactions. An advantage of SPR over other methods used for this purpose is that sample 

preparation is relatively easy and does not require labeling.172  
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where λ is the wavelength of the incident light, εm is the dielectric permittivity of the metal, and 

εa is the dielectric permittivity of the ambient medium.175,177 The propagation vector of the 

incident light in the glass prism, k, is given by 

 
g

2 



k  [2.26] 

where εg is the dielectric permittivity of the glass prism. The component of the propagation 

vector that is parallel to the interface, kx, is 

 

 sin

2
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gx
 kk  [2.27] 

In an SPR-based measurement, the surface-parallel component kx is tuned by varying the 

angle of incidence, θ, until kx = ksp. The angle of incidence at which the condition kx = ksp is 

satisfied is called resonance angle or SPR angle, θsp. Combining eqs 2.25 and 2.27 gives 
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For non-polar insulators, , such that eq 2.28 becomes178 
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where ng, nm, and na are the refractive indices of glass, metal, and the ambient medium, 

respectively. 

θsp can be determined by measuring the intensity of the reflected light as a function of the 

angle of incidence. When the angle of incidence is equal to θsp, the intensity of the reflected light 

is minimal because most of the incident light is dissipated in the metal film in the form of surface 

plasmons. Figure 2.33 shows the reflected light intensity as a function of the angle of incidence 

before and after binding of the analyte.  

n
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where (dn/dθsp) is an instrument constant, and (dθsp/dc) is the change in resonant angle with bulk 

analyte concentration. 

The thickness of the layer is given by 

 










d
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 [2.32] 

where (dL/dθ) can be obtained from a Fresnel calculation with a value for SDS of 0.04°/nm,180 

and Δθa is the change in angle due to analyte binding. Δθa needs to be corrected for bulk 

contribution to the refractive index change.181 
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Combining eqs 2.31, 2.32, and 2.33 gives 
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CHAPTER 3 

Acid-catalyzed and solvolytic desulfation of 

H2SO4-hydrolyzed cellulose nanocrystals 

3.1. Abstract 

Cellulose nanocrystals (CNCs) prepared by H2SO4 hydrolysis have sulfate groups on their 

surface, which have negative implications for some CNC applications. In this study, two 

desulfation methods were evaluated, and the properties of desulfated CNCs were compared to 

those of unsulfated CNCs, prepared by HCl hydrolysis. H2SO4-hydrolyzed CNCs from softwood 

sulfite pulp were subjected to either a mild acid hydrolytic desulfation or a solvolytic desulfation 

in dimethyl sulfoxide via the pyridinium salt. Removal of the sulfate groups was confirmed by 

conductometric titration and X-ray photoelectron spectroscopy. The effect of the desulfation 

procedure on the lateral crystallite dimensions was analyzed by X-ray diffraction. The extent of 

particle aggregation in the samples was assessed by atomic force microscopy and dynamic light 

scattering. The acid hydrolytic method achieved only partial desulfation and produced gradually 

decreasing sulfate contents upon successive repetition. The solvolytic method achieved nearly 

complete desulfation in a single step. The desulfated CNCs showed similar particle aggregation 

as the HCl-hydrolyzed CNCs, but the extent of aggregation was slightly less. 

 

 

This chapter is reproduced with permission from Langmuir 2010, 26(23), 17919-17925. 
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3.2. Introduction 

Plant cellulose has a heterogeneous morphology with a crystalline and a noncrystalline 

component. Additionally, a paracrystalline component has been postulated.
1
 The crystalline 

component, comprising the bulk of the material, has a much lower hydrolytic susceptibility than 

the noncrystalline component. Consequently, cellulose crystallites can be isolated from plant 

cellulose by controlled hydrolytic degradation. Cellulose crystallites were first isolated by 

Nickerson and Habrle more than half a century ago by the treatment of cotton for 30 min with 

boiling 2.5 N sulfuric acid.
2
 Soon after, Rånby discovered that crystallites obtained from sulfite 

pulp hydrolyzed for 16 h formed stable sols at pH values between 3 and 10.5 in the absence of 

electrolytes.
3,4

 He attributed the stability of the sols to the presence of stabilizing low molecular 

weight substances, such as oxidized oligosaccharides. Rånby also observed that the crystallites 

had a negative charge (3–5 mequiv per 100 g cellulose), which he ascribed to a high content of 

carboxyl groups.
3
 The hydrolysis conditions for the isolation of cellulose crystallites were later 

optimized by Mukherjee and Woods, who observed that an acid concentration of 950 gL
-1

 (~19 

N) and a hydrolysis temperature of 40 °C resulted in better separation of the individual 

crystallites.
5
 The enhanced separation of crystallites prepared under these conditions was 

subsequently attributed by Marchessault et al. to repulsive forces between the crystallites due to 

ionized sulfate half-esters, formed by the reaction of sulfuric acid molecules with alcoholic 

hydroxyl groups.
6
 The authors showed that crystallites prepared under the more aggressive 

conditions contained sulfur (1–2%) whereas crystallites prepared with boiling 2.5 N sulfuric acid 

did not (0.013%). Current methods for the isolation of cellulose crystallites, nowadays commonly 

termed cellulose nanocrystals (CNCs), are based on the method of Revol et al.,
7
 which uses 65 

wt % (~20 N) sulfuric acid, a temperature of 70 °C, and a hydrolysis time of 30 min. 

Different methods have been used for the quantification of sulfate half-esters in H2SO4-

hydrolyzed CNCs. Dong et al.
8
 determined the surface charge density of their CNC sample by 

conductometric titration. Assuming a cylindrical morphology for the CNCs with a diameter of 7 

nm and a length of 115 nm, the authors calculated a surface charge density of 0.155 enm
-2

. In a 

subsequent report, the authors compared the sulfur contents obtained by conductometric titration 

and elemental analysis.
9
 Elemental analysis was found to give slightly higher sulfur contents than 

conductometric titration. Roman and Winter used potentiometric titration to measure the sulfate 
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content of H2SO4-hydrolyzed CNCs from bacterial cellulose.
10

 The method involved 

mathematical conversion of the S-shaped titration curve into a V-shaped one for easier 

determination of the equivalence point. To date, conductometric titration is the most widely 

adopted method for the quantification of sulfate half-esters in H2SO4-hydrolyzed CNCs.
11-14

 

H2SO4-hydrolyzed CNCs have been extensively studied for their tendency to form chiral-

nematic liquid crystalline phases.
7-9,14-24

 While the ionized sulfate half-esters are beneficial to the 

stability of aqueous CNC suspensions, they have negative implications for some CNC 

applications. Surface sulfate groups have been found to significantly lower the degradation 

temperature of CNCs, thus limiting the use of sulfated CNCs in thermoplastic nanocomposites.
10

 

Moreover, sulfate half-esters dominate the intermolecular interactions of sulfated CNCs, thus 

limiting their use in model cellulose surfaces for cellulose interaction studies.
25-28

 Neutral 

(uncharged) CNCs can be obtained by hydrolysis of cellulose with hydrochloric acid.
11

 However, 

their strong tendency to aggregate renders HCl-hydrolyzed CNCs unsuitable for applications 

requiring high degrees of dispersion or uniform particle dimensions. An alternate route to neutral 

CNCs is desulfation of H2SO4-hydrolyzed CNCs. 

Desulfation methods are a valuable tool in polysaccharide structure analysis and have been 

applied to many sulfated polysaccharides, including chondroitin sulfates,
29-31

 dermatan sulfate,
30

 

heparin,
30

 heparan sulfate,
30

 keratan polysulfate,
30

 carrageenans,
31,32

 sulfated fucans,
31,33

 and 

sodium spirulan.
34

 The prevalent methods are mild acid hydrolysis
29,33

 and solvolytic desulfation, 

involving the heating of the pyridinium salt of the polysaccharide in dimethyl sulfoxide (DMSO) 

in the presence of methanol or water.
30-32,34

 The former method has several limitations. First, the 

glycosidic linkages in sulfated polysaccharides are often susceptible to acid hydrolysis. Thus, the 

use of a strong acid in the desulfation procedure may cause depolymerization. Second, the 

desulfation of sulfated fucans has been shown to be stereoselective, leading to the removal of 2-

sulfate esters in fucosyl units linked to or preceded by a 4-sulfated residue.
33

 Thus, complete 

desulfation may not always be achievable by mild acid hydrolysis. 

Recently, Hasani et al.
35

 have reported a desulfation procedure for CNCs that is based on 

the treatment of CNCs with 2 M sodium hydroxide. Alkaline-catalyzed desulfation methods, 

however, have the drawback that they result in 3:6- and 2:3-anhydride structures.
36,37

 We have 

studied two alternative methods for the desulfation of CNCs. Mild HCl hydrolysis was found to 
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be incomplete and therefore allow the preparation of CNCs with different sulfate contents by 

successive repetition. Solvolytic desulfation resulted in the complete removal of the sulfate half-

esters. The properties of partially and completely desulfated H2SO4-hydrolyzed CNCs are 

compared to those of HCl-hydrolyzed CNCs. 

3.3. Experimental section 

3.3.1. Materials 

Dissolving-grade softwood sulfite pulp (Temalfa 93A-A) was kindly provided by Tembec, 

Inc. Sulfuric acid (95.9 wt %, Certified ACS Plus), hydrochloric acid (37.4 wt %, Certified ACS 

Plus), sodium hydroxide (0.1 N, Certified), sodium chloride (Certified ACS), hydrogen peroxide 

(34–37%, Technical grade), ammonium hydroxide (28.9%, Certified ACS Plus), pyridine (99.5%, 

Chemservice), DMSO (Certified ACS), and methanol (99.8%, Acros Organics) were purchased 

from Fisher Scientific. Poly(vinylamine) (PVAm, Lupamin 9095) was kindly provided by BASF 

Chemical Co. All water used was deionized (DI) water with a resistivity of 18.2 MΩ·cm, 

obtained from a Millipore Direct-Q 5 Ultrapure Water Systems. 

3.3.2. Preparation of H2SO4-hydrolyzed CNCs  

H2SO4-hydrolyzed CNCs were prepared according to the method of Revol et al.,
7
 with 

some minor modifications. Lapsheets of the sulfite pulp were cut into small pieces and milled in 

a Thomas Wiley Mini-Mill (Thomas Scientific) to pass a 60-mesh screen. Sulfuric acid (500 mL, 

64 wt %), preheated to 45 °C, was added to 50 g of milled pulp in a 1 L round-bottom flask. The 

reaction was carried out under mechanical stirring at 45 °C for 60 min and was terminated by 

dilution of the reaction mixture with 3 L cold DI water. The acid was removed from the CNC 

suspension by repeated centrifugation (Thermo IEC Centra-GP8R refrigerated centrifuge, 

Thermo Fisher Scientific Inc.) at 25 °C and 4900 rpm for 15 min. After the third centrifugation, 

the sediment was collected and transferred to Spectra/Por 4 dialysis tubing (Spectrum Lab, Inc.). 

The suspension was dialyzed against DI water for several days until the pH of the dialysate 
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stayed constant. The final suspension, having a light-blue color due to the Tyndall effect, was 

sonicated for 5 min at 40% amplitude (VC 505 500 W ultrasonic processor, Sonics & Materials, 

Inc.) for the disruption of potential CNC aggregates and filtered through a 0.45 μm 

poly(vinylidene fluoride) (PVDF) syringe filter (Whatman, Ltd.). 

3.3.3. Preparation of HCl-hydrolyzed CNCs  

HCl-hydrolyzed CNCs were prepared according to the method of Araki et al.,
38

 with some 

minor modifications. Hydrochloric acid (300 mL, 4 N), preheated to 80 °C, was added to 10 g of 

pulp, milled as described in the preceding section, in a 1 L round-bottom flask. The reaction was 

carried out under mechanical stirring at 80 °C for 225 min and was terminated by partial 

immersion of the flask in an ice bath. The acid was removed from the suspension by repeated 

centrifugation followed by dialysis. In contrast to the H2SO4-hydrolyzed CNCs, the HCl-

hydrolyzed CNCs settled to the bottom of the dialysis tube. The suspension was sonicated for 20 

min as described in the preceding section and then centrifuged (Optima LE-80K ultracentrifuge, 

Beckman Coulter, Inc.) at 25 °C for 15 min at 18000 rpm. The white supernatant, which in 

contrast to the suspension of H2SO4-hydrolyzed CNCs did not show the Tyndall effect, was 

collected and filtered through a 0.45 μm PVDF syringe filter. 

3.3.4. Acid-catalyzed desulfation  

The acid-catalyzed desulfation of H2SO4-hydrolyzed CNCs was carried out according to the 

method of Pomin et al.
33

 for the mild acid hydrolysis of sulfated fucans, with several 

modifications. Hydrochloric acid (12.5 mL, 1 N) was added to 500 mL of a 1 wt % suspension of 

H2SO4-hydrolyzed CNCs, preheated to 80 °C, in a 1 L round-bottom flask, so that the final acid 

concentration was ~0.025 N. The reaction was carried out under mechanical stirring at 80 °C for 

2.5 h and was terminated by partial immersion of the flask in an ice bath. The acid was removed 

from the suspension by dialysis against DI water as described above. An aliquot was filtered 

through a 0.45 μm PVDF syringe filter and set aside for particle characterization. The remaining 

suspension was concentrated under vacuum to 1 wt % with a rotary evaporator at a water bath 
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temperature of 40 °C and subjected to a second desulfation step according to the above procedure. 

The process was repeated two more times with aliquot removal at each step. The suspension 

remaining after the fourth desulfation step was subjected to three more desulfations without 

aliquot removal. The final suspension, which had undergone seven desulfation steps, was filtered 

through a 0.45 μm PVDF syringe filter and analyzed together with the aliquots from desulfation 

steps 1–4. 

3.3.5. Solvolytic desulfation 

The solvolytic desulfation of H2SO4-hydrolyzed CNCs was carried out according to the 

method of Nagasawa et al.
30

 with the reaction conditions used by Lee et al.
34

 For conversion of 

the sulfate half-esters into pyridinium salts, 200 mL of an aqueous suspension of H2SO4-

hydrolyzed CNCs (1.14 wt %) was neutralized with pyridine (0.12 mL) and lyophilized 

(Freezone 4.5L freeze-dry system, Labconco Corp.). A 1 g portion of the freeze-dried product 

was dispersed in 90 mL of DMSO and sonicated for 5 min at 40% amplitude. Then, 10 mL of 

methanol was added, and the suspension was heated for 2 h under mechanical stirring at 80 °C 

with a water bath. The reaction was terminated by partial immersion of the flask in an ice bath 

and dilution of the reaction mixture with 100 mL of DI water. The suspension was transferred to 

dialysis tubing and dialyzed against DI water for 2 weeks. The final suspension, having a 

concentration of less than 1 wt %, was filtered through a 0.45 μm PVDF syringe filter. The 

mechanism for the solvolytic desulfation of CNCs in pyridinium salt form is shown in Figure A.1 

in Appendix A. 

3.3.6. Conductometric titration  

Titrations were done with 50 g portions of 0.5 wt % CNC suspensions, containing 1 mM 

sodium chloride. The solvolytically desulfated sample was titrated in the absence of electrolyte 

because the addition of electrolyte caused flocculation of the CNC suspension. For the titration, 

the CNC suspension was placed in a 100 mL three-neck round-bottom flask, and a pH electrode 

(Inlab 413, Mettler-Toledo International, Inc.) and conductivity electrode (Inlab 730, Mettler-
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Toledo International, Inc.) were inserted through the two peripheral necks. The suspension was 

titrated under nitrogen with a 0.02 N sodium hydroxide solution. Both pH and conductivity 

values were recorded when the meter (S47 SevenMulti, Mettler-Toledo International, Inc.) 

showed a stable reading. 

The surface charge density, σ, in mequivg
-1

 was calculated from the titration results as 

     



 
cNaOH VNaOH

cCNC  CNC
  [3.1] 

where cNaOH is the concentration of the titrant, VNaOH is the titrant volume at the equivalence 

point, cCNC is the concentration of the CNC suspension, andCNC is the amount of CNC 

suspension titrated. The surface charge density in enm
-2

 was calculated as 

 
total

ANaOHNaOH

A

NVc
e


  [3.2] 

where e is the elementary charge, NA is Avogadro’s constant, and Atotal is the total surface area of 

the CNCs, calculated as 

 

    



Atotal 
cCNC  CNC

Vparticle

 Aparticle [3.3] 

where ρ is the density of crystalline cellulose (1.6 gcm
-3

),
39

 Vparticle is the average particle volume, 

and Aparticle is the average particle surface area. For simplicity, the CNCs were assumed to be 

cylindrical, and all calculations were based on the average height and length of the H2SO4-

hydrolyzed CNC sample, which were 4.8  1.4 and 154  84 nm, respectively, determined as 

described below. 

3.3.7. X-ray photoelectron spectroscopy (XPS) 

Samples for analysis by XPS were prepared by deposition of thin CNC films onto 1 cm × 1 

cm silicon wafers. Before use, the silicon wafers were immersed for 1 h at 70 °C in a mixture of 
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aqueous ammonia, hydrogen peroxide, and DI water at a volume ratio of 1:1:5 and then for 1 h at 

ambient temperature in a mixture of sulfuric acid and hydrogen peroxide at a volume ratio of 7:3 

for cleaning. The cleaned wafers were dried in a stream of nitrogen. CNC suspensions of 1 wt % 

concentration were spin-coated (WS-400B-6NPP-Lite, Laurell Technologies Corp.) onto the 

cleaned wafers at 4000 rpm for 1 min. After their retrieval from the spin-coater, the samples were 

dried in a vacuum oven at 65 °C overnight. Spectra were recorded with a PHI Quantera SXM-03 

scanning photoelectron spectrometer microprobe (Physical Electronics, Inc.) with 

monochromatic Al Kα radiation (98.3 W) at a takeoff angle of 45° and a spot size of 100 μm. 

Elements were identified from survey spectra collected with an analyzer electron pass energy of 

280 eV. High-resolution spectra were collected with an analyzer electron pass energy of 26 eV. 

Atomic concentrations were determined with CasaXPS software (Casa Software, Ltd.). Charge 

correction was carried out according to the method of Dorris and Gray.
40,41

 

3.3.8. X-ray diffraction (XRD)  

Smooth CNC films were prepared by evaporation of 10 mL aliquots of 1 wt % CNC 

suspensions in aluminum weighing dishes in a convection oven at 50 °C for several hours. Films 

produced at higher temperatures and shorter drying times were too brittle for handling. XRD 

analysis of the films was performed with a Bruker D8 Discover diffractometer (Bruker AXS, 

Inc.). Diffractograms were recorded during 15 min over an angular range of 10°–50° at a step 

size of 0.01° with Cu Kα radiation and an anode voltage and current of 40 kV and 30 mA, 

respectively. 

The crystallite dimensions in the films were calculated with the Scherrer equation
42

 

 



Dhkl 
K  

Bhkl  cos
 [3.4] 

where Dhkl is the crystallite dimension in the direction normal to the hkl family of lattice planes, 

K is the Scherrer constant (1.00 for equatorial reflections of needlelike crystallites),
43

 λ is the 

radiation wavelength (1.54 Å), Bhkl is the full width at half-maximum in radians of the reflection 
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of that family of lattice planes, and θ is the corresponding Bragg angle. Bhkl was determined from 

Voigt profile fits of the diffraction peaks calculated with PeakFit (v4.12, Systat Software, Inc.). 

3.3.9. Atomic force microscopy (AFM) 

AFM imaging was done with an Asylum Research MFP-3D-BIO atomic force microscope. 

For AFM sample preparation, silicon wafers, cleaned as described in the XPS section, were 

immersed for 2 min in a 0.01 gL
-1

 solution of PVAm in DI water. Coating of the silicon wafers 

with PVAm creates a positively charged surface, which results in better separation of the 

negatively charged CNCs on the substrate after deposition.
44

 CNCs were deposited onto the 

PVAm-coated wafers by spin-coating of 0.005 wt % CNC suspensions at 3000 rpm for 1 min. 

After their retrieval from the spin-coater, the samples were dried in a vacuum oven at 65 °C 

overnight. Samples were scanned in air at ambient relative humidity and temperature in tapping 

mode with OMCL-AC160TS standard silicon probes (Olympus Corp.). Reported average particle 

heights and lengths were determined from AFM height images according to a previously 

published procedure.
45

 Values are reported in the format mean  standard deviation. The reported 

average lengths have not been corrected for tip sample broadening. 

3.3.10. Dynamic light scattering (DLS) 

DLS experiments were performed with a Zetasizer Nano-ZS (Malvern Instruments, Ltd.) at 

a detection angle of 173°. Reported values are mean intensity diameters obtained with the 

General Purpose algorithm of the Zetasizer Nano software. Measurements were done at 25 °C 

with 0.025 wt % CNC suspensions in the absence of added electrolyte. Immediately before the 

measurements, the CNC suspensions were sonicated for 10 min at 70 W in a Cole-Parmer 8890 

ultrasonic cleaner for the disruption of potential aggregates. Measurements were carried out in 

quintuplicate for error analysis. 
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3.4. Results and discussion 

The eight CNC samples investigated and their designations are listed in Table 3.1. The 

samples were characterized in terms of surface charge density, chemical composition, crystallite 

dimensions, and extent of particle aggregation. 

Table 3.1. CNC samples and their designations 

 Sample Designation 

 H2SO4-hydrolyzed CNCs SH 

 HCl-hydrolyzed CNCs HH 

 HCl-desulfated CNCs  

 first step HD1 

 second step HD2 

 third step HD3 

 fourth step HD4 

 seventh step HD7 

 solvolytically desulfated CNCs SD 

3.4.1. Surface charge density 

The surface charge density of the CNC samples was determined by conductometric titration 

with sodium hydroxide. The titration curves for the samples SH, HH, HD7, and SD are shown in 

Figure 3.1. The initial conductivity of the CNC samples is mainly due to the added electrolyte 

and the counterions of the sulfate groups, if present. The sulfate groups themselves, being 

attached to the CNC surface, likely have a low ion mobility and therefore contribute little to the 

conductivity of the CNC suspension. At the beginning of the titration, the counterions of the 

sulfate groups are protons. Upon titration with sodium hydroxide, the protons are exchanged with 

sodium ions, which have a lower molar conductivity. As a result, the conductivity of the 

suspension decreases. When all sulfate protons have been replaced with sodium ions, the 

conductivity increases upon further addition of sodium hydroxide because of the increase in the 

sodium and hydroxyl ion concentrations of the suspension. Thus, the equivalence point is 
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indicated by a minimum in the titration curve and is usually determined from the intersection of 

two separate linear fits of the branches of the titration curve. 
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Figure 3.1. Conductometric titration curves for the CNC samples SH (), HH (), HD7 (), 

and SD (). 

An initial decrease in conductivity was observed in the titration curves for SH and HD7 

(Figure 3.1), indicating the presence of CNC sulfate groups in these samples. The shift of the 

titration equivalence point for HD7 to a smaller titrant volume with respect to that for SH 

signified that HD7 had fewer sulfate groups than SH. The titration curve for HH showed no 

initial decrease in conductivity. Instead, an immediate increase in conductivity was observed 

upon addition of sodium hydroxide, indicating the complete absence of CNC sulfate groups in 

this sample. The titration curve for SD also showed no initial decrease in conductivity, but the 

increase in conductivity upon sodium hydroxide addition was slightly delayed compared to HH, 

which signified that the sample contained a small amount of CNC sulfate groups. The lower 

conductivity of SD with respect to HH was due to the absence of added electrolyte in this sample. 

The surface charge densities obtained for the different CNC samples are listed in Table 3.2. 
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Table 3.2. Surface charge densities of the CNC samples 

 Sample 

Surface charge density (σ) 

mequivg
-1 

enm
-2

 

 SH 0.293 –0.333 

 HH 0.000 0.000 

 HD1 0.191 –0.217 

 HD2 0.153 –0.175 

 HD3 0.103 –0.117 

 HD4 0.058 –0.066 

 HD7 0.055 –0.062 

 SD 0.007 –0.008 

 

The sample SH had a surface charge density of 0.293 mequivg
-1

or –0.333 enm
-2

. The 

surface charge density of HD1, i.e., after one round of HCl-catalyzed desulfation, was lower by 

about 1/3 than that of SH but was not zero. Thus, the HCl-catalyzed desulfation procedure 

removed some but not all of the sulfate groups. The inability of the desulfation procedure to 

remove all of the sulfate groups is probably due to the reversibility of the acid-catalyzed 

desulfation reaction. We made several attempts to remove the generated SO3 from the reaction 

medium, including bubbling nitrogen through the reaction medium, using p-toluenesulfonic acid 

(a nonvolatile acid) instead of hydrochloric acid to prevent removal of the acid by the carrier gas 

for the SO3, and carrying out the reaction in the presence of barium chloride for precipitation of 

SO3 as barium sulfate. However, none of these attempts were successful in driving the 

equilibrium of the reaction toward complete desulfation. Each repetition of the desulfation 

procedure, up to step 4, reduced the surface charge density by on average 1/3, thus yielding CNC 

samples with gradually decreasing surface charge densities. Almost no difference was observed 

in the surface charge densities of HD4 and HD7, indicating that the HCl-catalyzed desulfation 

procedure ultimately reached a limit and could not remove all of the sulfate groups. The reason 

could possibly be a stereoselectivity of the desulfation reaction. As mentioned in the Introduction, 

in the desulfation process of sulfated fucans by mild acid hydrolysis, 2-sulfate esters are only 
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removed from fucosyl units linked to, or preceded by, a 4-sulfated residue.
33

 A similar 

stereoselectivity in the desulfation of sulfated cellulose could potentially prevent the removal of 

the remaining sulfate groups in HD4. The surface charge density of SD was 0.007 mequivg
-1

. 

Thus, contrary to the HCl-catalyzed desulfation procedure, the solvolytic desulfation procedure, 

in one step, nearly completely removed the sulfate groups initially present on the CNC surface. 

3.4.2. Chemical composition 

The effects of the choice of acid during CNC preparation and the desulfation procedures on 

the chemical composition of the CNCs were analyzed by XPS. Figure 3.2 shows the XPS survey 

spectrum of the CNC sample SH.  
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Figure 3.2. XPS survey spectrum of the CNC sample SH. 

The peak at 287 eV is the C 1s peak
46

 and that at 533 eV is the O 1s peak,
46

 originating 

from the carbon and oxygen atoms of cellulose. Hydrogen atoms are not detected by XPS. The 

small peak at 169 eV is the S 2p peak,
46

 originating from the sulfate groups in this sample. The S 

2p peak region in the survey spectra of the samples SH, HD7, and SD was further analyzed in 
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high resolution (Figure 3.3). The S 2p peak was also present in the XPS spectrum of HD7 but 

was absent in the spectrum of SD. 
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Figure 3.3. High-resolution S 2p photoelectron spectra of the CNC samples SH (a), HD7 (b), 

and SD (c). 

The atomic concentrations in the samples SH, HH, HD7, and SD, calculated from the 

integrated areas under the peaks of the XPS survey spectra, are listed in Table 3.3. The C/O ratios 

of the samples SH (1.22) and HD7 (1.25) agreed well with the theoretical value for cellulose 

(1.20). The C/O ratios of the samples HH (1.32) and SD (1.38), however, were slightly higher 

than the theoretical value. The fact that neither nitrogen nor sulfur peaks were observed in the 

spectrum of SD indicated that the elevated C/O ratio of this sample was not due to residual 

pyridine or DMSO. The elevated C/O ratios in the samples HH and SD could indicate the 

presence of adventitious carbon possibly due to organic contaminants. However, the high-

resolution C 1s spectra of these samples did not show elevated C1 (hydrocarbon) levels relative 

to that of SH (Figure A.2 and Table A.1 in Appendix A). The reason for the elevated C/O ratios 
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in the samples HH and SD is therefore unclear. The sulfur concentration in the HCl-desulfated 

CNC samples decreased from 0.57% in SH to 0.28% in HD7 in qualitative but not quantitative 

agreement with the conductometric titration results. Although the conductometric titration results 

revealed a small amount of sulfate groups in SD, sulfur was not detected in the XPS spectrum of 

this sample. 

 

Table 3.3. Atomic concentrations of C, O, and S for different CNC samples 

Sample 

Atomic concentration (at %) 

C/O ratio C O S 

SH 54.68 44.75 0.57 1.22 

HH 56.82 43.18 N/A 1.32 

HD7 55.42 44.30 0.28 1.25 

SD 57.96 42.04 N/A 1.38 

cellulose 54.50 45.50 N/A 1.20 

3.4.3. Crystallite dimensions 

Crystallite dimensions of the CNC samples were determined from X-ray diffractograms. 

The diffractograms for the samples SH, HH, HD7, and SD are shown in Figure 3.4. All samples 

showed three characteristic cellulose I reflections, corresponding to the 11–0, 110, and 200 

crystallographic planes of the monoclinic cellulose I lattice, according to the indexing by 

Sugiyama et al.
47

 To determine the full width at half-maximum of the reflection peaks, we 

deconvoluted the diffractograms using Voigt line profiles. Figure 3.5 illustrates the 

deconvolution procedure. In addition to the three obvious reflections, our deconvolution 

procedure allowed for a fourth peak, located between the 110 and 200 reflections, for a better 

overall fit of the diffraction profile. This peak could be attributed to the 102 and/or 012 

reflections of the monoclinic cellulose I lattice, which occur at 2θ ≈ 20.4° and 20.6°, 

respectively.
47
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Figure 3.4. X-ray diffractograms for the CNC samples SH (a), HH (b), HD7 (c), and SD (d). 

 

 

Figure 3.5. Deconvolution of the X-ray diffractogram for the CNC sample SH with Voigt line 

profiles. 

 



 

 93 

The crystallite dimensions for the four samples, determined from the 11–0, 110, and 200 

reflections, are listed in Table 3.4. The 11–0, 110, and 200 crystallographic planes are parallel to 

the cellulose chains and therefore to the long axis of the CNCs. Thus, the crystallite dimensions 

determined from the 11–0, 110, and 200 diffraction peaks are lateral dimensions. The fact that the 

samples SH and HD7 had similar crystallite dimensions suggested that the HCl-catalyzed 

desulfation procedure had no effect on the size of the crystallites. Hydrochloric acid produced 

CNCs with slightly larger crystallite dimensions than sulfuric acid, as evident from a comparison 

of the values for the samples SH and HH. The largest crystallite dimensions were observed for 

the solvolytically desulfated CNCs (sample SD). The solvolytic desulfation procedure involved 

sonication and heating of the CNCs in DMSO. DMSO is known to have a high swelling power 

with respect to cellulose.
48,49

 The larger crystallite dimensions in this sample compared to SH 

might therefore be due to the swelling and subsequent crystallization of initially amorphous or 

paracrystalline cellulose regions during the solvolytic desulfation procedure. 

 

Table 3.4. Crystallite dimensions for different CNC samples determined by deconvolution of 

the x-ray diffractograms with Voigt line profiles 

Sample 

Crystallite dimensions (nm) 

11
–
0 110 200 

SH 3.5 4.3 4.5 

HH 4.1 4.2 5.0 

HD7 3.8 3.9 4.4 

SD 4.1 5.4 5.3 

3.4.4. Extent of particle aggregation 

The extent of particle aggregation in the samples was analyzed by AFM and DLS. Figure 

3.6 shows AFM height images of the samples SH, HH, HD7, and SD.  
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Figure 3.6. AFM height images of the CNC samples SH (a), HH (b), HD7 (c), and SD (d) (z-

scale = 8 nm). 

The highly sulfated CNCs of SH (Figure 3.6a) were well dispersed and uniformly 

distributed on the polycation-coated substrate. The AFM image of HD7 (Figure 3.6c) showed 

some degree of particle aggregation, but the aggregates were relatively small. Aggregation of the 

partially desulfated CNCs of HD7 was most likely a result of weaker repulsive forces between 

the particles and weaker attractive forces between the particles and the polycation-coated 

substrate compared to SH. The AFM image of SD (Figure 3.6d) showed a high degree of particle 

aggregation. As opposed to the partially desulfated CNCs of HD7, the fully desulfated CNCs of 

SD seemed to aggregate in an endwise manner. The observed aggregates were highly elongated. 

Lateral aggregation of the fully desulfated CNCs of SD, in addition to the curious endwise 

aggregation, was not evident from the AFM height data. With 4.3  1.3 nm, the average height of 
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the particles in Figure 3.6d was smaller than that of the highly sulfated CNCs of SH (Figure 3.6a) 

of 4.8  1.4 nm. The AFM image of HH (Figure 3.6b) showed similar elongated objects as that 

of SD. It is not clear from the image whether these objects were endwise aggregates of smaller 

particles or whether they were large fragments of the original cellulose microfibrils. The 

elongated objects appeared slightly wider than the aggregates of SD. The observed difference in 

width might, however, be due to a difference in the magnitude of tip broadening in the images. 

To examine whether the observed aggregates existed in suspension or whether they formed 

during AFM sample preparation, we analyzed the CNC suspensions by DLS. We interpreted the 

DLS data in terms of equivalent spherical hydrodynamic diameters. The equivalent spherical 

hydrodynamic diameter of a particle is the diameter of a sphere with the same translational 

diffusion coefficient as the particle. For anisometric objects, such as CNCs or those seen in 

Figures 3.6b,d, the equivalent spherical hydrodynamic diameter does not represent the actual 

dimensions of the object. Nevertheless, a comparison of the equivalent spherical hydrodynamic 

diameters of the different samples should allow us to draw conclusions about the relative sizes or 

extents of aggregation of the particles in the suspensions. Alternatively, we could assume a 

certain mean particle diameter and calculated the mean particle length for each sample. However, 

because the mean particle diameter might not be the same for all samples, this approach could 

lead to misrepresentation of the mean particle length. 

The hydrodynamic diameters obtained for the different samples are shown in Figure 3.7. A 

comparison of the values for SH, HD1, HD2, HD3, HD4, and HD7 revealed that the HCl-

catalyzed desulfation procedure had nearly no effect on the extent of aggregation in suspension. 

The hydrodynamic diameter of HD7 (104 ± 2 nm) was only slightly larger than that of SH (83 ± 

1 nm). Solvolytic desulfation resulted in aggregation of the CNCs in suspension, as evident from 

the more than 2-fold increased hydrodynamic diameter for SD (211 ± 6 nm) with respect to SH. 

The HCl-hydrolyzed sample (HH) showed the largest hydrodynamic diameter (329 ± 35 nm), 

indicating the largest particle or aggregate size in accordance with the AFM results. 
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Figure 3.7. Hydrodynamic diameter for the CNC samples measured by DLS. 

3.5. Conclusions 

The objectives of this study were to develop a method for the desulfation of H2SO4-

hydrolyzed CNCs and to compare the properties of the desulfated CNCs to CNCs prepared by 

HCl hydrolysis. In light of the above results, the following conclusions can be drawn. Complete 

desulfation of H2SO4-hydrolyzed CNCs cannot be achieved by HCl-catalyzed desulfation. The 

method may, however, be useful for the preparation of CNCs with different amounts of sulfate 

groups. Solvolytic desulfation of H2SO4-hydrolyzed CNCs in DMSO via a pyridinium salt yields 

CNCs with virtually no sulfate groups on the surface. HCl-catalyzed desulfation has no effect on 

the crystallite dimensions of the CNCs, whereas solvolytic desulfation increases the crystallite 

dimensions slightly. Removal of the sulfate groups of H2SO4-hydrolyzed CNCs leads to 

aggregation of the particles similar to that observed for HCl-hydrolyzed CNCs albeit slightly less 

extensive. 
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CHAPTER 4 

Effects of sulfate groups on the adsorption and 

activity of cellulases on cellulose substrates 

4.1. Abstract 

Pretreatment of lignocellulosic biomass with sulfuric acid may leave sulfate groups on its 

surface that may hinder its biochemical conversion. This study investigates the effect of sulfate 

groups on cellulase adsorption onto and hydrolysis of cellulose substrates. Substrates with 

different sulfate group densities were prepared from H2SO4- and HCl-hydrolyzed and partially 

and fully desulfated cellulose nanocrystals. Adsorption onto and hydrolysis of the substrates was 

analyzed by quartz crystal microbalance with dissipation monitoring (QCM-D). The surface 

roughness of the substrates, measured by atomic force microscopy, increased with decreasing 

sulfate group density, but their surface accessibilities, measured by QCM-D H2O/D2O exchange 

experiments, were similar. Adsorption of cellulose binding domains onto sulfated substrates 

decreased with increasing sulfate group density, but adsorption of cellulases increased. The rate 

of hydrolysis of sulfated substrates decreased with increasing sulfate group density. The results 

indicated an inhibitory effect of sulfate groups on the enzymatic hydrolysis of cellulose, possibly 

due to non-productive binding of the cellulases onto the substrates through electrostatic 

interactions instead of their cellulose binding domains. 
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4.2. Introduction 

During the past two decades, the conversion of lignocellulosic biomass, such as agricultural 

and forestry residues, municipal solid wastes, grasses, and wood, to bioethanol has drawn much 

attention for environmental and economic reasons, among others.
1,2

 The most promising 

conversion technology for lignocellulosic biomass is based on the enzymatic hydrolysis of its 

cellulose fraction to glucose, followed by microbial fermentation of the glucose molecules to 

ethanol. The enzymatic hydrolysis of cellulose to glucose requires three kinds of cellulases 

working synergistically: endoglucanases randomly cut cellulose chains in amorphous regions, 

where they are easily accessible, into shorter fragments of various lengths; exoglucanases cleave 

off cellobiose units from the reducing or non-reducing end of cellulose chains in the less 

accessible crystalline regions; and β-glucosidases hydrolyze the released cellodextrin and 

cellobiose molecules to glucose.
3
 The first step in the hydrolysis of cellulose by endo- and 

exoglucanases is the adsorption of the enzyme onto the cellulose substrate, which has been 

shown to involve a domain of the enzyme called a cellulose binding domain (CBD) that is 

separate from and linked to its catalytic domain. Adsorption of CBDs onto cellulose substrates 

has been postulated to occur via van der Waals interactions and aromatic ring polarization 

interactions between aromatic amino acids in the CBD and the glucopyranose rings exposed on 

the 110 face of crystalline cellulose.
4-6

 

Due to the intricate structure of plant cell walls and the connectivity of their molecular 

components, lignocellulosic biomass is highly recalcitrant and resistant to hydrolysis.
7
 To reduce 

the recalcitrance of lignocellulosic biomass and make it more accessible to hydrolytic enzymes, 

researchers have developed a number of different biomass pretreatment methods. Examples of 

such pretreatment methods, which employ either physical or chemical mechanisms or a 

combination thereof, are steam explosion, hot water, dilute sulfuric acid, flow-through acid, 

alkali, ammonia fiber/freeze explosion, and ammonia recycle percolation pretreatment.
8,9

 

Primarily for economic reasons, dilute sulfuric acid pretreatment at elevated temperature (160–

220 °C) is one of the most popular methods. However, the treatment of lignocellulosic biomass 

with sulfuric acid could potentially cause esterification of cellulose hydroxyl groups. Sulfate half-

esters are known to impede or inhibit the enzymatic hydrolysis of cellulose.
10
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The objective of this study was to determine how sulfate groups in pretreated biomass 

might affect its biochemical conversion. For this purpose, we prepared cellulose substrates with 

different sulfate group densities and analyzed their enzymatic hydrolysis by quartz crystal 

microbalance with dissipation monitoring (QCM-D) and atomic force microscopy (AFM). QCM-

D measures the frequency and dissipation factor of oscillating quartz crystals. Because of their 

ability to detect minute mass and viscoelasticity changes of adsorbed layers on the oscillating 

quartz crystal’s surface, QCM-D instruments have become valuable tools for studying the 

enzymatic hydrolysis of cellulose. In the first literature report, Turon et al.
11

 showed that QCM-D 

frequency and dissipation factor changes during the enzymatic hydrolysis of cellulose substrates 

could indicate different hydrolysis stages, including enzyme adsorption, cleavage of cellulose 

chains and film hydration, and the loss of film integrity. Other QCM-D studies of the hydrolysis 

of cellulose by enzymes investigated the effects of crystallinity and morphology of the cellulose 

substrate,
12

 enzyme concentration,
13

 and temperature.
13

 QCM-D has also been used to measure 

the glucose concentration in cellulose hydrolyzates for enzyme activity determination.
14

 

Different methods have been used for the preparation of cellulose substrates for QCM-D 

studies, including spin coating of cellulose solutions,
12,13

 spin coating
15

 or Langmuir–Schaefer 

deposition
12

 of trimethylsilyl cellulose followed by cellulose regeneration, and spin coating of 

cellulose nanocrystal
12,15

 (CNC) or nanofibril
12

 suspensions. The latter method has the advantage 

of producing cellulose substrates with native cellulose morphology. CNCs are obtained by acid 

hydrolysis of a purified cellulose starting material.
16,17

 Because hydrolysis occurs first in the 

more accessible amorphous regions, the crystalline regions can be isolated and collected. CNCs 

produced with sulfuric acid have sulfate groups on their surface, which stabilize CNC 

suspensions through repulsive Coulomb forces.
18

 In the previous chapter, it has been shown that 

the sulfate groups on the surface of H2SO4-hydrolyzed CNCs can be partially or completely 

removed by HCl-catalyzed or solvolytic desulfation, respectively, while maintaining their native 

crystal structure.
19

 The cellulose substrates for the present study were prepared from CNCs with 

different sulfate group densities. 

In addition to the enzymatic hydrolysis of the cellulose substrates, we analyzed the 

adsorption of cellulases and isolated CBDs onto these substrates. CBD adsorption was modeled 

with the Langmuir and Freundlich adsorption isotherms. Cellulase adsorption and substrate 
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hydrolysis were quantified from QCM-D frequency curves. A higher sulfate group density was 

found to result in increased cellulase adsorption but a reduced hydrolysis rate. This seemingly 

contradictory result was explained on the basis of electrostatic potential maps for the catalytic 

domains of the cellulases CBH I and EG I. 

4.3. Experimental section 

4.3.1. Materials 

Dissolving-grade softwood sulfite pulp (Temalfa 93A-A) was kindly provided by Tembec, 

Inc. Cellulases (Celluclast 1.5L, Novozyme), D2O (99.9 atom % D), papain from papaya latex 

(16–40 unitsmg
–1

 protein), and β-mercaptoethanol (>99.0%) were purchased from Sigma-

Aldrich. Sulfuric acid (95.9 wt %, Certified ACS Plus), hydrochloric acid (37.4 wt %, Certified 

ACS Plus), citric acid monohydrate (Fisher Scientific, Certified ACS), sodium hydroxide (Acros 

Organics, 98.5%), hydrogen peroxide (34–37%, Technical Grade), aqueous ammonia (28.9%, 

Certified ACS Plus), pyridine (99.5%, Chemservice), dimethyl sulfoxide (DMSO, Certified 

ACS), and methanol (99.8%, Acros Organics) were purchased from Fisher Scientific. All water 

used was deionized (DI) water with a resistivity of 18.2 MΩ·cm, obtained from a Millipore 

Direct-Q 5 Ultrapure Water Systems. 

4.3.2. CNC preparation 

The procedures by which the CNCs for this study were prepared are described in detail in 

the previous chapter. In brief, CNCs with a high surface charge density (0.293 mequivg
–1

) were 

prepared by hydrolysis of milled (60-mesh) softwood sulfite pulp with 64 wt % sulfuric acid (10 

mLg
–1

 cellulose) at 45 °C for 1 h. CNCs with lower surface charge densities (0.152 and 0.055 

mequivg
–1

) were prepared by HCl-catalyzed desulfation of the H2SO4-hydrolyzed CNCs. CNCs 

without surface charge were prepared by complete, solvolytic desulfation of the H2SO4-

hydrolyzed CNCs in DMSO via the pyridinium salt.
19

 For comparison, we also prepared HCl-

hydrolyzed CNCs, carrying no surface sulfate groups, by hydrolysis of the milled pulp with 4 N 
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hydrochloric acid (30 mLg
–1

 cellulose) at 80 °C for 225 min.
20

 The various CNC samples used 

in this study are listed in Table 4.1. 

 

Table 4.1. CNC samples and their designations 

CNC preparation method Desulfation method 

Surface charge density 

(mequivg
–1

) Sample designation 

H2SO4 hydrolysis - 0.293 SH-293 

H2SO4 hydrolysis HCl-catalyzed desulfation 0.152 SH-152 

H2SO4 hydrolysis HCl-catalyzed desulfation 0.055 SH-55 

H2SO4 hydrolysis Solvolytic desulfation 0.007 SH-0 

HCl hydrolysis - 0.000 HH-0 

4.3.3. Cellulose substrate preparation 

Cellulose substrates were prepared on silicon dioxide-coated AT-cut quartz crystals (Q-

Sense). The quartz crystals were cleaned by immersion and shaking for 1 min in fresh piranha 

solution (7:3 (v/v) mixture of sulfuric acid and hydrogen peroxide), then rinsed with DI water, 

dried in a stream of nitrogen, and irradiated for 15 min with an ozone-producing mercury lamp 

(UV/Ozone cleaner, Bioforce Nanosciences). To minimize surface contamination, we cleaned the 

quartz crystals immediately prior to use 

Cellulose substrates from H2SO4-hydrolyzed CNCs were prepared from 1 wt % aqueous 

suspensions by spin coating (WS-400B-6NPPLite, Laurell Technologies Corp.) the cleaned 

quartz crystals at 4000 rpm for 1 min with 140 µl of the suspension. Cellulose substrates from 

HCl-hydrolyzed CNCs were prepared from 0.6 wt % aqueous suspensions by spin coating at 

2000 rpm for 2 min with 140 µl of the suspension. Use of a lower concentration and spinning 

speed was necessary because at 1 wt %, the suspension of HCl-hydrolyzed CNCs was too 

viscous and produced non-uniform substrates. As the final step in their preparation, the cellulose 

substrates were dried in a vacuum oven at 65 °C overnight for improved stability in aqueous 

media. 



 

 108 

4.3.4. Determination of CNC surface density 

The CNC surface density on the quartz crystals after spin coating, S,CNC, was determined 

by QCM-D (Q-sense E4) from the difference of the oscillation frequencies in air of the cleaned 

quartz crystals before and after spin coating. Because the CNC film is rigid and firmly attached to 

the quartz crystal’s surface, it can be treated as an extension of the quartz crystal itself. Thus, 

S,CNC can be calculated with the Sauerbrey equation,
21
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where f0 is the resonant frequency of the quartz crystal (5 MHz), q is the transverse sound wave 

velocity in AT-cut quartz, q is the density of quartz (2648 kg·m
–3

 at 25 °C),
22

 q is the shear 

modulus of quartz (2.947·10
10

 kg·m
–1

·s
–2

)
23

, n is the frequency overtone number, (fn/n)bare is the 

normalized oscillation frequency of the bare quartz crystal in air, and (fn/n)CNC is the normalized 

oscillation frequency of the CNC-coated quartz crystal in air. The term 2f0
2
/qq has been called 

by Sauerbrey the sensitivity constant C and has the value 0.177 mg·m
–2

·Hz
–1

 for the quartz 

crystals and experimental conditions used here. 

4.3.5. Analysis of substrate accessibility 

As a measure of the surface accessibility of the substrates, the surface density of water 

molecules, S,H2O, in swollen cellulose substrates was measured with the H2O/D2O exchange 

method described by Kittle et al.
15

 The CNC-coated quartz crystals were placed in QCM-D flow 

modules, and a 0.25 mLmin
–1

 feed of DI water was established with a peristaltic pump. The 

temperature inside the flow modules was controlled at 20.00 ± 0.02 °C. Swelling of the cellulose 

substrates resulted in a decrease in oscillation frequency. When the normalized rate of change of 

the 3
rd

 overtone frequency, (Δf3/3), became less than 2 Hzh
–1

, the substrates were considered 

saturated and equilibrated, and the DI water feed was replaced with a D2O feed with the same 

flow rate. Exchange of the H2O molecules in the films with D2O molecules caused an increase in 

mass and a decrease in the quartz crystal’s oscillation frequency. After 10 min, the DI water feed 



 

 109 

was restored, and the oscillation frequency returned to its initial value. The changes in oscillation 

frequency, Δf, and dissipation factor, ΔD, were recorded in real time at the fundamental 

frequency (5 MHz) and 6 overtone frequencies (15, 25, 35, 45, 55, and 65 MHz) with QSoft 401 

acquisition software (Q-Sense). S,H2O values for the swollen cellulose substrates were calculated 

from the differences in normalized frequency changes measured upon H2O/D2O exchange on 

bare and CNC-coated quartz crystals with the equation 
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where (Δfn/n)H2O is the normalized frequency change due to trapped water molecules in the 

swollen cellulose substrates, determined as 
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where (Δfn/n)CNC is the normalized frequency change upon H2O/D2O exchange on the cellulose 

substrates, (Δfn/n)bare is the normalized frequency change upon H2O/D2O exchange on the bare 

quartz crystal, and ρD2O and ρH2O are the densities of D2O and H2O at 20 °C, taken as 1.1050 

g·cm
–3

 and 0.9982 g·cm
–3

, respectively.
24 

 

4.3.6. Preparation of enzyme solution 

The cellulases used in this study were the commercial enzyme mixture Celluclast 1.5L, 

produced by the aerobic filamentous fungus Trichoderma reesei. T. reesei is known to generate a 

mixture of at least two exoglucanases (Cel7A (CBH I) and Cel6A (CBH II)), five endoglucanases 

(Cel7B (EG I), Cel5A (EG II), Cel12A (EG III), Cel61A (EG IV) and Cel45A (EG V)), and two 

β-glucosidases (BGL I and BGL II).
3,25-28

 The synergism between its components renders 

Celluclast 1.5L highly efficient for the saccharification of lignocellulosic biomass.
29-31

 The filter 
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paper activity of the original Celluclast 1.5L solution was measured according to the standard 

procedure
32

 and determined to be 119 FPUmL
–1

. The protein concentration, determined with a 

BCA Protein Assay Kit (Pierce), was 143 mgmL
–1

. For the hydrolysis experiments, 0.5 g of 

Celluclast 1.5L solution was diluted to 100 mL with 50 mM sodium citrate buffer (pH 4.8). The 

buffer had been derived by 20-fold dilution with DI water from a 1 M sodium citrate buffer (pH 

4.5), produced by dissolution of the appropriate amounts of citric acid monohydrate and sodium 

hydroxide in DI water. 

4.3.7. Isolation of CBDs 

Except for Cel12A, all components of the T. reesei cellulase mixture have a CBD linked to 

the catalytic domain by a flexible, highly glycosylated linker.
25,26

 The CBDs from T. reesei 

belong to the carbohydrate binding module family I, containing 33–40 amino acids and having 

similar sequences with some conserved residues or residue characteristics.
5,6,33

 The glycosylated 

linkers are rich in serine, threonine, and proline and are susceptible to proteolytic cleavage by 

papain.
34-37

 

For CBD isolation, Celluclast 1.5L was diluted four times with 50 mM sodium citrate 

buffer and then concentrated by ultrafiltration (Amicon Stirred Ultrafiltration Cell) with a 30 kDa 

molecular weight cut-off polysulfone membrane (Amicon Bioseparations Ultrafiltration 

Membranes, Millipore) for the removal of low molecular weight compounds. For activation, 

papain was first dissolved in 50 mM sodium citrate buffer containing a small amount of β-

mercaptoethanol (volume ratio 1:10
4
). After 15 min of papain activation, the papain solution was 

added to the Celluclast 1.5L solution (23.7 mgml
–1

), and the mixture, with a cellulase-to-papain 

ratio of 200:1, was stirred for 4 h at room temperature with a magnetic stir bar. After digestion of 

the Celluclast 1.5L cellulases by papain, the CBDs were isolated from the digestion mixture by 

ultrafiltration with a 10 kDa molecular weight cut-off polysulfone membrane (Amicon 

Bioseparations Ultrafiltration membranes, Millipore). The protein concentrations of the 

Celluclast 1.5L solution, after dilution and concentration by ultrafiltration, and the final CBD 

solution were measured with a BCA Protein Assay Kit (Pierce). 
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4.3.8. CBD adsorption onto the cellulose substrates 

CBD solutions with different concentrations were prepared by dilution of the CBD stock 

solution with 50 mM sodium citrate buffer. Adsorption of CBDs onto cellulose substrates was 

monitored by QCM-D. Cellulose substrates were placed in QCM-D flow modules, and a 0.25 

mLmin
–1

 buffer feed was established. The temperature inside the flow modules was controlled at 

25 ± 0.02 °C. When the substrates reached equilibrium, indicated by a (Δf3/3) change rate of less 

than 2 Hzh
–1

, 3 mL of CBD solution was injected into the flow module to fully replace the 

buffer in the chamber. Adsorption of CBDs onto the substrates was monitored for 3 h under 

static conditions. After 3 h, the buffer feed was restored and maintained for 20 min to rinse off 

any reversibly adsorbed CBDs. Δf and ΔD were recorded in real time at the fundamental 

frequency (5 MHz) and 6 overtone frequencies (15, 25, 35, 45, 55, and 65 MHz) with QSoft 401 

acquisition software (Q-Sense). 

4.3.8.1. Viscoelastic modeling 

Viscoelastic films, such as those formed by adsorbed proteins, do not fully couple to the 

oscillating quartz crystal. As a result, the adsorbed mass is not linearly related to Δf, and the 

Sauerbrey equation is not applicable.
38

 In this case, estimation of the adsorbed mass has to 

involve the dissipation factor, D. D is defined as the ratio of energy dissipated, Edissipated, to 

energy stored, Estored, during one oscillation period and is calculated from the decay rate, τ, of the 

crystal’s oscillation amplitude after discontinuation of the drive voltage:
38,39

 

 



D 
1

2

Edissipated

Estored


1

f
 [4.4] 

To quantify the amount of CBD adsorbed on the substrate, we modeled Δf and ΔD for the 

3
rd

 and 5
th

 overtones with a single-layer Voigt element-based viscoelastic film model
40,41

 using 

the QTools modeling center (v3.0, Q-Sense). The model treats the CNC layer on the quartz 

crystal’s surface as an extension of the quartz crystal. The input parameters for the model are the 

density and viscosity of the bulk liquid above the viscoelastic layer and the density of the 

viscoelastic layer. The parameters to fit are the viscosity, shear modulus, and thickness of the 
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viscoelastic layer. For the density and viscosity of the bulk liquid, we used the density and 

viscosity of water at 25 °C, which are 997 kgm
–3

 and 0.8910
–3

 kgm
–1

s
–1

, respectively.
24

 The 

density of the viscoelastic film was fixed at 1152 kgm
–3

. This value was based on the molar 

mass of the CBD of CBH I (3746.14 gmol
–1

), obtained from the Protein Data Bank, and its 

molar volume, calculated from its molecular dimensions (3 nm × 1.8 nm × 1 nm)
4
 and 

Avogadro’s constant. The fitting ranges for the viscosity, shear modulus, and thickness of the 

viscoelastic layer were 510
–4

–10
–2

 kgm
–1

s
–1

, 10
5
–10

6
 Pa, and 10

–9
–10

–7
 m, respectively. The 

surface excess concentration of the CBDs was calculated from the thickness and density of the 

viscoelastic layer. Changing the density of the viscoelastic film from 1152 to 1500 kgm
–3

 or 

1000 kgm
–3

 resulted in different thickness values but did not affect the calculated surface excess 

concentration. Thus, the assumed density did not affect the determined mass of the viscoelastic 

film. This observation has also been reported by others.
42,43

 Non-linear least square analysis of 

the adsorption data was conducted with Igor Pro software (v6.22A, Wavemetrics). 

4.3.9. Enzymatic hydrolysis of the cellulose substrates 

The binding onto and subsequent hydrolysis of cellulose substrates by cellulases was 

monitored by QCM-D. Cellulose substrates were placed in QCM-D flow modules, and a 0.25 

mLmin
–1

 feed of 50 mM sodium citrate buffer was established. The temperature inside the flow 

modules was controlled at 25 ± 0.02 °C. When the substrates reached equilibrium, indicated by a 

(Δf3/3) change rate of less than 2 Hzh
–1

, the buffer feed was replaced with a feed of enzyme 

solution with the same flow rate. Δf and ΔD were recorded in real time at the fundamental 

frequency (5 MHz) and 6 overtone frequencies (15, 25, 35, 45, 55, and 65 MHz) with QSoft 401 

acquisition software (Q-Sense). Experiments were terminated when Δf reached a plateau. In the 

case of sulfated cellulose substrates, because of the low hydrolysis rates, experiments were 

terminated after 8 h before Δf reached a plateau. 
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4.3.10. Substrate imaging and surface roughness determination 

Cellulose substrates for AFM experiments were prepared by spin coating as described 

above but on 1 cm × 1 cm silicon wafer pieces. Before spin coating, the wafer pieces, cut from a 

15 cm wafer (Wafer World, Inc. West Palm Beach, FL), had been cleaned by immersion for 1 h 

at 70 °C in a mixture of aqueous ammonia, hydrogen peroxide, and DI water at a volume ratio of 

1:1:5 and then for 1 h at ambient temperature in fresh piranha solution, rinsed with DI water, and 

dried in a stream of nitrogen. The cellulose substrates were immersed in enzyme solution and 

incubated for 2 h at 50 °C. After incubation, the substrates were thoroughly rinsed with DI water 

and dried in a stream of nitrogen. Enzyme-treated and untreated cellulose substrates were imaged 

with an Asylum Research MFP-3D-BIO atomic force microscope. Samples were scanned in air 

at ambient relative humidity and temperature in intermittent-contact mode with OMCL-

AC160TS standard silicon probes (Olympus Corp.) with a scan frequency of 1 Hz, and 512 scans 

with 512 points/scan. RMS surface roughnesses were determined from 5 m × 5 m areas in 

AFM height images. 

4.3.11. Mapping of protein surface potential 

The electrostatic surface potentials of the catalytic domains of CBH I and EG I were 

calculated with the APBS (Adaptive Poisson-Boltzmann Solver) software package from the 

1CEL and 1EG1 Protein Data Bank entry.
44,45

 The electrostatic potential was mapped on the 

molecular surfaces of 1CEL and 1EG1 with the VMD (Visual Molecular Dynamics) molecular 

visualization program.
46

 

4.4. Results and discussion 

4.4.1. CNC surface density and substrate accessibility 

The CNC surface densities, S,CNC, of the cellulose substrates prepared from the five CNC 

samples are listed in Table 4.2. The three sulfated substrates, SH-55, SH-152, and SH-293, and 



 

 114 

the non-sulfated HH-0 substrate had similar S,CNC values, averaging about 20 mg·m
–2

, but the 

S,CNC value for the non-sulfated SH-0 substrate was more than twice as high. The substrate 

coverage of spin-coated CNCs depends on the spinning speed of the substrate during spin coating 

and the concentration and viscosity of the CNC suspension.
47

 For the substrates SH-0, SH-55, 

SH-152, and SH-293, the spinning speed was 4000 rpm and the concentration of the CNC 

suspension was 1 wt %. In the previous chapter, it has been shown that the absence of negatively 

charged surface groups and therefore repulsive forces between the CNCs in sample SH-0 leads to 

CNC aggregation.
19

 The higher viscosity of the SH-0 CNC suspension, caused by the lack of 

repulsive forces between the particles, was likely the reason for the higher CNC surface density 

of the SH-0 substrate. The HH-0 substrate had a lower CNC surface density than the SH-0 

substrate because the concentration of the HH-0 CNC suspension used for spin coating was only 

0.6 wt % for reasons explained in the Experimental Section. 

 

Table 4.2. CNC surface densities, S,CNC, and H2O surface densities, S,H2O, of the cellulose 

substrates
a
 

Surface densities
b
 HH-0 SH-0 SH-55 SH-152 SH-293 

S,CNC (mg·m
–2

) 20.7 ± 2.6 42.3 ± 1.5 18.7 ± 2.4 19.9 ± 1.3 19.4 ± 0.4 

S,H2O (mg·m
–2

) 30.6 ± 2.0 84.4 ± 3.3 32.2 ± 1.6 27.2 ± 1.8 28.7 ± 2.0 

a
 Data are means ± one standard deviation of three measurements. 

b
 Surface densities represent the areal mass determined from the Sauerbrey equation.   

 

Figure 4.1 shows (Δfn/n) curves from H2O/D2O exchange experiments for a bare quartz 

crystal, the HH-0 substrate, and the SH-0 substrate. (Δfn/n) curves for the SH-55, SH-152, and 

SH-293 substrate are shown in Figure B.1 in Appendix B. For the bare quartz crystal, the 

decrease in (Δfn/n) after the solvent switch is solely due to the differences in viscosity and density 

between D2O and H2O. The measured value of –55.4 Hz is in good agreement with the calculated 

value of –55.9 Hz.
15

 The decrease in (Δfn/n) after the solvent switch was larger for the CNC-

coated quartz crystals than for the bare crystal. The additional decrease, above and beyond that 

observed for the bare quartz crystal, was due to the exchange of trapped H2O molecules in the 

swollen cellulose substrates for heavier D2O molecules and was therefore a measure for the 
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accessibility of the substrates. The larger decrease in (Δfn/n) for the SH-0 substrate, compared to 

that for the HH-0 substrate, indicated a larger amount of trapped H2O molecules in the SH-0 

substrate in accordance with the much higher CNC surface density of this substrate. 
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Figure 4.1. (Δfn/n) curves (5
th

 overtone) from H2O/D2O exchange experiments for a bare 

quartz crystal (), the HH-0 substrate (), and the SH-0 substrate (). 

The H2O surface densities, S,H2O, for the five cellulose substrates are listed in Table 4.2. 

The S,H2O values for the three sulfated substrates and the non-sulfated substrate HH-0 were 

similar and averaged about 30 mg·m
–2

, yielding an H2O-to-CNC weight ratio of about 3:2 in the 

swollen substrates. The similarity of the S,H2O values for the three sulfated substrates, SH-55, 

SH-152, and SH-293, suggested that the amount of trapped H2O molecules was unaffected by the 

surface charge of the CNCs in the substrate over this range of sulfate group densities. The 

swollen SH-0 substrate had a S,H2O value of 84.4 mg·m
–2

 and an H2O-to-CNC weight ratio of 2:1. 

The higher H2O-to-CNC weight ratio in the SH-0 substrate indicated a 33% greater accessibility 

of the substrate compared to HH-0. 
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4.4.2. CBD adsorption onto the cellulose substrates 

The adsorption of CBDs onto the cellulose substrates was measured at different CBD 

concentrations and modeled with the Langmuir and Freundlich adsorption isotherms. The 

Langmuir isotherm model assumes reversible adsorption of adsorbates without lateral 

interactions onto a homogenous surface with equivalent binding sites to the point of monolayer 

coverage. The model is described by the equation
48

 

 CK

CK

L

L
maxeq

1


 
[4.5] 

where Γeq and Γmax, having the unit mgm
–2

, are the equilibrium surface excess concentration of 

adsorbate at concentration C and the saturation surface excess concentration as C→∞, 

respectively, and KL is the Langmuir equilibrium constant. Eq 4.5 can be rewritten as 

 CKLmaxmaxeq

111







 , 
[4.6] 

allowing the determination of 1/(ΓmaxKL) and 1/Γmax from the slope and intercept, respectively, of 

a plot of 1/Γeq versus 1/C. 

The Freundlich isotherm model is an empirical model for the adsorption of adsorbates onto 

a heterogenous surface with non-equivalent binding sites and is described by the equation
49

 

 



 KFC
n

 [4.7] 

where KF is the Freundlich equilibrium constant and n is the heterogeneity factor. Eq 4.11 can be 

rewritten as 

 



ln  lnKF  n lnC , [4.8] 

allowing the determination of n and ln KF from the slope and intercept, respectively, of a plot of 

ln Γ versus ln C. 
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The linear regression models described by eqs 4.6 and 4.8 are problematic, however, 

because they overemphasize the data in the low concentration region, especially in the case of the 

Langmuir model. We therefore used non-linear least squares analysis to fit eqs 4.5 and 4.7 to the 

data. The Langmuir and Freundlich adsorption isotherms for the SH-0 and HH-0 substrates are 

shown in Figure 4.2. Greater CBD surface excess concentrations were observed on the SH-0 than 

on the HH-0 substrate. As shown in the previous section, the SH-0 substrate had twice the CNC 

surface density and a 33% higher accessibility than the HH-0 substrate. The SH-0 substrate had 

therefore more accessible surface area for CBD adsorption than the HH-0 substrate. The 
2
 

values for the fits, listed in Table 4.3, showed that the data for the HH-0 substrate were described 

well by either model, with the Freundlich model providing a slightly better fit. For the SH-0 

substrate, however, only the Freundlich model gave a good fit. The high 
2
 value for the 

Langmuir model indicated a statistically significant (p < 0.05) deviation of the experimental data 

from the prediction. 
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Figure 4.2. (a) Langmuir and (b) Freundlich isotherms for CBD adsorption onto SH-0 () and 

HH-0 () cellulose substrates. The solid lines are the fitting curves. 

The Langmuir and Freundlich adsorption isotherms for the SH-55 and SH-293 substrates 

are shown in Figure 4.3.  
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Figure 4.3. (a) Langmuir and (b) Freundlich isotherms for CBD adsorption onto SH-55 () 

and SH-293 () cellulose substrates. The solid lines are the fitting curves. 

Table 4.3. Langmuir and Freundlich isotherm parameters for the adsorption of CBDs onto the 

cellulose substrates
a,b

 

Parameters HH-0 SH-0 SH-55 SH-293 

Langmuir model     

Γmax (mg·m
–2

) 10.3 ± 0.3 42.6 ± 2.3 14.2 ± 0.9 9.2 ± 1.0 

KL 0.058 ± 

0.004 

0.064 ± 

0.007 

0.059 ± 

0.017 

0.046 ± 

0.008 


2
 value 6.7 19.2 1.9 7.2 

Freundlich model     

K 1.7 ± 0.1 6.2 ± 0.4 3.0 ± 0.7 1.0 ± 0.1 

N 0.38 ± 0.01 0.41 ± 0.02 0.31 ± 0.05 0.48 ± 0.03 


2
 value 4.5 5.0 0.3 1.6 

a
 obtained by weighted non-linear least-squares fitting of eqs 4.9 and 4.11 to the experimental data 

b
 Reported error ranges are ± one standard deviation. 

 

The SH-55 substrate exhibited higher CBD surface excess concentrations than the SH-293 

substrate. As shown in the previous section, the accessible surface areas for CBD adsorption of 

the two substrates, deduced from their CNC surface densities and H2O-to-CNC weight ratios, 

were nearly equal. Adsorption of CBDs onto cellulose is believed to occur through hydrophobic 
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interactions between three precisely spaced tyrosine residues and the 110 crystal face of 

cellulose.
4,6,33

 The lower CBD surface excess concentrations of the SH-293 substrate indicated 

that the negatively charged sulfate groups on the surface of the substrate hindered the 

hydrophobic interactions between the CBDs and the cellulose substrate. The 
2
 values for the fits 

(Table 4.3) showed that the data for both substrates were described well by either model, i.e. that 

the deviation of the experimental data from the predictions were statistically insignificant (p ≥ 

0.05). As in the case of the HH-0 substrate, the Freundlich model provided a better fit to the data 

than the Langmuir model. 

4.4.3. Enzymatic hydrolysis of the cellulose substrates 

Figure 4.4 shows (Δfn/n) and D curves for the enzymatic hydrolysis of the substrates  

HH-0 and SH-0. The initial rapid decrease in (Δfn/n), due to enzyme adsorption onto the 

substrate,
11

 was larger for the SH-0 substrate than for the HH-0 substrate. This finding was in 

accordance with the larger accessible surface area of the SH-0 substrate, compared to the HH-0 

substrate, and the higher CBD surface excess concentrations, observed upon CBD adsorption 

(Figure 4.2). 
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Figure 4.4. (a) (Δfn/n) and (b) D curves (3
rd

 overtone) for the enzymatic hydrolysis of the 

substrates SH-0 () and HH-0 (). 

 



 

 120 

The increase in (Δfn/n) after the minimum has previously been explained by the hydrolysis 

and gradual disintegration of the cellulose substrate.
11

 After adsorption onto the substrate, the 

endo- and exoglucanases, present in the enzyme mixture, cleave the accessible cellulose chains 

into cellodextrins and cellobiose units, which are then further broken down by the β-glucosidases 

into individual glucose molecules. The conversion of cellodextrins and cellobiose to glucose 

cannot be measured by QCM-D, however, because it occurs primarily in solution. The (Δfn/n) 

increase, signifying a decrease in mass on the quartz crystal’s surface, results from the removal of 

soluble hydrolysis products and potentially adsorbed enzymes from the cellulose substrate. (Δfn/n) 

reaches a plateau when all accessible areas of the substrate have been hydrolyzed, in which case 

the mass on the quartz crystal remains constant. For both substrates, (Δfn/n) reached a plateau 

after about 4 h, at which point hydrolysis of the substrates was regarded as complete. The plateau 

value of (Δfn/n), a measure for the amount of mass removed from the quartz crystal, depends on 

the initial CNC surface density of the substrate. Because the initial CNC surface density of the 

SH-0 substrate was much higher than that of the HH-0 substrate (Table 4.2), the plateau value of 

(Δfn/n) for the SH-0 substrate was also higher. 

The ΔD curves (Figure 4.4b) showed a rapid increase, followed by a decrease and leveling 

off. The shape of the ΔD curves is more easily explained in combination with the (Δfn/n) data.
11

 

Figure 4.5 shows a plot of ΔD versus (Δfn/n) for the SH-0 substrate. 
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Figure 4.5. ΔD versus (Δfn/n) (3
rd

 overtone) during enzymatic hydrolysis of the SH-0 substrate. 

The resulting curve can be divided into three sections. In section A, (Δfn/n) decreases while 

ΔD increases. This section indicates enzyme adsorption onto the substrate. The (Δfn/n) decrease 

is due to the mass increase on the quartz crystal and the ΔD increase is due to the dissipative 

nature of the soft, highly hydrated enzyme layer. In section B, both (Δfn/n) and ΔD increase. The 

(Δfn/n) increase is due to the decrease in substrate mass upon hydrolysis and the ΔD increase is 

due to the swelling and increased hydration of the substrate with increasing number of loose 

surface chains and dangling chain ends after cleavage of the cellulose chains by the 

endoglucanases. In section C, (Δfn/n) continues to increase while ΔD decreases. The increase in 

(Δfn/n) is again due to the decrease in substrate mass upon hydrolysis. The decrease in ΔD is due 

to the decrease in the dissipative nature of the hydrated cellulose substrate as it becomes thinner 

and is gradually removed from the quartz crystal by the enzymes. At the end of the hydrolysis, 

ΔD will be at or near zero, because the bare quartz crystal has a similar dissipation factor and 

rigidity as the cellulose substrate before hydrolysis. 

The (Δfn/n) and D curves for the enzymatic hydrolysis of the substrates SH-55, SH-152, 

and SH-293 are shown in Figure 4.6. 
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Figure 4.6. (a) (Δfn/n) and (b) D curves (3
rd

 overtone) for the enzymatic hydrolysis of the 

substrates SH-55 (), SH-152 (), and SH-293 (). 

The initial (Δfn/n) decrease was largest for the SH-293 substrate and smallest for the SH-55 

substrate. The values for the (Δfn/n) minima, (Δfn/n)min, are given in Table 4.4. The increase in 

magnitude of (Δfn/n)min from SH-55 to SH-293 indicated greater enzyme adsorption on cellulose 

substrates with higher sulfate group density, which was further supported by an increase in the 

D maximum, Dmax, from SH-55 to SH-293, as seen in Figure 4.6b and Table 4.4. The increase 

in Dmax with increasing sulfate group density indicated an increasingly thick and more 

dissipative enzyme layer on the substrate. This finding seemed to contradict the results of the 

CBD adsorption experiments, in which the SH-55 substrate exhibited greater CBD adsorption 

than the SH-293 substrate. The increase in enzyme adsorption with increasing sulfate group 

density of the substrates suggested that the adsorption process was governed by electrostatic 

interactions. Some enzymes in the Celluclast 1.5L enzyme mixture, including CBH II, EG II, and 

EG III, have isoelectric points above 4.8. These enzymes will have a net positive charge in the 

sodium citrate buffer that may result in adsorption onto the substrate through attractive Coulomb 

forces instead of the CBDs. The increase in (Δfn/n) after the minimum (Figure 4.6a) was much 

more gradual for the SH-293 substrate than for the SH-55 substrate, with the SH-152 substrate 

exhibiting intermediate behavior. The more gradual (Δfn/n) increase at higher sulfate group 

density indicated an inhibitory effect of the sulfate groups on the enzymatic hydrolysis of the 

substrates. Also, the D decrease after the maximum, observed for the non-sulfated cellulose 
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substrates (Figure 4.5b), was either missing or much less pronounced for the sulfated substrates 

(Figure 4.6b). The fact that D remained high until the end of the experiment indicated that an 

energy-dissipative layer was present and remained on the quartz crystal, i.e. that the hydrolysis of 

these substrates was incomplete. The conclusion was further supported by the smaller (Δfn/n) 

increases after the minima in the curves of the sulfated substrates as compared to those of the 

non-sulfated substrates, indicating a smaller mass loss during hydrolysis. 

 

Table 4.4. Values of the (Δfn/n) minima, ΔD maxima, and the minima and maxima of 

d(Δfn/n)/dt, taken as a measure for the rate of enzyme adsorption and substrate 

hydrolysis, respectively
a
 

 HH-0 SH-0 SH-55 SH-152 SH-293 

(Δfn/n)min (Hz) –124 ± 6 –167 ± 19 –102 ± 11 –188 ± 25 –274 ± 2 

ΔDmax (10
–6

) 20 ± 2 38 ± 8 17 ± 8 49 ± 1 92 ± 5 

(d(Δfn/n)/dt)min (s
–2

) –0.58 ± 0.02 –0.82 ± 0.11 –0.79 ± 0.15 –1.25 ± 0.18 –1.62 ± 0.10 

(d(Δfn/n)/dt)max (s
–2

) 0.049 ± 0.002 0.081 ± 0.012 0.057 ± 0.018 0.043 ± 0.009 0.025 ± 0.004 

a
 Data are means ± one standard deviation of three measurements. 

 

The rate of change of (Δfn/n) at the first and second inflection point of the (Δfn/n) curve, 

given by the minimum and maximum of its first derivative, (d(Δfn/n)/dt)min and (d(Δfn/n)/dt)max, 

respectively, were taken as a measure for the rate of enzyme adsorption and substrate hydrolysis, 

respectively. The values are given in Table 4.4. The rate of enzyme adsorption was higher for the 

SH-0 substrate than for the HH-0 subtrate. The higher adsorption rate for the SH-0 substrate 

could be due to its larger accessible surface area. For the sulfated substrates, the rate of enzyme 

adsorption increased in the order SH-55<SH-152<SH-293. The fact that the substrate with the 

highest sulfate group density exhibited the highest rate of enzyme adsorption suggested that 

cellulase binding through electrostatic interactions is faster than binding through CBDs. The rate 

of substrate hydrolysis was also higher for the SH-0 substrate than for the HH-0 substrate in 

accordance with the larger amount of adsorbed enzymes (magnitude of (Δfn/n)min) and the greater 

substrate surface area. For the sulfated substrates, the rate of substrate hydrolysis decreased from 

SH-55 to SH-293, despite the fact that the amount of adsorbed enzymes increased. In other words, 
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a higher surface charge density was associated with a larger amount of adsorbed enzymes but a 

lower hydrolysis rate. To explain this seemingly contradictory result, we analyzed electrostatic 

potential maps for the catalytic domains of CBH I and EG I, the two main components of the T. 

reesei enzyme mixture, accounting for up to 60%
50,51

 and 6–10%
50

 of the total amount of enzyme 

produced, respectively. 

4.4.4. Electrostatic potential maps for the catalytic domains of CBH I and 

EG I 

The electrostatic potential maps for the catalytic domains of CBH I and EG I are shown in 

Figure 4.7. CBH I is believed to play a key role in the hydrolysis of the crystalline regions of 

cellulose.
52,53

 The catalytic domain of CBH I consists of a large, concave β-sandwich, formed by 

two antiparallel β-sheets stacked face-to-face, four short -helices, and numerous short and long 

loops. The long loops, located between the two β-sheets and between the strands of the concave 

β-sheet, form a tunnel that runs the entire length of the concave sheet (~50 Å).
52-54

 The active site, 

located at the far end of the tunnel, contains three acidic residues, Glu212, Asp214, and Glu217. 

During cellulose hydrolysis by CBH I, a single cellulose chain enters the front end of the tunnel 

with its reducing end. The chain remains in the tunnel while the active site at the far end of the 

tunnel cleaves off cellobiose units from the reducing end. The isoelectric point of CBH I is 

between 3.5 and 4.2.
50

 Thus, CBH I has a net negative charge in pH 4.8 buffer. As seen in Figure 

4.7 (left column), the electrostatic potential of the catalytic domain of CBH I is predominantly 

negative with a few spots exhibiting a positive electrostatic potential. The negative electrostatic 

potential in the tunnel and at the active site precludes negatively charged cellulose chains from 

entering the tunnel and the active site. 

The catalytic domain of EG I is similar to that of CBH I in that it also consists of a β-

sandwich, formed by two antiparallel β-sheets stacked face-to-face, four short -helices, and 

several loops.
55

 The main difference is that the tunnel-forming loops of CBH I are absent in EG I. 

As a result, instead of a tunnel, EG I has an open substrate-binding cleft, enabling EG I to cleave 

cellulose chains at random locations within the chain because the chains can diffuse freely in an 

out of the cleft. Like that of CBH I, the active site of EG I contains three acidic residues, Glu196, 
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Asp198, and Glu201.
55

 The isoelectric point of EG I has been reported as 4.5
56

 and 4.7.
57

 The 

electrostatic potential map in Figure 4.7 (right column) shows both positive and negative spots. 

However, the inside of the cleft and active site have a negative electrostatic potential that again 

precludes negatively charged cellulose chains from entering the cleft and active site. 
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Figure 4.7. Electrostatic potential maps for the catalytic domains of CBH I  and EG I. Potential 

isocontours are shown at +1 kTe
–1

 (blue) and –1 kTe
–1

 (red) and obtained at 300 

mM ionic strength (50 mM sodium citrate buffer) with a solute dielectric of 2 and a 

solvent dielectric of 78.54. 
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4.4.5. AFM investigation of the cellulose substrates 

Figure 4.8 shows AFM height images of the cellulose substrates before hydrolysis. The 

surface roughnesses for the substrates are listed in Table 4.5. The surface roughnesses of the 

substrates SH-0, SH-55, SH-152, and SH-293 increased with decreasing sulfate group density, 

probably because of increased aggregation in the CNC suspension used for spin coating with 

decreasing repulsive force between the CNCs in suspension. The surface roughness of the HH-0 

substrate was much higher than that of the SH-0 substrate. In the previous chapter it has been 

shown that the HH-0 CNCs have the largest particle size of all the CNC samples.
19

 The larger 

particle size of HH-0 CNCs was likely the reason for the higher surface roughness of the HH-0 

substrate. 
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(a) (b)

(c) (d)

 

(e)

 

Figure 4.8. AFM height images of the cellulose substrates: (a) SH-293, (b) SH-152, (c) SH-55, 

(d) SH-0, and (e) HH-0. The scan size and z-scale are 5 m × 5 µm and 8 nm, 

respectively, for all images. 
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Table 4.5. Surface roughnesses (nm) for the different cellulose substrates from 5 m × 5 m 

AFM height images 

 RMS surface roughness (nm) 

 HH-0 SH-0 SH-55 SH-152 SH-293 

Before hydrolysis 7.8 3.3 2.0 1.7 1.4 

After hydrolysis N/A 3.1 3.4 4.4 4.1 

 

Figure 4.9 shows AFM height images of the cellulose substrates after incubation in enzyme 

solution at 50 °C for 2 h. All images showed large globular aggregates, which might be adsorbed 

enzymes. The fact that CNCs were still discernible under the enzymes in the case of the 

substrates SH-293, SH-152, and SH-55 (Figure 4.9a–c) indicated that hydrolysis of these 

substrates was incomplete after 2 h. The surface roughnesses of the substrates (Table 4.5) were 

higher after hydrolysis than before. The increase in surface roughness could either be due to the 

partial erosion of the substrate during hydrolysis or to the enzymes still adsorbed on the substrate. 

The image of the SH-0 substrate (Figure 4.9d) did not show any CNCs. The absence of CNCs 

indicated that hydrolysis of the SH-0 substrate was complete after 2 h and that it had proceeded 

much faster than those of the sulfated substrates. This finding is consistent with the results of the 

substrate hydrolysis study by QCM-D, which showed a much higher hydrolysis rate for the SH-0 

substrate than the other substrates. 
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(a) (b)

(c) (d)

 

Figure 4.9. AFM height images of the cellulose substrates after incubation for 2 h at 50 °C in 

enzyme solution: (a) SH-293, (b) SH-152, (c) SH-55, (d) SH-0. The scan size and 

z-scale are 5 m × 5 µm and 8 nm, respectively, for all images. 

4.5. Conclusions 

The objective of this study was to determine how sulfate groups in pretreated biomass 

might affect its biochemical conversion. The study has shown that sulfate groups on cellulose 

substrates hinder cellulase adsorption through the CBDs but promote cellulase adsorption 

through other, possibly electrostatic, interactions. The study has further shown that sulfate groups 

slow down or inhibit the enzymatic hydrolysis of cellulose substrates. The inhibitory effect of the 
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sulfate groups may be due to non-productive binding of the enzymes onto the substrate. In 

addition, negatively charged cellulose chains are unlikely to enter the active sites of the enzymes 

because of repulsive electrostatic forces between the cellulose chain and the acidic residues of the 

active site. 
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CHAPTER 5 

Effects of the non-ionic surfactant Tween 80 on 

the adsorption of cellulases onto lignin substrates 

5.1. Abstract 

Residual lignin in pretreated biomass impedes its enzymatic hydrolysis. Non-ionic 

surfactants are known to enhance the enzymatic hydrolysis of lignocellulosic biomass but their 

mechanisms of action are incompletely understood. This study investigates the effect of the non-

ionic surfactant Tween 80 on the adsorption of cellulases onto model lignin substrates. Lignin 

substrates were prepared by spin coating from three different types of lignin: organosolv lignin, 

kraft lignin, and milled wood lignin. The functional group distributions in the lignins were 

analyzed by quantitative 
31

P NMR spectroscopy. The surface energies and surface roughnesses of 

the substrates were determined by contact angle measurements and atomic force microscopy, 

respectively. Tween 80 and cellulase adsorption onto the lignin substrates were analyzed by 

quartz crystal microbalance with dissipation monitoring. Tween 80 adsorbed onto all lignin 

substrates and effected partial removal of lignin molecules. The ability of Tween 80 to remove 

lignin molecules from the substrate increased with lignin hydrophobicity. Cellulase appeared to 

adsorb onto the lignin substrates via both hydrophobic and polar interactions. Tween 80 

molecules on the substrate’s surface seemed to hinder cellulase adsorption via hydrophobic 

interactions and reduced the rate of cellulase adsorption. 
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5.2. Introduction 

As the most abundant natural organic material, lignocellulose has been subject to extensive 

research because of its potential value in the production of biofuels. Lignocellulosic biomass is 

composed of a lignin and hemicellulose matrix encapsulating a cellulose scaffold. Functioning as 

support and protection for the cellulose scaffold against microbial degradation in living plants, 

lignin causes steric hindrance in the enzymatic hydrolysis of lignocellulosic biomass, limiting the 

enzyme accessibility of the cellulose scaffold. Researchers have shown that the presence of lignin 

in the substrate significantly reduces enzymatic hydrolysis yields.
1-5

 Besides limiting access to 

the cellulose scaffold, lignin also causes non-specific adsorption of cellulase onto itself, thus 

preventing cellulase adsorption onto the cellulose scaffold, a necessary step in the hydrolysis of 

the scaffold.
6-12

 To reduce the recalcitrance of lignocellulosic biomass to chemical and 

biochemical degradation, pretreatment methods have been developed that break down the lignin–

hemicellulose–cellulose matrix and increase the enzyme accessibility of the cellulose scaffold. 

Chemical pretreatment methods include processes under acidic conditions,
13,14

 basic 

conditions,
13,15,16

 and organosolv pulping.
17,18

 The caustic conditions during biomass 

pretreatment inevitably cause changes in the lignin structure, such as the cleavage of β-O-4 ether 

bonds, similar to those observed during traditional pulping processes. 

Non-ionic surfactants have been studied widely for their potential use in the biochemical 

conversion of lignocellulosic biomass and have been shown to be able to increase enzymatic 

hydrolysis yields.
19-21

 The most widely accepted mechanism for non-ionic surfactants to increase 

enzymatic hydrolysis yields is the prevention of unproductive enzyme adsorption onto the lignin 

fraction of the substrate. Reduced unproductive adsorption of cellulase onto lignocellulosic 

substrates has been observed for the non-ionic surfactants Agrimul,
20

 Triton X-100,
20

 Triton X-

114,
20

 Tween 20, 
20,22

 and Tween 80, 
20,23

 as well as BSA
8
 and polyethylene glycol (PEG).

24,25
 

This study was conducted to enhance our understanding of the mechanisms by which non-

ionic surfactants prevent non-productive binding of cellulolytic enzymes onto lignin substrates. 

Tween 80 (polyoxyethylene (20) sorbitan monooleate), consisting of PEGylated sorbitan as the 

hydrophilic headgroup linked to a monounsaturated, 18-carbon hydrophobic tail, was chosen as 

the surfactant. The adsorption of cellulase onto untreated and Tween 80-treated model lignin 

substrates was studied by quartz crystal microbalance with dissipation monitoring (QCM-D). 
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QCM-D is able to detect minute mass and viscoelasticity changes of adsorbed layers on 

oscillating quartz crystals by measuring changes in the crystal’s oscillation frequencies, Δf, and 

dissipation factors, ΔD, upon adsorption. Lignin films with thicknesses of ~300 Å and surface 

roughnesses of ~1.8 Å, suitable for use as model substrates, have previously been prepared by 

Langmuir–Blodgett deposition.
26-28

 Only slightly higher surface roughnesses (0.6–1.5 nm) have 

been reported for lignin films prepared by spin coating.
29-33

 Thus prepared lignin films have been 

used as model lignin surfaces to study lignin–cellulose interactions in aqueous electrolyte 

solutions,
31

 adsorption of polyelectrolyte or polyelectrolyte complexes onto lignin,
30,32

 and the 

surface energy and wettability of lignin.
33

 The lignin substrates for this study were prepared by 

spin coating from three different types of lignin. Kraft lignin (KL) was chosen as a model for 

lignin from alkaline pretreatment methods, organosolv lignin (OL) was chosen as a model for 

lignin from acidic pretreatment methods, and milled wood lignin (MWL) was chosen as a model 

for native lignin. 

5.3. Experimental section 

5.3.1. Materials 

KL (Mn 5·10
3 

g·mol
–1

 Mw 28·10
3
 g·mol

–1
), Tween 80 (SigmaUltra), Celluclast 1.5L 

(Novozyme), and 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (CTMDP, 95%) were 

purchased from Sigma-Aldrich. Sulfuric acid (95.9 wt %, Certified ACS Plus), pyridine 

(Certified ACS), molecular sieves (4 Å), deuterated chloroform (Cambridge Isotope Laboratories, 

Inc. 99.8%), endo-N-hydroxy-5-norbornene-2,3-dicarboximide (e-HNDI, Acros Organics, 99+%), 

chromium (III) acetylacetonate (Cr(acac)3, Acros Organics, 97%), diiodomethane (Acros 

Organics, 99+%, stabilized), formamide (Acros Organics, 99.5+%, extra pure), citric acid 

monohydrate (Certified ACS), sodium hydroxide (Acros Organics, 98.5%), hydrogen peroxide 

(34–37%, Technical Grade), aqueous ammonia (28.9%, Certified ACS Plus), and PEG (“PEG 

4000”, Mw 4,000 g·mol
–1

, Bioworld, Biotechnology Grade) were purchased from Fisher 

Scientific. MWL from hemlock (Tsuga sp., Mn 2.6·10
3
 g·mol

–1
, Mw 15.2·10

3
 g·mol

–1
)
34

 and OL 

from cottonwood (Populus trichocharpa, Mn < 10
3
 g·mol

–1
, Mw < 3·10

3
 g·mol

–1
)
34

 were kindly 
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provided by Prof. Em. Wolfgang Glasser. All water used was deionized (DI) water with a 

resistivity of 18.2 MΩ·cm, obtained from a Millipore Direct-Q 5 Ultrapure Water Systems. 

5.3.2. Lignin purification and fractionation 

KL and MWL, at a concentration of 1 wt %, were dissolved in 0.75 M aqueous ammonia. 

OL, also at 1 wt %, was dissolved in 1.5 M aqueous ammonia because it did not dissolve 

completely in 0.75 M or 1 M aqueous ammonia. The lignin solutions were transferred to 

Spectra/Por 4 dialysis tubing (MWCO: 12–14 kDa, Spectrum Lab, Inc.) and dialyzed against DI 

water for removal of the low molecular weight fraction and any water-soluble impurities. After 

two weeks of dialysis, the lignin suspensions were centrifuged at 25 °C and 4900 rpm for 15 min 

for removal of any sedimenting larger particles. The aqueous lignin suspensions obtained upon 

centrifugation were stable, i.e. the dispersed lignin particles did not settle to the bottom of the 

dialysis tubing. This observation has been previously reported for KL by T. Lindström.
35 

Finally, 

the lignin suspensions were concentrated to 1.5 wt % with a rotary evaporator under vacuum at 

45 °C and stored in the refrigerator until use. 

5.3.3. Quantitative 
31

P NMR lignin analysis 

The functional group distributions in the lignins were analyzed by quantitative 
31

P NMR 

spectroscopy according to the method of Granata and Argyropoulos
36

 but with e-HNDI instead of 

cyclohexanol as the internal standard. The method is based on the phosphitylation of lignin 

hydroxyl and carboxyl groups by CTMDP as shown in Figure 5.1. e-HNDI has previously been 

shown to be superior to cyclohexanol as an internal standard because it circumvents the 

interference of the cyclohexanol phosphite peak during integration of the lignin phosphite 

peaks.
37 
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Figure 5.1. Phosphitylation of hydroxyl groups by CTMDP. 

In brief, a mixture of pyridine and deuterated chloroform at a volume ratio of 1.6:1 was 

prepared and dried in the refrigerator over molecular sieves (4 Å) for several hours. The solvent 

mixture was then used to prepare separate solutions of Cr(acac)3 (5 mgmL
–1

), serving as a 

relaxation agent, and e-HNDI (10.85 mgmL
–1

), which were subsequently stored in sealed 

containers in the refrigerator until use. For NMR sample preparation, an aliquot of the 1.5 wt % 

aqueous lignin suspension was freeze-dried, and 30 mg of the freeze-dried lignin, in an amber 

sample vial, was suspended in 500 µL of the solvent mixture by vortexing for 1 min. Then, 150 

µL of CTMDP was added, and the reaction mixture was vortexed for 1 min. Upon vortexing, a 

clear solution was obtained. As the final step in the NMR sample preparation, 200 µL of the e-

HNDI and 100 µL of the Cr(acac)3 solution were added to the phosphitylated-lignin solution, 

after which it was again vortexed for 1 min and transferred to a 5 mm o.d. NMR tube. 

Quantitative 
31

P NMR spectra were acquired immediately after sample preparation with a 

Varian Unity 400 NMR spectrometer, an observation sweep width of 6600 Hz, and a relaxation 

time of 25 s between successive pulses. For chemical shift calibration, the peak of the reaction 

product of water and CTMDP at 132.2 ppm was used as a reference signal. 

5.3.4. Lignin substrate preparation 

Lignin substrates were prepared on silicon dioxide-coated AT-cut quartz crystals (Q-Sense). 

The quartz crystals were cleaned by immersion and shaking for 1 min in fresh piranha solution 

(7:3 (v/v) mixture of sulfuric acid and hydrogen peroxide), then rinsed with DI water, dried in a 

stream of nitrogen, and irradiated for 15 min with an ozone-producing mercury lamp (UV/Ozone 

cleaner, Bioforce Nanosciences). To minimize surface contamination, we cleaned the quartz 

crystals immediately prior to use. 
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The 1.5 wt % aqueous lignin suspensions, prepared as described above, were diluted by 

addition of aqueous ammonia and DI water so that clear solutions with a lignin concentration of 

1 wt % and an ammonia concentration of 0.75 M for KL and MWL and 1.5 M for OL were 

obtained. A volume of 140 L of the 1 wt % lignin solutions was spin-coated (WS-400B-

6NPPLite, Laurell Technologies Corp.) for 1 min at 4000 rpm onto the cleaned quartz crystals. 

As the final step in their preparation, the lignin substrates were dried in a vacuum oven at 65 °C 

for several hours for improved stability in aqueous media. 

5.3.5. Surface energy measurements 

Lignin substrates for surface energy measurements were prepared by spin coating as 

described above but on 1 in. × 1 in. silicon wafer pieces. Before spin coating, the wafer pieces, 

cut from a 15 cm wafer (Wafer World, Inc. West Palm Beach, FL), had been cleaned by 

immersion for 1 h at 70 °C in a mixture of aqueous ammonia, hydrogen peroxide, and DI water 

at a volume ratio of 1:1:5 and then for 1 h at ambient temperature in fresh piranha solution, 

rinsed with DI water, and dried in a stream of nitrogen. 

The surface energies of untreated and Tween 80-treated lignin substrates were determined 

from sessile drop contact angles, θ, measured with a video-based contact angle goniometer 

(FTA200, First Ten Angstroms, Inc.). For Tween 80 treatment, lignin substrates were placed in 

polystyrene Petri dishes and covered with 1 mM Tween 80 solution in 50 mM sodium citrate 

buffer (pH 4.8). The solution had been prepared by mixing 2 mL of a 50 mM Tween 80 solution 

in DI water with 5 mL of a 1 M sodium citrate buffer (pH 4.5) followed by dilution with DI water 

to a volume of 100 mL. The 1 M sodium citrate buffer had been prepared by dissolution of the 

appropriate amounts of citric acid monohydrate and sodium hydroxide in DI water. The Petri 

dishes were then shaken in a shaker for 140 min. After Tween 80 treatment, the substrates were 

rinsed with DI water, dried in a stream of nitrogen, and placed in a vacuum oven at 65 °C for 

several hours. For surface energy measurement, sessile drops of 20 L of DI water, 

diiodomethane, and formamide were placed onto untreated and Tween 80-treated lignin 

substrates, and the contact angles of at least three different drops were measured for each liquid. 
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As explained by Notley and Norgren,
33

 the three test liquids have Hansen solubility parameters 

that indicate that the liquids will not dissolve lignin. 

The surface energies of the lignin substrates were derived from the measured contact angles 

with the Owens–Wendt–Rabel–Kaelble method. 
38-40

 The method is based on the equation 
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where γl is the surface tension of the test liquid, 
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components of γl,, respectively, γs is the surface energy of the substrate, and 



 s

d  and 



 s

p are the 

dispersive and polar components of, γs, respectively. The values for γl, 



 l

d , and 



 l

p for the three 

test liquids are given in Table 5.1. 



 s

d  and 



 s

p  were obtained from the intercept and slope, 

respectively, of the line obtained by plotting 



 l 1 cos  2  l

d  versus 



 l

p  l

d , where θ was the 
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Table 5.1. Surface tensions, γl, of the test liquids and their polar and dispersive components, 



 l

p
 and 



 l

d
 , respectively.

41
 

Test liquid 



 l

p
 (mNm

–1
) 



 l

d
 (mNm

–1
) γl (mNm

–1
) 

Water 51 21.8 72.8 

Diiodomethane 0 50.8 50.8 

Formamide 19 39 58 

5.3.6. QCM-D adsorption experiments 

Adsorption of Tween 80 and cellulase onto the lignin substrates was analyzed by QCM-D 

(Q-sense E4). Lignin substrates were placed in QCM-D flow modules, and a 0.25 mLmin
–1

 feed 

of 50 mM sodium citrate buffer was established with a peristaltic pump. The temperature inside 

the flow modules was controlled at 22.00 ± 0.02 °C. When the normalized rate of change of the 
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3
rd

 overtone frequency, (Δf3/3), became less than 2 Hzh
–1

, the substrates were considered 

saturated and equilibrated. 

In Tween 80 adsorption experiments, the buffer feed was then replaced with a feed of 1 

mM Tween 80 solution in buffer with the same flow rate. After 140 min, the sodium citrate 

buffer feed was restored so that any loosely bound Tween 80 molecules would be rinsed from the 

substrate. Tween 80 adsorption experiments were terminated after 60 min of buffer rinse. 

In cellulase adsorption experiments on untreated lignin substrates, the initial buffer feed 

was replaced with a feed of cellulase solution in buffer, prepared by dilution of 0.5 g Celluclast 

1.5L, a commercial cellulase solution derived from Trichoderma reesei, with 50 mM sodium 

citrate buffer to a volume of 100 mL. After 4 h, the sodium citrate buffer feed was restored so 

that any reversibly bound cellulase molecules would be rinsed from the substrate. In cellulase 

adsorption experiments on Tween 80-treated substrates, the initial buffer feed was first replaced 

with a feed of 1 mM Tween 80 solution in buffer for 140 min and then with a feed to buffer 

solution for 60min, and finally with a feed of cellulase solution in buffer for 4 h before it was 

restored. Cellulase adsorption experiments were terminated after 30 min of buffer rinse. 

PEG adsorption experiments and cellulase adsorption experiments on PEG-treated lignin 

substrates were carried out as described above but with a 1 mM PEG solution in buffer instead of 

the 1 mM Tween 80 solution. The duration for the PEG solution feed was 20 min, as opposed to 

140 min for the Tween 80 solution feed, because Δf and ΔD remained constant after only a few 

minutes of adsorption. 

Tween 80 and cellulase adsorption experiments on gold and silica substrates were carried 

out as described above but with gold-coated or silicon dioxide-coated AT-cut quartz crystals in 

place of the lignin substrates. The gold-coated quartz crystals were cleaned like the silicon wafer 

pieces used for the surface energy measurements. The duration for the Tween 80 solution feed 

was 23 min for the gold substrate and 15 min for the silica substrate, instead of 140 min, and the 

duration for the cellulase solution feed was 40 min for the gold substrate and 75 min for the silica 

substrate, instead of 4 h. 

Δf and ΔD were recorded in real time at the fundamental frequency (5 MHz) and 6 overtone 

frequencies (15, 25, 35, 45, 55, and 65 MHz) with QSoft 401 acquisition software (Q-Sense). 

The surface excess concentrations of adsorbed cellulase on the lignin substrates were estimated 
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with the QTools modeling center (v3.0, Q-Sense) by modeling Δf and ΔD for the 3
rd

 and 5
th

 

overtones with a single-layer Voigt element-based viscoelastic film model
42,43

 as described in 

Chapter 4. For the density and viscosity of the bulk liquid, we used the density and viscosity of 

water at 22 °C, which are 998 kgm
–344

 and 0.95510
–3

 kgm
–1

s
–1

.
45

 The density of the viscoelastic 

film was fixed at 1100 kgm
–3

.
46

 

5.3.7. Substrate imaging and surface roughness determination 

Upon completion of the QCM-D adsorption experiments, the lignin substrates were taken 

out of the flow modules, thoroughly rinsed with DI water, dried in a stream of nitrogen, and 

placed in a vacuum oven at 65 °C for several hours. The Tween 80- and cellulase-treated 

substrates as well as unused substrates on quartz crystals were imaged with an Asylum Research 

MFP-3D-BIO atomic force microscope. The substrates were scanned in air at ambient relative 

humidity and temperature in intermittent-contact mode with OMCL-AC160TS standard silicon 

probes (Olympus Corp.) with a scan frequency of 1 Hz, and 512 scans with 512 points/scan. 

RMS surface roughnesses were determined from the entire area of the AFM height image (2 m  

× 2 m or 5 m × 5 m, as specified). 

5.4. Results and discussion 

5.4.1. Distribution of functional groups in the three lignins 

The distribution of functional groups in the three lignins was determined by quantitative 
31

P 

NMR spectroscopy. The 
31

P NMR spectra of the lignin samples are shown in Figure 5.2. The 

signal assignments are based on those established by Granata and Argyropoulos.
36

 The measured 

absolute and relative hydroxyl and carboxyl group contents of the lignin samples, based on peak 

integrals relative to that of the internal standard, are listed in Table 5.2. 
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Figure 5.2. Quantitative 
31

P NMR spectra of (a) MWL, (b) KL, and (c) OL after 

phosphitylation with CTMDP. The internal standard peak stems from 

phosphitylated e-HNDI. 

Table 5.2. Measured absolute and relative hydroxyl and carboxyl group contents of the three 

lignins determined by quantitative 
31

P NMR spectroscopy 

  OL  KL  MWL 

Functional group  mmolg
–1

 %  mmolg
–1

 %  mmolg
–1

 % 

Aliphatic OH  0.9 28  2.3 46  4.2 87 

Guaiacyl and d.m.
a
 OH  0.7 21  1.7 33  0.5 10 

Syringyl OH  1.5 45  0.8 17  n/a n/a 

COOH  0.2 7  0.3 5  0.1 3 

Total phenolic OH  2.2 66  2.5 49  0.5 10 

Total OH  3.3 100  5.1 100  4.8 100 

a
 demethylated 

 

As seen in Table 5.2, the total measured hydroxyl group content was highest for KL and 

lowest for OL. The lower total measured hydroxyl group content of OL indicated a higher 
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hydrophobicity. Two thirds (66%) of the total measured hydroxyl groups of OL were phenolic 

hydroxyl groups and two thirds of those phenolic hydroxyl groups were syringyl hydroxyl groups. 

Aliphatic hydroxyl groups made up less than one third (28%) of the total measured hydroxyl 

groups of OL. In contrast, MWL had mostly aliphatic hydroxyl groups (87%) and only a small 

number of phenolic hydroxyl groups (10%), which were exclusively guaiacyl and demethylated 

hydroxyl groups. A low syringyl hydroxyl group content was to be expected for a softwood 

MWL. The high absolute value for the measured aliphatic hydroxyl group content of 4.22 

mmolg
–1

 was in good agreement with previously published values for softwood MWL, ranging 

from 4.00 to 4.27 mmolg
–1

.
33,36,47

 KL had nearly equal amounts of aliphatic (46%) and phenolic 

(49%) hydroxyl groups with syringyl hydroxyl groups making up one third of the measured 

phenolic hydroxyl group content, as opposed to two thirds in OL. The higher measured phenolic 

hydroxyl group contents of OL and KL, compared to MWL, were mainly due to the scission of β-

O-4 linkages, catalyzed by acids (OL) and bases (KL), during the isolation process. The carboxyl 

group content was below 7% for all lignins with OL having the highest (6.6%) and MWL the 

lowest (3%). 

5.4.2. Surface properties of the lignin substrates 

The lignin substrates were characterized in terms of surface morphology, roughness, and 

energy. Figure 5.3 shows AFM height images of untreated and Tween 80-treated lignin substrates. 

The untreated substrates (left column) consisted of spherical lignin particles with diameters of 

10–20 nm. Similar morphologies for lignin substrates prepared by spin coating have been 

reported previously.
29,30,33

 It is noteworthy that the particle sizes of the three lignin substrates 

were similar. Notley and Norgren reported larger particle sizes for lignin substrates from MWL 

solutions in an acetone–water mixture than for substrates from KL solutions in aqueous 

ammonia.
33

 The particle size of lignin substrates prepared by spin coating of lignin solutions 

probably depends on the degree of dissolution of the lignin in the solvent. The uniform small 

particle size of the lignin substrates observed in Figure 5.3 indicated that the three lignins were 

well dissolved in the aqueous ammonia solvent during substrate preparation. 
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Figure 5.3. AFM height images of untreated and Tween 80-treated lignin substrates. The scan 

size and z-scale for the images are 2 µm × 2 µm and 8 nm, respectively. 

Figure 5.3 also shows that the substrates were smooth and homogeneous without cracks or 

holes. The measured surface roughnesses of 1.0 nm for the OL substrate, 0.8 nm for the KL 
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substrate, and 1.1 nm for the MWL substrate were in good agreement with previously published 

values, ranging from 0.6 to 1.6 nm.
29,30,32,33,48

 

The Tween 80-treated lignin substrates (right column) had similar morphologies as the 

untreated substrates but consistently higher surface roughnesses. A possible reason for the 

increase in surface roughness upon Tween 80 treatment will be given in the next section. With 

total surface roughnesses of 1.0–1.2 nm, however, the Tween 80-treated lignin substrates were 

still smooth enough for contact angle and QCM-D adsorption measurements. 

The average contact angles of the three test liquids on untreated and Tween 80-treated 

lignin substrates are listed in Table C.1 in Appendix C. The surface energies and their polar and 

dispersive components, determined from those contact angles, are listed in Table 5.3. 

 

Table 5.3. Surface energies, γs, of untreated and Tween 80-treated lignin substrates and their 

polar and dispersive components, 



 s

p and 



 s

d  , respectively
a
 

 OL  KL  MWL 

Γ untreated treated  untreated treated  untreated Treated 

γs (mNm
–1

) 54.2 ± 1.7 53.9 ± 1.2  55.5 ± 0.5 54.8 ± 1.7  58.1 ± 2.9 58.3 ± 4.3 



 s

p
 (mNm

–1
) 8.1 ± 0.7 11.1 ± 0.6  9.3 ± 0.2 12.5 ± 0.9  13.4 ± 1.4 15.2 ± 2.2 



 s

d
 (mNm

–1
) 46.1 ± 1.6 42.8 ± 1.1  46.2 ± 0.5 42.3 ± 1.5  44.7 ± 2.5 43.1 ± 3.6 



 s

p
 (% of γs) 14.9 ± 1.4 20.5 ± 1.2  16.8 ± 0.4 22.8 ± 1.9  23.1 ± 2.9 26.0 ± 4.6 



 s

d
 (% of γs) 85.1 ± 4.6 79.5 ± 3.2  83.2 ± 1.3 77.2 ± 4.3  76.9 ± 6.7 74.0 ± 9.7 

a
 Data are means ± one standard deviation from the linear regression analysis. 

 

As seen in Table 5.3, the OL substrate had the smallest polar component and largest 

dispersive component of the three substrates. This result was consistent with the results from the 

NMR lignin analysis, which showed that OL had the lowest total hydroxyl group content. The 

MWL substrate had a larger polar component than the KL substrate despite the fact that KL had a 

slightly higher total hydroxyl group content (Table 5.2). The larger polar component of the MWL 

substrate could be due to the higher aliphatic hydroxyl group content of MWL (Table 5.2). The 

aliphatic hydroxyl groups might protrude more from the substrate’s surface than phenolic 

hydroxyl groups and, thus, dominate its surface chemistry. Treatment of the lignin substrates 
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with Tween 80 increased the polar component of the surface energy (Table 5.3), i.e. rendered the 

surfaces more hydrophilic. A possible explanation for the increase in hydrophilicity could be that 

the Tween 80 molecules interacted with the lignin substrates through their hydrocarbon tails, 

leaving the hydrophilic headgroups exposed on the substrate’s surface. The presence of Tween 

80 headgroups on the surface of the lignin substrates could have caused the observed increase in 

the polar component of their surface energies. 

5.4.3. Tween 80 adsorption experiments 

The adsorption of Tween 80 onto the lignin substrates was analyzed by QCM-D. Figure 5.4 

shows curves of the normalized frequency change, (Δfn/n), where n is the frequency’s overtone 

number, and D from Tween 80 adsorption experiments on the three lignin substrates. 
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Figure 5.4. (a) (Δfn/n) and (b) D curves (5
th

 overtone) from Tween 80 adsorption experiments 

on lignin substrates: OL substrate (red ), KL substrate (blue ), and MWL 

substrate (purple ). Arrows indicate a switch in liquid feed to the QCM-D flow 

modules. 

The initial rapid decrease in (Δfn/n) (Figure 5.4a), upon switch of the liquid feed to the flow 

modules from buffer to Tween 80 solution, was due to the adsorption of Tween 80 molecules 

onto the lignin substrate. The decrease in (Δfn/n) was associated with an increase in D (Figure 

5.4b) due to the soft, energy dissipative nature of the adsorbed surfactant layer. After reaching a 
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minimum, having different magnitudes for the different substrates, (Δfn/n) gradually increased. 

The increase in (Δfn/n) after the minimum was most pronounced for the OL substrate and least 

pronounced for the MWL substrate. An increase in (Δfn/n) signifies a decrease in mass on the 

quartz crystal. The observed mass decrease was most likely due to Tween 80-mediated removal 

of lignin from the substrate. Amphiphilic micelle-forming molecules, like Tween 80, are able to 

solubilize hydrophobic molecules in aqueous media within their hydrophobic tails. Thus, Tween 

80 may have solubilized lignin molecules on the surface of the lignin substrates, which would 

have subsequently been carried away in the liquid stream. The gradual increase in (Δfn/n) was 

associated with a gradual decrease in D, indicating that the surface layer became more rigid and 

dissipated less energy during oscillation of the quartz crystal. An increase in rigidity would be 

consistent with the postulated removal of lignin molecules from the substrate and the related 

decrease in the lignin substrate’s thickness. Erosion of the lignin substrates by Tween 80 could 

have been the reason for the observed increase in surface roughness of the substrates upon Tween 

80 treatment (Figure 5.3). 

After 140 min, the liquid feed to the flow modules was switched from the Tween 80 

solution back to buffer. Upon the switch, indicated by an arrow in Figure 5.4a, a rapid increase in 

(Δfn/n) was observed. The increase was most likely due to the desorption of Tween 80 molecules 

and possibly removal of some loose, partially solubilized lignin molecules from the substrate’s 

surface. The (Δfn/n) increase was associated with a sharp decrease in D, indicating a rapid 

increase in the substrate’s rigidity, which would be consistent with the disappearance of the soft 

surfactant layer on the lignin substrate’s surface. 

The values for the (Δfn/n) decrease upon switch of the liquid feed from buffer to Tween 80 

solution, Δ(Δfn/n)I, the (Δfn/n) increase from the minimum after 140 min of Tween 80 solution 

feed, Δ(Δfn/n)II, and the (Δfn/n) increase upon switch from Tween 80 solution back to buffer, 

Δ(Δfn/n)III, are listed in Table 5.4. 
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Table 5.4. Values for Δ(Δfn/n)I,
a
 Δ(Δfn/n)II,

b
 and Δ(Δfn/n)III.

c,d 

Substrate Δ(Δfn/n)I (Hz) Δ(Δfn/n)II (Hz) Δ(Δfn/n)III (Hz) 

OL –20.5 ± 0.9 20.7 ± 2.0 19.4 ± 1.3 

KL –19.5 ± 0.9 8.1 ± 0.7 15.9 ± 1.0 

MWL –15.2 ± 0.8 5.0 ± 0.5 10.7 ± 1.4 

a
 (Δfn/n) decrease upon switch of the liquid feed from buffer to Tween 80 solution 

b
 (Δfn/n) increase from the minimum after 140 min of Tween 80 solution feed 

c
 (Δfn/n) increase upon switch from Tween 80 solution back to buffer 

d
 Data are means ± one standard deviation of three measurements. 

 

The magnitude of Δ(Δfn/n)I was largest for the OL substrate and smallest for the MWL 

substrate. The magnitude of Δ(Δfn/n)I is a measure for the amount of Tween 80 adsorbed on the 

substrate. In the previous section, it was shown that the MWL substrate had the largest polar 

surface energy component and the OL substrate had the largest dispersive surface energy 

component. The fact that more Tween 80 adsorbed onto the OL substrate than onto the KL and 

MWL substrates suggested that hydrophobic interactions played a role in the adsorption of 

Tween 80 onto the lignin substrates. Δ(Δfn/n)II was also largest for the OL substrate and smallest 

for the MWL substrate. Δ(Δfn/n)II is a measure for the amount of lignin removed by Tween 80 

from the lignin substrate. The fact that Δ(Δfn/n)II was largest for the OL substrate suggested that 

Tween 80 removed more lignin from the OL substrate than from the KL and MWL substrates 

during the 140 min of Tween 80 solution feed. For all substrates, the magnitude of Δ(Δfn/n)III was 

smaller than the magnitude of Δ(Δfn/n)I. The difference in magnitudes suggested that some 

Tween 80 molecules stayed adsorbed on the lignin substrate after the switch of the liquid feed 

back to buffer. This interpretation is consistent with the results from the surface energy 

measurements, which showed changes in the surface energy of the substrates upon Tween 80 

treatment after rinsing of the substrates with DI water, suggesting that some Tween 80 molecules 

were irreversibly adsorbed on the substrates. 

To further analyze the role of hydrophobic interactions in the adsorption of Tween 80 on 

lignin substrates, we studied the adsorption of PEG, which is a component of the hydrophilic 

head group of Tween 80 molecules, on the lignin substrates. Figure 5.5 shows (Δfn/n) and D 

curves for the three lignin substrates from PEG adsorption experiments. 
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Figure 5.5. (a) (Δfn/n) and (b) D curves (5
th

 overtone) from PEG adsorption experiments on 

lignin substrates: OL substrate (red ), KL substrate (blue ), and MWL substrate 

(purple ). Arrows indicate a switch in liquid feed to the QCM-D flow modules. 

A switch of the liquid feed to the flow modules from buffer to a 1 mM PEG solution in 

buffer resulted in a rapid decrease in (Δfn/n) and increase in D. The changes in (Δfn/n) and D 

upon the switch could either be due to the change in density and viscosity of the liquid feed or 

the adsorption of PEG molecules on the lignin substrates or a combination of both. The 

magnitude of the (Δfn/n) decrease, however, was much smaller than that observed for Tween 80. 

The smaller magnitude of the (Δfn/n) decrease indicated that less PEG adsorbed onto the lignin 

substrates than Tween 80. (Δfn/n) stayed nearly constant during the period of PEG solution feed 

(20 min). The absence of a (Δfn/n) increase, observed for Tween 80, indicated that PEG did not 

remove any lignin molecules. Upon switch of the liquid feed back to buffer, (Δfn/n) rapidly 

increased and D rapidly decreased back to their initial values. Return of (Δfn/n) and D to their 

initial values indicated that PEG had completely desorbed and no lignin had been removed from 

the substrate. The experiments confirmed that the hydrophobic tail of Tween 80 was critical in 

the adsorption of Tween 80 onto lignin substrates and in the removal of lignin molecules by 

Tween 80. 
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5.4.4. Cellulase adsorption experiments 

Figure 5.6 shows (Δfn/n) and D curves from cellulase QCM-D adsorption experiments on 

untreated and Tween 80-treated lignin substrates. PEG-treated substrates were included in the 

study for comparison. As seen in Figure 5.6, adsorption of cellulase onto the lignin substrates 

caused a large decrease in (Δfn/n) (> 50 Hz) and increase in D (> 510
6
), indicating the build-up 

of thick, soft cellulase layers on the lignin substrates. Switch of the liquid feed to the flow 

modules from cellulase solution to buffer, marked by an arrow in Figure 5.6, only caused a small 

(Δfn/n) increase (< 5 Hz) and D decrease (< 110
–6

). The fact that the (Δfn/n) increase and D 

decrease upon switch of the feed were small suggested that binding of the cellulase to the 

substrates was largely irreversible and the extent of cellulase desorption from the substrates was 

low. 
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Figure 5.6. (Δfn/n) and D curves (5
th

 overtone) from cellulase adsorption experiments on (a) 

untreated, (b) PEG-treated, and (c) Tween 80-treated lignin substrates: OL 

substrate (), KL substrate (), and MWL substrate (). Arrows indicate a 

switch in liquid feed to the QCM-D flow modules from cellulase solution to buffer. 
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In the case of untreated substrates (Figure 5.6a), the (Δfn/n) decrease after 4 h of cellulase 

adsorption was largest for the MWL substrate and smallest for the KL substrate. However, the 

initial decrease in (Δfn/n) was much faster for the OL and KL substrate than for the MWL 

substrate. The surface excess concentrations of cellulase on the lignin substrates after 10 min and 

4 h of adsorption were estimated by viscoelastic modeling of the (Δfn/n) and D curves. The 

results from data modeling will be discussed in the next section. 

The (Δfn/n) and D curves for PEG-treated lignin substrates (Figure 5.6b) were similar to 

those for the untreated substrates (Figure 5.6a). A similar behavior of the PEG-treated substrates 

to that of the untreated substrates was expected because, as shown in the previous section, PEG 

adsorption onto lignin substrates was nearly quantitatively reversible by buffer rinse. Thus, when 

the feed to the flow modules in the cellulase adsorption experiments was switched from PEG 

solution to cellulase solution, most of the PEG molecules probably desorbed from the lignin 

substrates and were rinsed off of the surface by the cellulase solution before they could have an 

effect on cellulase adsorption. 

Treatment of the lignin substrates with Tween 80 changed cellulase adsorption dramatically 

(Figure 5.6c). The (Δfn/n) decrease after 4 h of cellulase adsorption was larger for the Tween 80-

treated OL and KL substrate than for the untreated substrates but was significantly reduced for 

the Tween 80-treated MWL substrate, compared to the untreated substrate, to the extent that the 

MWL substrate now had the smallest (Δfn/n) decrease of the three substrates, as opposed to the 

largest, as in Figure 5.6a. In addition, the initial rapid decrease in (Δfn/n) was no longer observed 

for the Tween 80-treated KL substrate and was significantly reduced for the OL substrate. As 

mentioned above, the adsorption data will be discussed in quantitative terms in the next section. 

To determine the reason for the initial rapid decrease in the (Δfn/n) curves of the untreated 

OL and KL substrates, which was missing from the curve of the MWL substrate, as well as the 

effect of Tween 80 on this decrease, we studied the adsorption of cellulase onto untreated and 

Tween 80-treated gold-coated and silica-coated quartz crystals. The (Δfn/n) and D curves from 

cellulase adsorption experiments on untreated and Tween 80-treated gold substrates are shown in 

Figure 5.7. Adsorption of Tween 80 molecules during the Tween 80 treatment prior to the 

cellulase adsorption experiment had caused an overall (Δfn/n) change of –7 Hz (after the buffer 

rinse) indicating that the Tween 80-treated gold substrate had Tween 80 molecules attached to its 
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surface. (The (Δfn/n) and ΔD curves from the Tween 80 adsorption experiments on the gold 

substrate are shown in Figure C.1 in Appendix C.) 
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Figure 5.7. (a) (Δfn/n) and (b) D curves (5
th

 overtone) from cellulase adsorption experiments 

on untreated (open circle) and Tween 80-treated (filled circle) gold substrates. 

Arrows indicate a switch in liquid feed to the QCM-D flow modules. 

As seen in Figure 5.7a, cellulase adsorption onto both the untreated and Tween 80-treated 

gold substrate was rapid, reached a limit, and was nearly completely irreversible. More cellulose 

adsorbed onto the untreated gold substrate than onto the Tween 80-treated substrate. Gold 

surfaces are generally hydrophobic because of rapid contamination with carbonaceous materials, 

which has been shown to increase the contact angle of water to 30–40° after 10 min of exposure 

of the gold surface to atmospheric air.
49

 Adsorption of both Tween 80 and cellulase molecules 

onto the untreated gold substrate could therefore have been driven by hydrophobic interactions. 

The fact that cellulase adsorption onto the untreated gold substrate was rapid might have 

indicated that the initial rapid decrease in the (Δfn/n) curves of the untreated OL and KL 

substrates was due to cellulase adsorption via hydrophobic interactions (onto hydrophobic 

adsorption sites). Cellulases are known to use hydrophobic interactions, originating from three 

tyrosine residues in their cellulose binding domain, for adsorption onto cellulose.
50-52

 

Consequently, hydrophobic interactions between the tyrosine residues and the aromatic rings of 

lignin could be the reason for the initial rapid cellulase adsorption onto the OL and KL substrates. 

Figure 5.7a also shows that adsorbed Tween 80 molecules hinder the adsorption of cellulase. If 
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Tween 80 adsorption to gold is through the hydrophobic tails, cellulase adsorption is likely 

sterically inhibited by the swollen PEG portion of the Tween 80 molecules. The fact that some 

cellulase adsorption was still observed on the Tween 80-treated gold substrate indicated that not 

all adsorption sites were occupied by Tween 80 molecules or that the cellulase molecules 

interacted with the Tween 80 layer. 

The (Δfn/n) and D curves from cellulase adsorption experiments on untreated and Tween 

80-treated silica substrates are shown in Figure 5.8. The large overall (Δfn/n) decrease during the 

Tween 80 treatment of the substrate (Figure C.2, Appendix C) of 25 Hz indicating that the 

Tween 80-treated silica substrate had a large number of Tween 80 molecules attached to its 

surface. 
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Figure 5.8. (a) (Δfn/n) and (b) D curves (5
th

 overtone) from cellulase adsorption experiments 

on untreated (open circle) and Tween 80-treated (filled circle) silica substrates. 

Arrows indicate a switch in liquid feed to the QCM-D flow modules. 

As seen in Figure 5.8a, cellulase adsorption onto the untreated silica substrate was gradual, 

and did not saturate the surface during the experiment, and was nearly completely irreversible. 

Cellulase adsorption onto the Tween 80-treated silica substrate was minimal. Silica surfaces 

cleaned with piranha solution contain a large number of silanol groups enabling hydrogen 

bonding-driven adsorption processes. In addition, the Si–O bonds in silica are polar and can 

interact with adsorbates through Keesom and Debye forces. Thus, adsorption of both Tween 80 

and cellulase molecules onto the untreated silica substrate was likely driven by polar interactions. 
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The fact that cellulase adsorption onto the untreated silica substrate was gradual allowed the 

conclusion that the gradual decrease in the (Δfn/n) curves of the MWL and Tween 80-treated 

lignin substrates was in large part due to cellulase adsorption via polar interactions (onto 

hydrophilic adsorption sites). Figure 5.8a also shows that Tween 80 molecules that are adsorbed 

via polar interactions completely suppress the adsorption of cellulase possibly by blocking the 

substrate’s hydrophilic adsorption sites. 

In Figure 5.9, the QCM-D data is replotted as D versus (Δfn/n). D–f plots eliminate time 

as an explicit parameter and instead present the energy dissipation as a function of unit mass 

coupled to the quartz crystal.
53-55

 The slope of a D–f curve provides information about the 

structural properties of the forming adsorption layer. A small slope indicates a mass increase with 

small dissipation increase, characteristic for a non-hydrated, rigid (elastic) layer. A large slope 

indicates a mass increase with large dissipation increase, characteristic for a hydrated, soft 

(viscoelastic) layer.
54,56

 As seen in Figures 5.9a and b, the cellulase adsorption process on the 

untreated OL and KL substrates had two stages, represented by two slopes. The slope during the 

initial stage was low and therefore indicated that the adsorbed layer was rigid and contained little 

water. This stage corresponded to the initial rapid decrease in (Δfn/n) observed for the OL and KL 

substrates in Figure 5.6a. As discussed above, this decrease was possibly due to cellulase 

adsorption via hydrophobic interactions. The hydrophobic interactions likely caused the 

expulsion of water molecules from the interface between the adsorbed cellulase layer and the 

substrate, allowing the adsorbed layer to couple strongly to the substrate and dissipate little 

energy during crystal oscillation. An alternative explanation could be that the cellulase molecules 

adsorbed onto these substrates in a flat conformation. The final adsorption stage had a larger 

slope, which indicated the build-up of a hydrated layer. This stage corresponded to the gradual 

(Δfn/n) decrease following the initial rapid decrease. As discussed above, this decrease might 

have been in large part due to cellulase adsorption via polar interactions. A cellulase layer held 

together by polar interactions will contain more water molecules than a cellulase layer formed via 

hydrophobic interactions and will therefore be softer and more energy dissipative. 
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Figure 5.9. Plots of D versus (Δfn/n) (5
th

 overtone) for the adsorption of cellulase onto 

untreated (black open symbols), PEG-treated (red filled symbols), and Tween 80-

treated (black filled symbols) lignin substrates: (a) OL; (b) KL; (c) MWL. (Markers 

are spaced at 100 data points for clarity.) 

The D–f curve of the untreated MWL substrate (Figure 5.9c) did not exhibit a low slope 

section. The absence of the low slope section arose from the differences in (Δfn/n) observed at the 

start of the adsorption process in Figure 5.6a. As shown above, MWL had more aliphatic 

hydroxyl groups than OL and KL, and the MWL substrate had a larger polar surface energy 

component than the OL and KL substrates. The aliphatic hydroxyl groups on the surface of the 

MWL substrate might have shielded the hydrophobic adsorption sites and promoted adsorption 

through hydrogen bonding. The high slope of the D–f curve indicated a hydrated, soft adsorption 

layer for the MWL substrate consistent with hydrogen bonding as the driving force for adsorption. 
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The D–f curves for the PEG-treated lignin substrates closely coincided with those for the 

untreated substrates and thus confirmed that PEG-treatment of the lignin substrates had no effect 

on cellulase adsorption. The D–f curves for the Tween 80-treated substrates were clearly different 

from those for the untreated substrates. The curves for the Tween 80-treated OL and KL 

substrates were missing the low slope section observed in the curves for the untreated substrates 

and had slopes similar to those of the high slope sections of the curves for the untreated 

substrates. As shown above, Tween 80 treatment increased the polar surface energy component 

of the substrates possibly by filling the hydrophobic adsorption sites of the substrates with Tween 

80 molecules exposing their polar headgroups. The absence of the low slope section in the D–f 

curves for the Tween 80-treated OL and KL substrates indicated that rapid adsorption of cellulase, 

assumed to occur via hydrophobic interactions, was suppressed possibly by hydrophobically-

adsorbed Tween 80 molecules blocking the hydrophobic adsorption sites. The high slopes of the 

D–f curves for the Tween 80-treated OL and KL substrates suggested that the adsorbed layer was 

soft and hydrated and therefore might have been based in large part on hydrogen bonding or other 

polar interactions. The D–f curve for the Tween 80-treated MWL substrates had a higher slope 

than the curve for the untreated substrate, indicating that the adsorbed cellulase layer was more 

hydrated on the Tween 80-treated MWL substrate, having a larger polar surface energy 

component, than on the untreated substrate, having a smaller polar surface energy component. 

The values for the D/f ratio (ΔD/(Δfn/n)) at the end of the experiment, which is a measure 

for the extent of hydration of the adsorbed cellulase layer, were 10.410
–8

 Hz
–1

, 9.510
–8

 Hz
–1

, and 

11.610
–8

 Hz
–1

 for the untreated OL, KL, and MWL substrate, respectively, 11.710
–8

 Hz
–1

, 

9.410
–8

 Hz
–1

, and 11.810
–8

 Hz
–1

 for the PEG-treated OL, KL, and MWL substrate, respectively, 

and 15.410
–8

 Hz
–1

, 15.710
–8

 Hz
–1

, and 18.010
–8

 Hz
–1

 for the Tween 80-treated OL, KL, and 

MWL substrate, respectively. The higher D/f ratios for the Tween 80-treated substrates, 

compared to those for the untreated substrates, indicated that the adsorbed cellulase layers on the 

Tween 80-treated substrates were more hydrated. The greater extent of hydration of the adsorbed 

cellulase layers on the Tween 80-treated substrates was consistent with the higher polarity and 

hydrophilicity of the Tween 80-treated lignin substrates compared to the untreated ones. 
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5.4.5. Quantification and visualization of cellulase on the lignin substrates 

The surface excess concentrations of cellulase on the untreated and Tween 80-treated lignin 

substrates after 10 min and 4 h of adsorption, determined by viscoelastic modeling of the (Δfn/n) 

and D curves, are listed in Table 5.5. The surface excess concentration of an adsorbate on a 

substrate depends on the surface area accessible to the adsorbate. This parameter was not 

quantified for the lignin substrates. However, because the lignin solutions used for spin coating 

had the same lignin concentration and the surface roughnesses for the substrates were similar, the 

accessible surface area should be similar, at least for the untreated substrates. The accessible 

surface area of the Tween 80-treated substrates might differ between the substrates because of the 

different extents of substrate erosion during the Tween 80 treatment. As shown above, the 

amount of lignin removed during the Tween 80 treatment was largest for the OL substrate and 

smallest for the MWL substrate (Δ(Δfn/n)II values in Table 5.4). Therefore, the Tween 80-treated 

OL substrate might have had a larger and the Tween 80-treated MWL substrate a smaller surface 

area for adsorption than the Tween 80-treated KL substrate. In any case, the surface excess 

concentrations of cellulase on the lignin substrates should be compared with caution. 

 

Table 5.5. Surface excess concentrations of adsorbed cellulase on untreated and Tween 80-

treated lignin substrates after 10 min and 4 h of adsorption
a,b

 

 Cellulase surface excess concentration (mgm
–2

) 

Substrate 

untreated  Tween 80-treated 

10 min 4 h  10 min 4 h 

OL 6.0 ± 0.3 13.9 ± 0.5  5.4 ± 0.3 16.5 ± 1.2 

KL 5.5 ± 0.5 9.5 ± 0.4  1.3 ± 0.1 11.9 ± 0.6 

MWL 3.7 ± 0.3 17.5 ± 0.9  1.4 ± 0.2 6.8 ± 0.1 

a
 determined by viscoelastic modeling of Δf and ΔD for the 3

rd
 and 5

th
 overtones. The 

density of the adsorbed cellulase film was fixed at 1100 kgm
–3

. 
a
 Data are means ± one standard deviation of three measurements. 

 

For the untreated lignin substrates, the surface excess concentrations of cellulase after 10 

min of adsorption were highest on the OL substrate and lowest on the MWL substrate. For the 
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OL substrate, it was 43% and for the KL substrate 58% of the surface excess concentration after 

4 h of adsorption. In other words, about half of the cellulase layer present on these substrates 

after 4 h formed during the first 10 min. In the previous section, it was shown that the rapid 

build-up of the initial cellulase layer on the untreated OL and KL substrates, which was not 

observed on the MWL substrate, might have been driven by hydrophobic interactions. The fact 

that the OL substrate, having the smallest polar surface energy component of the substrates, had 

the highest surface excess concentration after 10 min of adsorption, and the MWL substrate, 

having the largest polar surface energy component, had the lowest, was consistent with 

hydrophobic interactions as the driving force for the initial stage of cellulase adsorption on the 

OL and KL substrates. 

Despite having the lowest surface excess concentration of cellulase after 10 min of 

adsorption, the untreated MWL substrate had the highest surface excess concentration after 4 h. It 

was in fact more than 84% higher than that of the KL substrate, which had the lowest surface 

excess concentration after 4 h. In the previous section, it was shown that cellulase adsorption 

onto the MWL substrate and during the final stage of adsorption onto the OL and KL substrates 

was in large part driven by polar interactions and resulted in hydrated adsorption layers. The fact 

that the MWL substrate, being the most polar of the substrates, had the highest surface excess 

concentration after 4 h of adsorption was consistent with polar interactions as the primary driving 

force for cellulase adsorption onto the MWL substrate. The fact that the OL substrate had a 

higher surface excess concentration after 4 h of adsorption than the KL substrate, despite it being 

less polar, could possibly be due to a larger accessible surface area, indicated by the higher 

surface roughness of the substrate (1.0 nm for the OL versus 0.8 nm for the KL substrate). 

Treatment of the substrates with Tween 80 caused a decrease in the surface excess 

concentrations after 10 min of adsorption. As discussed in the previous section, the rapid build-

up of the initial cellulase layer, possibly driven by hydrophobic interactions, might have been 

impeded by hydrophobically-adsorbed Tween 80 molecules blocking the hydrophobic adsorption 

sites. Interestingly, the surface excess concentration of cellulase after 4 h of adsorption was 

increased by 19% on the OL substrate and by 25% on the KL substrate after Tween 80 treatment 

of the substrates but was decreased by 61% on the MWL substrate. The increase in surface 

excess concentration on the OL and KL substrates could have two reasons. First, the 
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hydrophobically-adsorbed Tween 80 molecules that blocked the hydrophobic adsorption sites on 

the OL and KL substrates might have provided hydrophilic adsorption sites for the cellulase 

molecules by exposing their polar headgroups. Second, the partial erosion of the substrates 

during Tween 80 treatment could have increased the accessible surface area of the substrates. A 

possible reason for the strong decrease in the surface excess concentration of cellulase on the 

MWL substrate upon Tween 80 treatment could be the blocking of hydrophilic adsorption sites 

by Tween 80 molecules adsorbed via polar interactions. Such blocking has resulted in the 

complete suppression of cellulase adsorption on the Tween 80-treated silica substrate (Figure 

5.8a). Adsorption of Tween 80 molecules onto the MWL substrate via polar interactions would 

also explain the low extent of substrate erosion and lignin removal observed for the MWL 

substrate during the Tween 80 treatment (Figure 5.4) because if the polar headgroup of the 

surfactant were adsorbed onto the lignin molecule it would not be available to interact with the 

aqueous liquid medium. 

The cellulase adsorbed on the untreated and Tween 80-treated lignin substrates after 10 min 

and 4 h of adsorption was visualized by AFM. Figures 5.10 and 5.11 show AFM height images 

of untreated and Tween-80 treated lignin substrates after 10 min and 4 h of cellulase adsorption, 

respectively. The spherical objects protruding from the substrates, as indicated by their lighter 

shade, were assumed to be cellulase molecules or aggregates. As seen in Figure 5.10, after 10 

min of adsorption more cellulase was observed on the untreated lignin substrates than on the 

Tween 80-treated substrates. The observed decrease in the amount of cellulose on the lignin 

substrates upon Tween 80 treatment was consistent with the decrease in surface excess 

concentration after 10 min of adsorption (Table 5.5). The images of the substrates after 4 h of 

adsorption (Figure 5.11) were also agreement with the surface excess concentrations (Table 5.5). 

For the OL and KL substrates, more cellulase was observed on the Tween 80-treated substrates 

than on the untreated substrates, whereas for the MWL substrate more cellulase was observed on 

the untreated substrate. 
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Figure 5.10. AFM height images of untreated and Tween-80 treated lignin substrates after 10 

min of cellulase adsorption. The scan size and z-scale are 5 µm × 5 µm and 8 nm, 

respectively, for all images. 
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Figure 5.11. AFM height images of untreated and Tween-80 treated lignin substrates after 4 h of 

cellulase adsorption. The scan size and z-scale are 5 µm × 5 µm and 8 nm, 

respectively, for all images. 
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5.4.6. Cellulase adsorption kinetics 

As shown in the previous sections, adsorption of cellulase onto lignin substrates might 

occur via both polar and hydrophobic interactions. Adsorption via hydrophobic interactions 

appears to be rapid whereas adsorption via polar interactions appears to be gradual. Following 

examples in the literature,
53,57,58

 we fitted the gradually decreasing section of the (Δfn/n) curves 

for cellulase adsorption onto the lignin substrates with an exponential decay equation 

 



f fp 1et / fh  [5.2] 

where Δf is the total frequency change due to cellulase adsorption onto the substrate, Δfp is the 

frequency change assumed to be due primarily to adsorption via polar interactions, Δfh is the 

frequency change assumed to be due to adsorption via hydrophobic interactions, and τ is the 

relaxation time or reciprocal of the adsorption rate.
57

 The values for Δfh and τ, obtained by fitting 

of the experimental data with eq 5.2, are listed in Table 5.6. 

 

Table 5.6. Values of the frequency change due primarily to cellulase adsorption via polar 

interactions, Δfh, and the relaxation time, τ, obtained by fitting the gradually 

decreasing section of the (Δfn/n) curves (5
th

 overtone) with eq 5.2. 

Substrate 

untreated  Tween 80-treated 

Δfh (Hz) τ (h)  Δfh (Hz) τ (h) 

OL –25.9 1.16  –11.2 1.72 

KL –29.8 1.03  –7.3 2.58 

MWL –10.1 1.32  –3.2 3.67 

 

As seen in Table 5.6, Δfh was lower for the Tween 80-treated lignin substrates than for the 

untreated substrates. The decrease in Δfh upon Tween 80 treatment confirmed the findings of the 

previous sections that Tween 80 molecules on the surface of the lignin substrates prevented the 

initial rapid cellulase adsorption, assumed to occur via hydrophobic interactions, possibly by 

blocking the hydrophobic adsorption sites of the substrates. The relaxation time, τ, was higher for 
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the Tween 80-treated substrates than for the untreated substrates. The increase in τ upon Tween 

80 treatment signified a decrease in the adsorption rate. Thus, Tween 80 molecules on the surface 

of the lignin substrates reduced the rate of cellulose adsorption onto the substrates. 

5.5. Conclusions 

The objective of this study was to enhance our understanding of the mechanisms by which 

non-ionic surfactants prevent non-productive binding of cellulolytic enzymes onto lignin 

substrates. The study has shown that the non-ionic surfactant Tween 80 adsorbs onto lignin 

substrates and, depending on the chemical properties of the lignin, may remove lignin molecules 

from their surface. Lignin removal by Tween 80 molecules is facilitated by a high lignin 

hydrophobicity. Adsorption of Tween 80 molecules onto lignin substrates increases the polar 

surface energy component (hydrophilicity) of the substrates. Cellulase appears to adsorb onto 

lignin substrates via both hydrophobic and polar interactions, depending on the chemical 

properties of the lignin. Tween 80 molecules on the substrate’s surface seem to hinder cellulase 

adsorption via hydrophobic interactions and reduce the rate of cellulase adsorption. 
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CHAPTER 6 

Preparation and enzymatic hydrolysis of model 

lignocellulosic substrates: A QCM-D and AFM 

study 

6.1. Abstract 

This study was conducted to elucidate the effects of lignin on the enzymatic hydrolysis of 

cellulose by means of quartz crystal microbalance with dissipation monitoring (QCM-D). Model 

lignocellulosic (LC) substrates containing both cellulose and lignin were prepared from kraft 

lignin, organosolv lignin, and milled wood lignin by spin coating of mixed aqueous 

lignin/cellulose nanocrystal (CNC) suspensions, to yield substrates that model the plant cell wall, 

and of aqueous lignin suspensions onto cellulose substrates, to yield substrates that model the 

cellulose fraction of pretreated biomass, containing redeposited lignin. The LC substrates were 

characterized in terms of surface morphology, surface roughness, surface density, and atomic 

composition. The hydrolysis of the substrates by Trichoderma reesei cellulases was monitored by 

QCM-D. Lignin was found to hinder both the adsorption of cellulases onto the substrates and the 

enzymatic hydrolysis of the substrates. The inhibitory effect of lignin increased with its content 

or layer thickness in the LC substrate and lignin surface layers had less of an inhibitory effect on 

cellulose hydrolysis than an embedding lignin matrix. 
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6.2. Introduction 

The production of renewable fuels from lignocellulosic (LC) biomass for the reduction of 

our dependence on fossil fuels has drawn the attention of many researchers. One of the most 

promising methods for the production of bioethanol is the enzymatic hydrolysis of LC biomass 

followed by microbial fermentation.
1-3

 A heterogeneous reaction, the enzymatic hydrolysis of LC 

biomass requires adsorption of cellulase onto the substrate.
4,5

 However, the substrate, namely 

cellulose, is naturally protected against microbial degradation by being embedded in a lignin 

matrix. The protective lignin matrix inevitably limits enzyme access to cellulose and thus hinders 

its enzymatic saccharification and reduces process efficiency. The recalcitrance of LC biomass 

due to the presence of lignin and cellulose crystallinity are the primary factors that affect the 

enzymatic saccharification during biomass processing.
6
 The inhibitory effect of lignin on the 

enzymatic hydrolysis of LC biomass has been widely investigated in the past few decades, and an 

inverse correlation between lignin content and hydrolysis rate has been established.
7-12

 

In order to lose its recalcitrance and become accessible to hydrolytic enzymes, LC biomass 

has to undergo pretreatment before enzymatic hydrolysis, leading to increased hydrolysis 

efficiency.
13,14

 Pretreatment processes effectively reduce cellulose crystallinity and break up the 

associations between cellulose, hemicellulose, and lignin. However, complete removal of lignin 

is not feasible and extensive pretreatment procedures increase bioethanol production costs.
13

 

Pretreatment processes often employ acids or bases to break down the protective lignin matrix 

and reduce cellulose crystallinity. As a result, lignin in pretreated LC biomass is chemically 

altered. 

Because of its ability to measure small mass and viscoelasticity changes on the surface of 

model cellulose substrates, quartz crystal microbalance with dissipation monitoring (QCM-D) 

has found increasing use in recent years in the study of enzymatic cellulose hydrolysis. Based on 

changes in the oscillation frequency, f, and dissipation factor, D, of the quartz crystal. Turon et 

al.
15

 reported different hydrolysis stages, namely cellulase adsorption, cellulose chain cleavage 

and film hydration, and loss of film integrity. In other studies, QCM-D was used to determine the 

effects of cellulose surface morphology on enzymatic hydrolysis
16

 and cellulase activities.
17,18

 

In situ monitoring of enzymatic hydrolysis processes by QCM-D requires smooth, uniform 

substrates. Model substrates from cellulose and lignin have been prepared through various thin 
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film deposition techniques, including Langmuir-Blodgett (LB) deposition
19-23

 and spin coating,
24-

33
 as well as from many different materials, such as regenerated cellulose,

24,25,34
 cellulose 

nanocrystals (CNCs),
27,28

 cellulose nanofibrils,
35

 acetosolv lignin,
21-23

 kraft lignin (KL),
29,30,33

 

and milled wood lignin (MWL).
33

 However, no studies have reported the preparation of model 

LC substrates, containing both cellulose and lignin, mimicking native or pretreated LC biomass. 

The difficulty in preparing model LC substrates lies in the lack of common solvents suitable for 

spin coating for both cellulose and lignin. The dissolution of wood in an ionic liquid (1-n-butyl-

3-methylimidazolium chloride) has been reported.
36

 However, because of their high viscosity at 

room temperature and their difficult removal from the substrate, ionic liquids are not suitable for 

LC substrate preparation by spin coating. CNCs prepared by sulfuric acid hydrolysis, followed by 

desulfation, as described in Chapter 3, can be readily suspended in aqueous media. Although not 

soluble in aqueous media, KL has been shown to form stable aqueous colloidal suspensions after 

being dissolved in basic media and subjected to extensive dialysis.
37

 The ability to prepare stable 

colloidal suspensions from both cellulose and lignin makes the preparation of model LC 

substrates possible. 

This study was conducted to elucidate the effects of lignin on the enzymatic hydrolysis of 

cellulose by means of QCM-D. Model LC substrates containing both cellulose and lignin were 

prepared from aqueous suspensions of CNCs, KL, MWL, and organosolv lignin (OL). KL and 

OL were selected as models for residual lignin in LC biomass after pretreatment under basic and 

acidic conditions, respectively. MWL was selected as a model for native lignin. The model LC 

substrates were characterized in terms of surface morphology, surface roughness, surface density, 

and atomic composition. The LC substrates were subjected to a mixture of different cellulases 

from the fungus Trichoderma reesei, and enzyme adsorption and substrate hydrolysis were 

monitored by QCM-D. 
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6.3. Experimental section 

6.3.1. Materials 

Dissolving-grade softwood sulfite pulp (Temalfa 93A-A) was kindly provided by Tembec, 

Inc. KL (Mn = 510
3
 g·mol

–1
, Mw = 2810

3
 g·mol

–1
) and Celluclast 1.5L (Novozyme) were 

purchased from Sigma-Aldrich. Sulfuric acid (95.9 wt %, Certified ACS Plus), pyridine (99.5%, 

Chemservice), citric acid monohydrate (Fisher Scientific, Certified ACS), sodium hydroxide 

(Acros Organics, 98.5%), hydrogen peroxide (34–37%, Technical Grade), ammonium hydroxide 

(28.9%, Certified ACS Plus), dimethyl sulfoxide (DMSO, Certified ACS), and methanol (99.8%, 

Acros Organics) were purchased from Fisher Scientific. MWL from hemlock (Tsuga sp., Mn = 

2.610
3
 g·mol

–1
, Mw = 15.210

3
 g·mol

–1
)
38

 and OL from cottonwood (Populus trichocharpa, Mn < 

10
3
 g·mol

–1
, Mw < 310

3
 g·mol

–1
)
38

 were kindly provided by Prof. Em. Wolfgang Glasser. All 

water used was deionized (DI) water with a resistivity of 18.2 MΩ·cm, obtained from a Millipore 

Direct-Q 5 Ultrapure Water Systems. 

6.3.2. Cellulose nanocrystal (CNC) preparation 

CNCs were prepared from wood pulp by sulfuric acid hydrolysis followed by solvolytic 

desulfation, as described in detail in Chapter 3. In brief, milled (60-mesh) softwood sulfite pulp 

was hydrolyzed with 64 wt % sulfuric acid (10 mLg
–1

 cellulose) at 45 °C for 1 h. The acid was 

removed from the CNC suspension by centrifugation and dialysis against DI water. The final 

suspension was sonicated and filtered through a 0.45 m poly(vinylidene fluoride) (PVDF) 

syringe filter (Whatman, Ltd.). For desulfation of the CNCs, the suspension was neutralized with 

pyridine and lyophilized (Freezone 4.5L freeze-dry system, Labconco Corp.). The freeze-dried 

CNCs (pyridinium salt) were heated for 2 h at 80 °C at a concentration of ~1% (w/v) in a 9:1 (v/v) 

mixture of DMSO and methanol. After cooling and dilution of the reaction mixture with DI 

water, the suspension was dialyzed against DI water for several weeks and then sonicated and 

filtered through a 0.45 m (PVDF) syringe filter. 
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6.3.3. Lignin purification and fractionation 

The lignins were purified and fractionated as described in detail in Chapter 5. In brief, KL 

and MWL were dissolved in 0.75 M and OL in 1.5 M aqueous ammonia at a concentration of 1 

wt %. The lignin solutions were dialyzed against DI water using Spectra/Por 4 dialysis tubing 

(MWCO: 12–14 kDa, Spectrum Lab, Inc.) for two weeks for removal of the low molecular 

weight fraction and water-soluble impurities and then centrifuged at 25 °C and 4900 rpm for 15 

min for removal of any sedimenting larger particles. Finally, the lignin suspensions were 

concentrated to 1.5 wt % with a rotary evaporator under vacuum at 45 °C and stored in the 

refrigerator until use. Prior to use, the suspensions were diluted to 1 wt % with DI water. 

6.3.4. LC substrate preparation 

LC substrates were prepared on silicon dioxide-coated AT-cut quartz crystals (Q-Sense). 

The quartz crystals were cleaned by immersion and shaking for 1 min in fresh piranha solution 

(7:3 (v/v) mixture of sulfuric acid and hydrogen peroxide), then rinsed with DI water, dried in a 

stream of nitrogen, and irradiated for 15 min with an ozone-producing mercury lamp (UV/Ozone 

cleaner, Bioforce Nanosciences). To minimize surface contamination, we cleaned the quartz 

crystals immediately prior to use. 

Two types of LC substrates were prepared, referred to as composite substrates and layered 

substrates. Composite LC (CLC) substrates were prepared via direct spin coating of lignin- and 

CNC-containing aqueous suspensions. Suspensions with a lignin-to-CNC ratio of 1:9, 2:8, and 

3:7 (w/w) and a solids concentration of 1 wt % were prepared by mixing the appropriate volumes 

of a 1 wt % lignin suspension and a 1 wt % CNC suspension. The resulting suspensions, shown 

in Figure 6.1, were homogeneous and tan to brown in color, depending on the amount and color 

of the original lignin suspension. The composite substrates were prepared by spin coating (WS-

400B-6NPPLite, Laurell Technologies Corp.) the cleaned quartz crystals for 1 min at 4000 rpm 

with 140 µl of the lignin/CNC suspension. Layered LC (LLC) substrates were prepared by spin 

coating of cellulose substrates with aqueous lignin suspensions. A cleaned quartz crystal was first 

spin-coated for 1 min at 4000 rpm with 140 µl of a 1 wt % CNC suspension. The obtained 

cellulose substrate was then spin-coated for 1 min at 4000 rpm with 140 µl of a 0.5 or 1 wt % 
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lignin suspension. Different lignin concentrations were used for different thicknesses of the 

lignin layer. Both the CLC and LLC substrates were dried in a vacuum oven at 65 °C for several 

hours for improved stability in aqueous media. 

 

 

(a) 

  

   (b) 

  

   (c) 

  
 

Figure 6.1. Aqueous lignin/CNC suspensions with a solids concentration of 1 wt % and 

different lignin-to-CNC ratios: a) KL/CNC; b) OL/CNC; c) MWL/CNC. For each 

image, the lignin-to-CNC ratios are 1:9, 2:8, and 3:7 from left to right. 

6.3.5. Surface density measurements 

The surface density of the CLC substrates, S, was measured by QCM-D (Q-sense E4) from 

the difference of the oscillation frequencies in air of the cleaned quartz crystals before and after 

spin coating. Because the LC film is rigid and firmly attached to the quartz crystal’s surface, it 

can be treated as an extension of the quartz crystal itself. Thus, S can be calculated with the 

Sauerbrey equation,
39
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[6.1] 

where f0 is the resonant frequency of the quartz crystal (5 MHz), q is the transverse sound wave 

velocity in AT-cut quartz, q is the density of quartz (2648 kg·m
–3

 at 25 °C),
40

 q is the shear 
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modulus of quartz (2.947·10
10

 kg·m
–1

·s
–2

)
41

, n is the frequency overtone number, (fn/n)bare is the 

normalized oscillation frequency of the bare quartz crystal in air, and (fn/n)LC is the normalized 

oscillation frequency of the LC-coated quartz crystal in air. The term 2f0
2
/qq has been called by 

Sauerbrey the sensitivity constant C and has the value 0.177 mg·m
–2

·Hz
–1

 for the quartz crystals 

and experimental conditions used here. 

The surface density of the lignin layer of layered LC substrates was determined by the same 

method from the difference of the oscillation frequencies in air of the CNC-coated quartz crystals 

before and after deposition of the lignin layer. 

6.3.6. X-ray photoelectron spectroscopy (XPS) 

The chemical composition of the CLC substrates was analyzed by XPS. CLC substrates for 

XPS analysis were prepared by spin coating as described above but on 1 cm × 1 cm silicon wafer 

pieces. Before spin coating, the wafer pieces, cut from a 15 cm wafer (Wafer World, Inc. West 

Palm Beach, FL), had been cleaned by immersion for 1 h at 70 °C in a mixture of aqueous 

ammonia, hydrogen peroxide, and DI water at a volume ratio of 1:1:5 and then for 1 h at ambient 

temperature in fresh piranha solution, rinsed with DI water, dried in a stream of nitrogen. Spectra 

of the LC substrates were recorded with a PHI Quantera SXM-03 scanning photoelectron 

spectrometer microprobe (ULVAC-PHI, Inc.) with monochromatic Al Kα radiation (98.3 W) at a 

take-off angle of 45° and a spot size of 100 μm. Elements were identified from survey spectra 

collected with an analyzer electron pass energy of 280 eV. 

6.3.7. QCM-D hydrolysis experiments 

The binding onto and subsequent hydrolysis of LC substrates by cellulases was monitored 

by QCM-D (Q-sense E4). LC substrates were placed in QCM-D flow modules, and a 0.25 

mLmin
–1

 feed of 50 mM sodium citrate buffer (pH 4.8) was established. The buffer had been 

derived by 20-fold dilution with DI water from a 1 M sodium citrate buffer (pH 4.5), produced by 

dissolution of the appropriate amounts of citric acid monohydrate and sodium hydroxide in DI 

water. The temperature inside the flow modules was controlled at 22.00 ± 0.02 °C. When the 



 

 184 

scaled rate of change of the 3
rd

 overtone frequency, (Δf3/3), became less than 2 Hzh
–1

, the 

substrates were considered saturated and equilibrated, and the buffer feed was replaced with a 

feed of enzyme solution with the same flow rate. The enzyme solution had been prepared by 

dilution of 0.5 g Celluclast 1.5L, a commercial cellulase solution derived from Trichoderma 

reesei, with 50 mM sodium citrate buffer to a volume of 100 mL. The changes in the quartz 

crystal’s oscillation frequency, Δf, and dissipation factor, ΔD were recorded in real time at the 

fundamental frequency (5 MHz) and 6 overtone frequencies (15, 25, 35, 45, 55, and 65 MHz) 

with QSoft 401 acquisition software (Q-Sense). Experiments were terminated when Δf reached a 

plateau. 

6.3.8. Surface morphology and RMS surface roughness determination 

The surface morphology and RMS surface roughness of the LC substrates before and after 

hydrolysis were analyzed by atomic force microscopy (AFM). Hydrolyzed substrates were taken 

out of the flow modules, thoroughly rinsed with DI water, dried in a stream of nitrogen, and 

placed in a vacuum oven at 65 °C for several hours. Substrates were imaged with an Asylum 

Research MFP-3D-BIO atomic force microscope. Substrates were scanned in air at ambient 

relative humidity and temperature in intermittent-contact mode with OMCL-AC160TS standard 

silicon probes (Olympus Corp.) with a scan frequency of 1 Hz, and 512 scans with 512 

points/scan. RMS surface roughness values were determined from 2 m × 2 m areas in AFM 

height images. 

6.4. Results and discussion 

6.4.1. Surface properties of the LC substrates 

The CLC substrates, consisting of an intimate blend of lignin and CNCs, were 

characterized in terms of surface morphology, RMS surface roughness, surface density, and 

atomic composition. The CLC substrates were prepared as a model for the plant cell wall, in 

which cellulose microfibrils are embedded in a lignin matrix. The LLC substrates, consisting of a 
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lignin layer on top of a CNC layer, were characterized in terms of surface morphology, RMS 

surface roughness, and surface density of the lignin layer. The LLC substrates were prepared as a 

model for cellulose onto which lignin has redeposited, commonly found in pretreated LC 

biomass. Figure 6.2 shows AFM height images of CLC substrates with a 30% nominal lignin 

content. An AFM height image of a cellulose substrate prepared from CNCs is also shown for 

comparison. Images of CLC substrates with nominal lignin contents of 10 and 20% are shown in 

Figure D.1 in Appendix D. As seen in Figure 6.2, the rod-like CNCs, clearly visible in the 

cellulose substrate, were still discernible in the CLC substrates even at a nominal lignin content 

of 30%. The fact that the CNCs were discernible in the CLC substrates indicated that some of 

them were at the surface of the substrate or only thinly coated with lignin. 

The cellulose substrate had a comparatively high RMS surface roughness (3.6 nm) due to 

the uneven stacking of the rigid, rod-like CNCs. The surface roughnesses of the CLC substrates 

(Table 6.1), ranging from 2.4 to 3.3 nm, were lower than that of the cellulose substrate and were 

on average highest for the MWL containing substrate and lowest for the KL containing substrate. 

The lower surface roughnesses of the CLC substrates, compared to the cellulose substrate, were 

probably due to the ability of the lignin particles to fill up the voids between the CNCs and thus 

even out the surfaces of the CLC substrates. 

The surface densities of the CLC substrates (Table 6.1), ranging from 31.7 to 37.6 mgm
–2

, 

were also lower than the surface density of the CNC substrate (42.3 mgm
–2

) and were on average 

slightly lower for the KL substrates than for the OL and MWL substrates. The surface density of 

a film obtained by spin coating is a complex function of several parameters, including the 

concentration and viscosity of the spin coating solution or suspension and the spinning velocity 

of the substrate.
42

 The concentration of the spin coating suspension and the spinning velocity of 

the substrate were the same in the preparation of the CNC and CLC substrates. Therefore, 

differences in the viscosities of the spin coating suspensions must have been the reason for the 

different surface densities. The viscosity of a CNC suspension is governed by the attractive 

interactions between the CNCs, due in large part to hydrogen bonding. In the mixed lignin/CNC 

suspensions, used for the preparation of the CLC substrates, a fraction of the CNCs had been 

replaced with lignin particles. The surface interactions of the spherical lignin particles were likely 

less extensive than those of the CNCs. Consequently, the mixed lignin/CNC suspensions likely 
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had slightly lower viscosities than the CNC suspension, causing more suspension to be spun off 

of the substrate during spin coating and therefore lower substrate surface densities. 

 

 

(a) RMS=3.6 nm (b) RMS=2.5 nm

(c) RMS=2.9 nm (d) RMS=3.2 nm

 
 

Figure 6.2. AFM height images of (a) a cellulose substrate and CLC substrates with a 30% 

nominal content of (b) KL, (c) OL, and (d) MWL. The scan size and z-scale are 2 

m × 2 µm and 15 nm, respectively, for all images. 

To determine the surface composition and sulfur content of the CLC substrates, we 

measured their carbon, oxygen, and sulfur concentrations by XPS. The obtained values are listed 

in Table 6.1. Sulfur was not detected on the MWL substrates. The sulfur concentrations of the 

KL and OL substrates ranged from 0.07 to 0.12%. The surface composition of the CLC 

substrates in terms of lignin content was calculated from their C/O ratios. The C/O ratio of the 
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CNCs was 1.38, which was higher than the theoretical value for cellulose of 1.20, based on the 

chemical formula (C6H10O5)n. This discrepancy was already reported in Chapter 3 and was 

attributed to carbonaceous surface contamination. The C/O ratios of the three lignins, determined 

from lignin substrates, prepared by spin coating silicon wafer pieces with aqueous lignin 

suspensions, were 3.31, 2.47, and 2.24 for KL, OL, and MWL, respectively. The calculated 

lignin contents were much lower than the nominal ones, especially for the OL and MWL 

substrates. The discrepancy indicated either that the composition of the CLC substrates was not 

uniform along their thickness, i.e. that the substrates’ surfaces were deficient in lignin, or that the 

spin coating process was selective for CNCs leading to the preferential deposition of CNCs over 

lignin particles. 

 

Table 6.1. RMS surface roughnesses, surface densities, atomic concentrations of C, O, and S, 

and C/O ratios for the cellulose and CLC substrates
a
 

Nominal 

lignin content 

RMS Surface 

roughness (nm) S (mg·m
–2

) 

Atomic concentrations (%) 

C/O ratio 

Calculated lignin 

content (%) C O S 

0% lignin 3.6 42.3 ± 1.5 57.96 42.04 NA 1.38 – 

10% KL 2.8 33.3 ± 1.4 60.36 39.55 0.09 1.53 8 

20% KL 2.4 33.5 ± 2.2 62.23 37.68 0.08 1.65 14 

30% KL 2.5 31.7 ± 0.8 64.22 35.51 0.07 1.81 22 

10% OL 2.6 37.6 ± 0.3 57.96 41.45 0.12 1.40 2 

20% OL 2.8 33.7 ± 0.2 59.6 39.76 0.09 1.50 11 

30% OL 2.9 31.8 ± 0.2 61.38 38.22 0.09 1.61 21 

10% MWL 3.3 34.7 ± 0.2 58.02 41.97 NA 1.38 0 

20% MWL 3.3 36.3 ± 0.6 59.24 40.59 NA 1.46 9 

30% MWL 3.2 33.1 ± 1.5 60.75 39.07 NA 1.55 20 

a
 Data are means ± one standard deviation of three measurements. 

 

Figure 6.3 shows AFM height images of LLC substrates prepared from 0.5 and 1 wt % 

aqueous lignin suspensions.  
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Figure 6.3. AFM height images of LLC substrates prepared from 0.5 and 1 wt % aqueous 

lignin suspensions. The scan size and z-scale are 2 m × 2 µm and 15 nm, 

respectively, for all images. 

The morphology of the LLC substrates differed strongly from that of the CLC substrates 

(Figure 6.2). CNCs were not discernible on the surface of the LLC substrates. The surface of the 
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LLC substrates seemed to consist of spherical particles of lignin, and the spherical lignin 

particles appeared to be smallest on the KL substrates and largest on the OL substrates. The size 

of lignin particles in aqueous suspensions is governed by the hydrophobicity of the lignin. As 

shown in Chapter 5, OL was the most hydrophobic of the three lignins. The greater 

hydrophobicity of OL could be the reason for the larger size of the OL particles on the OL 

substrate. The larger size of the MWL particles, compared to that of the KL particles, could not 

be due to a higher hydrophobicity of MWL because MWL was more hydrophilic than KL 

(Chapter 5) and therefore could not be so easily explained. 

As could be expected from their lignin particle sizes, the RMS surface roughnesses of the 

LLC substrates (Table 6.2), ranging from 2.3 to 5.6 nm, were highest for the OL substrates and 

lowest for the KL substrates. Most of the LLC substrates had a lower surface roughness than the 

underlying cellulose substrate, confirming again that the lignin particles smoothened the rough 

topography caused by the CNCs. Also not surprisingly, the surface roughnesses of the substrates 

prepared from 1 wt % lignin suspensions were higher than those prepared from 0.5 wt % 

suspensions. The surface densities of the lignin layers were on average 6.9 mgm
–2

 for the LLC 

substrates prepared from 0.5 wt % lignin suspensions and 17.6 mgm
–2

 for substrates prepared 

from 1 wt % suspensions. The higher surface densities of the LLC substrates prepared from 1 

wt % lignin suspensions, compared to those obtained with 0.5 wt % suspensions, showed that a 

higher lignin concentration in the spin coating solution resulted in the deposition of more lignin. 

 

Table 6.2. RMS surface roughnesses and surface densities of the lignin layer of the LLC 

substrates 

Lignin Lignin concentration
a 
(wt %) RMS surface roughness (nm) Surface density (mgm

–2
)

b
 

KL 
0.5 2.3 6.8 ± 0.9 

1.0 2.8 16.5 ± 1.9 

OL 
0.5 2.9 6.5 ± 0.8 

1.0 5.6 16.8 ± 2.6 

MWL 
0.5 2.5 7.4 ± 1.2 

1.0 3.1 19.4 ± 2.4 

a
 of the suspension used for spin coating  

b 
Data are means ± one standard deviation of three measurements. 
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6.4.2. Enzymatic hydrolysis of the LC substrates 

The enzymatic hydrolysis of the LC substrates was analyzed in real time by QCM-D. 

Figure 6.4 shows (Δfn/n) and D curves for CLC substrates prepared from KL. The (Δfn/n) and 

D curves for a cellulose substrate are also shown for comparison. The (Δfn/n) and D curves for 

the CLC substrates prepared from OL and MWL are shown in Figure D.2 in Appendix D.  
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Figure 6.4. (a) (Δfn/n) and (b) D curves (3
rd

 overtone) for the enzymatic hydrolysis of the 

cellulose substrate () and CLC substrates with a nominal KL content of 10% (), 

20% (), and 30% (). 

The shape of (Δfn/n) and D curves from QCM-D cellulose hydrolysis experiments has 

been explained previously.
15

 The initial (Δfn/n) decrease, signifying an increase in mass on the 

quartz crystal, and the associated D increase, signifying the formation of a soft, energy 

dissipative layer, is due to the adsorption of enzymes onto the substrate. As enzyme adsorption 

slows and the hydrolysis rate increases, (Δfn/n) eventually reaches a minimum and D a 

maximum. The time at which the (Δfn/n) minimum occurs contains information about both the 

rate of enzyme adsorption and the rate of substrate hydrolysis. The (Δfn/n) increase after the 

minimum, signifying a decrease in mass on the quartz crystal, and the associated D decrease, 

signifying the removal of soft, energy dissipative material from the quartz crystal, is due to the 

hydrolytic erosion of the substrate. Eventually, both (Δfn/n) and D level off as the hydrolysis of 

the substrate slows down or ceases. 
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As seen in Figure 6.4, hydrolysis of the cellulose substrates is rapid and completed within 

about 2 h. The total increase in (Δfn/n) for the cellulose substrate, due to the degradation and 

removal of cellulose from the quartz crystal, was about 600 Hz, assuming most of the cellulase 

desorbed from the substrate after hydrolysis. The fact that the (Δfn/n) curves for the CLC 

substrates ended at much lower values indicated that hydrolysis of these substrates was 

incomplete. For the substrate with a nominal KL content of 30%, (Δfn/n) stayed nearly constant 

after the initial decrease. The absence of an increase in (Δfn/n) after the initial decrease indicated 

that the extent of hydrolysis of this substrate was low. The conclusion that hydrolysis of the CLC 

substrates was incomplete was further supported by the high D values at the end of the 

substrates’ D curves, indicating the presence of a soft, energy dissipative layer. This layer could 

either be a layer of non-productively adsorbed enzyme or a highly swollen, partially hydrolyzed 

surface layer of the substrate. 

The magnitude of the (Δfn/n) minimum, (Δfn/n)min, was taken as a measure of the maximum 

amount of enzyme adsorbed on the substrate. The maximum rate of (Δfn/n) increase after the 

minimum, marked by the second inflection point in the (Δfn/n) curve and determined from the 

maximum in its first derivative, (d(Δfn/n)/dt)max, was taken as a measure of the hydrolysis rate. 

Figure 6.5 shows values of (Δfn/n)min and (d(Δfn/n)/dt)max, for the CLC substrates, as a percentage 

of that for a cellulose substrate, (d(Δfn/n)/dt)max,CNC. 
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Figure 6.5. Values of (a) (Δfn/n)min and (b) (d(Δfn/n)/dt)max, from 3
rd

 overtone (Δfn/n) curves, 

for the CLC substrates, as percentages of those for the cellulose substrate, 

(Δfn/n)min,CNC (–489 Hz) and (d(Δfn/n)/dt)max,CNC (2.64 s
–2

). 

As seen in Figure 6.5a, the maximum amount of adsorbed enzyme decreased with 

increasing lignin content. This trend was confirmed in Figure 6.4b by a decrease in the D 

maximum with increasing lignin content, indicating that the soft enzyme layer was less thick on 

substrates with higher lignin content. The decrease in the maximum amount of adsorbed enzyme 

with increasing lignin content could have two reasons. First, because the lignin particles had 

filled up the voids between the CNCs and evened out the surface of the CLC substrates, the 

surface area accessible to the enzyme and available for adsorption might have decrease with 

increasing lignin content. Second, cellulase might adsorb more readily onto cellulose than onto 

lignin. Adsorption of cellulase from T. reesei onto cellulose is mediated by cellulose binding 

domains (CBDs), containing three precisely spaced tyrosine residues. Binding of the CBDs to 

cellulose is postulated to occur through van der Waals interactions and aromatic ring polarization 

interactions with the pyranose rings exposed on the 110 crystal face of cellulose.
43

 The affinity of 

CBDs for lignin is probably lower than for cellulose because the spacing and orientation of the 

aromatic rings in amorphous lignin differs from the spacing and orientation of the pyranose ring 

on the 110 crystal face of cellulose. As shown in Chapter 5, adsorption of cellulase onto lignin 

substrates caused a maximum frequency decrease of 53, 66, and 94 Hz for KL, OL, and MWL, 

respectively. In contrast, the magnitude (Δfn/n)min for the cellulose substrate (Figure 6.4a) was 
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489 Hz. The greater magnitude of (Δfn/n)min for the cellulose substrate, compared to those for the 

three lignin substrates, could be due to a higher affinity of cellulase for crystalline cellulose than 

for lignin or to a higher surface accessibility of the cellulose substrates, compared to the lignin 

substrates. For comparison, the maximum frequency decrease caused by cellulase adsorption 

onto the CLC substrates with a nominal lignin content of 30% was 114, 160, and 81 Hz for KL, 

OL, and MWL, respectively. On average, cellulase adsorption was highest on the OL substrate 

and lowest on the MWL substrate. 

Figure 6.5b illustrates that, besides the maximum amount of adsorbed enzyme, the apparent 

hydrolysis rate also greatly decreased with increasing lignin content. A nominal lignin content of 

only 10% reduced the apparent hydrolysis rate of the CLC substrates to about 9% that of a 

cellulose substrate. On average, the apparent hydrolysis rates were highest for the OL substrates, 

consistent with their higher amounts of adsorbed enzyme, and lowest for the KL substrates, 

despite them having more adsorbed enzyme than the MWL substrates. The decrease in the 

apparent hydrolysis rates with increasing lignin content indicated that lignin had an inhibitory 

effect on the enzymatic hydrolysis of the CLC substrates. 

Figure 6.6 shows (Δfn/n) and D curves for the LLC substrates prepared from KL. The 

(Δfn/n) and D curves for a cellulose substrate are also shown for comparison. The (Δfn/n) and 

D curves for the LLC substrates prepared from OL and MWL are shown in Figure D.3 in 

Appendix D. 
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Figure 6.6. (a) (Δfn/n) and (b) D curves (3
rd

 overtone) for the enzymatic hydrolysis of the 

cellulose substrate () and LLC substrates prepared from 0.5 wt % () and 1 

wt % () KL suspensions. 

As opposed to the (Δfn/n) curves for the CLC substrates (Figure 6.2), most of which ended 

below 200 Hz, those for the LLC substrate reached fairly high (Δfn/n) values at the end of the 

hydrolysis experiment, many exceeding 400 Hz. The (Δfn/n) value for the completely hydrolyzed 

cellulose substrate was 600 Hz. However, because of the additional lignin layer, the initial mass 

of the LLC substrates was larger than that of the cellulose substrate, and consequently complete 

removal of the substrate from the quartz crystal should yield higher (Δfn/n) values than obtained 

for the cellulose substrate. Therefore, final (Δfn/n) values equal to or lower than that obtained for 

the cellulose substrate indicated incomplete degradation and removal of the substrates. The fact 

that the final (Δfn/n) values obtained for the LLC substrates approached but did generally not 

exceed the final (Δfn/n) value for the cellulose substrate could indicate that the mass loss was due 

to the complete removal of the cellulose layer possibly leaving the lignin on the quartz crystal. 

The high D values at the end of the D curves of some of the LLC substrates (Figure 6.6b and 

A4.3) indicated the presence of a soft, energy dissipative layer. As was the case for the CLC 

substrates, this layer could either be a layer of non-productively adsorbed enzymes or a highly 

swollen, partially hydrolyzed surface layer of the substrate. 

Figure 6.7 shows the values of (Δfn/n)min and (d(Δfn/n)/dt)max for the LLC substrates, as 

percentages of those for the cellulose substrate, (Δfn/n)min,CNC and (d(Δfn/n)/dt)max,CNC, 
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respectively. As mentioned above, the former was taken as a measure of the maximum amount of 

enzyme adsorbed on the substrate and the latter as a measure of the hydrolysis rate. 

 

   
 

Figure 6.7. Values of (a) (Δfn/n)min and (b) (d(Δfn/n)/dt)max, from 3
rd

 overtone (Δfn/n) curves, 

for the LLC substrates, as percentages of those for the cellulose substrate, 

(Δfn/n)min,CNC (–489 Hz) and (d(Δfn/n)/dt)max,CNC (2.64 s
–2

), respectively. 

As seen in Figure 6.7a, the maximum amount of enzyme adsorbed on the LLC substrates 

prepared from 0.5 wt % lignin suspensions was above 80% that adsorbed on the cellulose 

substrate. However, the amount was greatly reduced for the LLC substrates prepared from 1 

wt % lignin suspensions. Thus, a thicker lignin layer resulted in a lower amount of adsorbed 

enzyme. This conclusion was further supported in Figure 6.6b by a decrease in the D maximum 

with increasing thickness of the lignin layer, indicating that the soft enzyme layer was less thick 

on substrates with a thicker lignin layer. Also, the amount of adsorbed enzyme decreased from 

the LLC substrate prepared from MWL to the LLC substrate prepared from KL. This decrease 

indicated that KL had the strongest reducing effect on cellulase adsorption. As discussed above, 

the decrease in the maximum amount of adsorbed enzyme with increasing thickness of the lignin 

layer could be due to a decrease in the total surface area available for adsorption or the lower 

affinity of cellulase for lignin than for cellulose. However, as seen in Table 6.2, the LLC 

substrates prepared from 1 wt % lignin suspensions had higher RMS surface roughnesses than 

the LLC substrates prepared from 0.5 wt % suspensions. Therefore, the total surface areas for 

adsorption of the former should be larger than those of the latter and result in larger amounts of 
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adsorbed enzyme. The fact that enzyme adsorption was greater on the LLC substrates with 

smaller surface roughnesses could suggest that the lower cellulase affinity for lignin than for 

cellulose was the primary reason for the decrease in the maximum amount of adsorbed enzyme 

with increasing lignin layer thickness. 

Figure 6.7b shows that the apparent hydrolysis rates of the LLC substrates were also greatly 

reduced with respect to that of the cellulose substrate and that the decrease was more pronounced 

for the substrates with thicker lignin layers (prepared from a 1 wt % lignin suspension) than those 

with thinner lignin layers (prepared from a 0.5 wt % lignin suspension). The substrates prepared 

from KL showed the strongest reduction in apparent hydrolysis rate. The thinner KL layer 

reduced the apparent hydrolysis rate of the substrate to 39% that of a cellulose substrate and the 

thicker lignin layer to 4%. As in the case of the CLC substrates, lignin had an inhibitory effect on 

the enzymatic hydrolysis of the LLC substrates. 

A comparison of the relative apparent hydrolysis rates of the CLC and LLC substrates 

revealed that the lignin layer of the LLC substrates was less effective in reducing the substrate’s 

apparent hydrolysis rate than the lignin blended in with the CNCs in the CLC substrates. The 

reason was probably the larger cellulose–lignin interface in the CLC substrates, compared to that 

in the LLC substrates, blocking access for the enzyme to the cellulose fraction. 

In addition to the rate of substrate hydrolysis, the rate of cellulase adsorption might have 

been affected by the lignin layer of the LLC substrates. The location (time) of the minimum, tmin, 

in the (Δfn/n) curves depends on both the rate of cellulase adsorption and the rate of substrate 

hydrolysis because the minimum will be located where the frequency decrease due to cellulase 

adsorption is equal to the frequency increase due to substrate hydrolysis. The values for tmin for 

the LLC substrates are listed in Table 6.3 together with that for the cellulose substrate. As seen in 

Table 6.3, the tmin value for the cellulose substrate was much smaller than the values for the LLC 

substrates. The reason for the larger tmin values of the LLC substrates was most likely the reduced 

accessibility of the CNCs, which would also explain why the substrates with thinner lignin layers 

had lower tmin values than the substrates with thicker lignin layers. The tmin values for the LLC 

substrates prepared from KL were much larger than the values for the LLC substrates prepared 

from OL and MWL. The finding that KL caused the greatest delay in substrate hydrolysis was 

consistent with the findings reported above that KL caused the greatest reductions in cellulase 
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adsorption and apparent substrate hydrolysis rate relative to those of a cellulose substrate and 

compared to OL and MWL. The smaller size of the KL particles, observed in Figure 6.3, might 

allow them to cover the cellulose substrate more completely and thus more effectively limit the 

access for the cellulase molecules. 

 

Table 6.3. Times of the (Δfn/n) minima, tmin, for the cellulose and LLC substrates
a
 

 

Lignin Lignin concentration
b
 (wt %) tmin (s) 

None
c
 – 110 ± 11 

KL 
0.5 454 ± 7 

1.0 4069 ± 269 

OL 
0.5 223 ± 18 

1.0 380 ± 11 

MWL 
0.5 240 ± 10 

1.0 1010 ± 28 

a
 Data are means ± one standard deviation of three measurements. 

b
 of the suspension used for spin coating 

c
 cellulose substrate 

6.4.3. Morphology change during enzymatic hydrolysis 

Figure 6.8 shows AFM height images of CLC substrates with a 30% nominal lignin content 

after enzymatic hydrolysis. An AFM height image of a cellulose substrate after enzymatic 

hydrolysis is also shown for comparison. Images of CLC substrates with nominal lignin contents 

of 10 and 20% are shown in Figure D.4 in Appendix D. After hydrolysis, CNCs were no longer 

discernible on the cellulose and CLC substrates. Instead, one could see globular features, which 

could either be spherical lignin particles, in the case of the CLC substrates, or adsorbed enzyme. 

The RMS surface roughnesses of the substrates after hydrolysis, ranging from 4.1 to 5.7 nm, 

were higher than before hydrolysis (2.4–3.6 nm, Table 6.1). The increase in surface roughness 

could be due to the erosion of the substrates during hydrolysis or the presence of adsorbed 

enzyme on the substrates after hydrolysis. 
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(a) RMS=4.5 nm (b) RMS=4.9 nm

 

(c) RMS=4.8 nm (d) RMS=5.7 nm

 
 

Figure 6.8. AFM height images of CLC substrates with a 30% nominal content of (a) KL, (b) 

OL, and (c) MWL and (d) a cellulose substrate after enzymatic hydrolysis. The 

scan size and z-scale are 2 m × 2 µm and 15 nm, respectively, for all images. 

Figure 6.9 shows AFM height images of LLC substrates prepared from 1 wt % lignin 

suspensions after enzymatic hydrolysis. An AFM height image of a bare silica quartz crystal is 

also shown for comparison. The LLC substrates after hydrolysis had globular features similar as 

before (Figure 6.3) but the features were of different size than the spherical lignin particles 

observed on the LLC substrates before hydrolysis. As opposed to the CLC substrates, the LLC 

substrates were smoother after hydrolysis than before. Their RMS surface roughnesses after 

hydrolysis ranged from 1.4 to 2.2 nm, as compared to 2.3–5.6 nm before (Table 6.2). The fact 

that their surface roughnesses were higher than that of a bare quartz crystal (0.8 nm) indicated 
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that there was still some material from the substrate present on the surface of the quartz crystal 

after hydrolysis. This conclusion was further supported by the high D values at the end of the 

QCM-D hydrolysis experiments (Figures 6.6 and A4.3), indicating the presence of a soft layer on 

the surface of the quartz crystals. The absence of the large spherical particles, observed on the 

CLC substrates after hydrolysis and believed to be adsorbed enzyme, suggested that there was 

little adsorbed enzyme on the LLC substrates after hydrolysis. The small globular features could 

potentially be the lignin left behind on the quartz crystal after the cellulose had been hydrolyzed.  

 

(a) RMS=1.7 nm (b) RMS=1.4 nm

 

(c) RMS=2.2 nm (d) RMS=0.8 nm

 
 

Figure 6.9. AFM height images of LLC substrates prepared from 1 wt % aqueous suspensions 

of (a) KL, (b) OL, and (c) MWL after enzymatic hydrolysis. d) is an image of a 

bare silica quartz crystal, shown for comparison. The scan size and z-scale are 2 

m × 2 µm and 15 nm, respectively, for all images. 
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6.5. Conclusions 

The objective of this study was to elucidate the effects of lignin on the enzymatic 

hydrolysis of cellulose by means of QCM-D. The study has shown that LC substrates modeling 

the plant cell wall can be prepared by spin coating of mixed aqueous lignin/CNC suspensions and 

LC substrates modeling the cellulose fraction of pretreated biomass, containing redeposited 

lignin, can be prepared by spin coating of aqueous lignin suspensions onto cellulose substrates. 

Enzymatic hydrolysis of the LC substrates, monitored by QCM-D, has revealed that lignin 

hinders both the adsorption of T. reesei cellulases onto the substrates and the enzymatic 

hydrolysis of the substrates. The inhibitory effect of lignin increases with its content or layer 

thickness in the LC substrate. A lignin surface layer has less of an inhibitory effect on cellulose 

hydrolysis than an embedding lignin matrix. 
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CHAPTER 7 

Effects of the non-ionic surfactant Tween 80 on 

the enzymatic hydrolysis of model cellulose and 

lignocellulosic substrates 

7.1. Abstract 

Non-ionic surfactants, such as Tween 80, are known to benefit the enzymatic conversion of 

lignocellulosic (LC) biomass. Their mechanisms of actions, however, are incompletely 

understood. This study was conducted to elucidate the effects of the non-ionic surfactant Tween 

80 on the enzymatic hydrolysis of cellulose and LC substrates by means of quartz crystal 

microbalance with dissipation monitoring (QCM-D). The interactions of Tween 80 and cellulases 

were analyzed by surface tension measurement and fluorescence spectroscopy. The adsorption of 

Tween 80 onto model cellulose substrates and their enzymatic hydrolysis were studied by QCM-

D and Surface Plasmon Resonance Spectroscopy (SPR). The adsorption of Tween 80 onto model 

LC substrates and their enzymatic hydrolysis were studied by QCM-D and AFM. It was found 

that Tween 80 forms surfactant–protein complexes with cellulases in solution but that the 

complexation does not compromise cellulase activity. Tween 80, either adsorbed on the substrate 

or in solution, had no effect on the hydrolysis of cellulose substrates by cellulase. Substrate-

adsorbed Tween 80 increased the apparent cellulase hydrolysis rates of LC substrates but the 

ability of Tween 80 to increase the apparent hydrolysis rate depended strongly on the structural 
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properties of the LC substrate (composite versus layered) and the chemical properties of the 

lignin. 

7.2. Introduction 

Finding alternatives to fossil fuels has been given high priority because of concerns about 

declining petroleum reserves, energy security, and climate change. Extensive attention has been 

given to bioethanol produced from lignocellulosic (LC) biomass because of the vast availability 

of LC biomass on earth and the carbon-neutral impact on combustion of cellulosic bioethanol in 

transportation. Enzymatic saccharification followed by microbial fermentation has been proven 

to be a promising process for the production of cellulosic bioethanol.
1-3

 However, the costs 

associated with the required high cellulase loadings and feedstock pretreatment processes 

represent obstacles for the large-scale production of cellulosic bioethanol.
4,5

 High cellulase 

loadings are necessary because of the detrimental effect of lignin on the hydrolysis by 

unproductive binding of cellulase to the lignin.
6-10

 

Addition of non-ionic surfactants during biomass pretreatment and saccharification has 

been studied and shown to have beneficial effects on the enzymatic hydrolysis of LC biomass.
11-

17
 According to previous studies, non-ionic surfactants, biosurfactants, or other non-hydrolytic 

proteins, such as Tween 20,
11,14,17

 Tween 80,
11,15

 or bovine serum albumin (BSA),
8,15 

can 

improve the conversion of cellulose to glucose, while decreasing non-productive adsorption of 

cellulase onto the substrate, and thus can potentially reduce the processing costs for LC biomass 

conversion. Castanon and Wilke
12

 have reported that the addition of Tween 80 enhances the 

enzymatic hydrolysis rate of newspaper cellulose by 33% while doubling the amount of 

recoverable enzyme. Kaya et al.
13

 studied the effects of surfactants on the saccharification of 

carboxymethyl cellulose and xylan and found that addition of Tween 80 increased their 

conversion by 50% and 9%, respectively. Kaar et al.
14

 studied the effects of both Tween 20 and 

Tween 80 on the enzymatic hydrolysis of corn stover and found Tween 20 to be slightly more 

effective than Tween 80, causing a maximum increase of cellulose, xylan, and total conversion 

by 42, 40, and 42%, respectively. 
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Several efforts to elucidate the mechanisms by which non-ionic surfactants enhance the 

enzymatic hydrolysis of LC biomass have been made. However, no consistent explanations have 

emerged from these studies. Eriksson et al.
11

 concluded that the major effect of non-ionic 

surfactants during hydrolysis is to reduce unproductive binding of cellulase to lignin. In Chapter 

5, we showed that adsorption of Tween 80 onto model lignin substrates increased their 

hydrophilicity, caused removal of lignin from their surfaces, appeared to reduce cellulase 

adsorption via hydrophobic interactions, and reduced the rate of cellulase adsorption onto the 

substrates. Qing et al.
16

 studied the removal of lignin from biomass by non-ionic surfactants 

during pretreatment and found that lignin removal could lead to an increase in the hydrolysis 

yield. 

In recent years, quartz crystal microbalance with dissipation monitoring (QCM-D) has 

evolved as a valuable new tool for studying the enzymatic hydrolysis of cellulose.
18,19

 The use of 

QCM-D in combination with well-defined model cellulose substrates to monitor the enzymatic 

hydrolysis process has the following benefits. First, QCM-D is very sensitive to mass changes on 

the cellulose substrates and able to detect mass increases, e.g. due to enzyme adsorption, or mass 

decreases, e.g. due to substrate erosion, as small as 1 ngcm
–2

.
20,21

 Second, QCM-D is able to 

detect changes in the dissipation factor of the cellulose substrate during enzymatic hydrolysis, 

which provides information about changes in the substrates structural and mechanical properties 

and level of hydration.
19

 

This study was conducted to elucidate the effects of the non-ionic surfactant Tween 80 on 

the enzymatic hydrolysis of cellulose and LC substrates by means of QCM-D. First, the 

interactions between Tween 80 and cellulases from the fungus Trichoderma reesei in solution 

were analyzed by surface tension measurement and fluorescence spectroscopy. Then, the 

adsorption of Tween 80 onto model cellulase substrate its effect on their hydrolysis were studied 

by QCM-D and surface plasmon resonance (SPR). Finally, the adsorption of Tween 80 onto two 

types of LC substrates prepared from three different types of lignin, namely kraft lignin (KL), 

organosolv lignin (OL), and milled wood lignin (MWL) were studied by QCM-D. The 

preparation of the model LC substrates and their characteristics have been described in Chapter 6. 
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7.3. Experimental section 

7.3.1. Materials 

Dissolving-grade softwood sulfite pulp (Temalfa 93A-A) was kindly provided by Tembec, 

Inc. KL (Mn = 510
3
 gmol

–1
, Mw = 2810

3
 gmol

–1
), Tween 80 (SigmaUltra), pyrene (>99.0%, 

Fluka) and Celluclast 1.5L (Novozyme) were purchased from Sigma-Aldrich. Sulfuric acid (95.9 

wt %, Certified ACS Plus), pyridine (99.5%, Chemservice), citric acid monohydrate (Fisher 

Scientific, Certified ACS), sodium hydroxide (Acros Organics, 98.5%), hydrogen peroxide (34–

37%, Technical Grade), ammonium hydroxide (28.9%, Certified ACS Plus), sodium dodecyl 

sulfate (99%, Acros Organics), ethanol (200 proof, Decon labs, Inc), dimethyl sulfoxide (DMSO, 

Certified ACS), and methanol (99.8%, Acros Organics) were purchased from Fisher Scientific. 

MWL from hemlock (Tsuga sp., Mn = 2.610
3
 gmol

–1
, Mw = 15.210

3
 gmol

–1
)
22

 and OL from 

cottonwood (Populus trichocharpa, Mn < 10
3
 gmol

–1
, Mw < 310

3
 gmol

–1
)
22

 were kindly 

provided by Prof. Em. Wolfgang Glasser. All water used was deionized (DI) water with a 

resistivity of 18.2 MΩ·cm, obtained from a Millipore Direct-Q 5 Ultrapure Water Systems. 

7.3.2. Cellulose nanocrystal (CNC) preparation 

CNCs were prepared from wood pulp by sulfuric acid hydrolysis followed by solvolytic 

desulfation, as described in detail in Chapter 3. In brief, milled (60-mesh) softwood sulfite pulp 

was hydrolyzed with 64 wt % sulfuric acid (10 mLg
–1

 cellulose) at 45 °C for 1 h. The acid was 

removed from the CNC suspension by centrifugation and dialysis against DI water. The final 

suspension was sonicated and filtered through a 0.45 m poly(vinylidene fluoride) (PVDF) 

syringe filter (Whatman, Ltd.). For desulfation of the CNCs, the suspension was neutralized with 

pyridine and lyophilized (Freezone 4.5L freeze-dry system, Labconco Corp.). The freeze-dried 

CNCs (pyridinium salt) were heated for 2 h at 80 °C at a concentration of ~1% (w/v) in a 9:1 (v/v) 

mixture of DMSO and methanol. After cooling and dilution of the reaction mixture with DI 

water, the suspension was dialyzed against DI water for several weeks and then sonicated and 

filtered through a 0.45 m (PVDF) syringe filter. 
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7.3.3. Lignin purification and fractionation 

The lignins were purified and fractionated as described in detail in Chapter 5. In brief, KL 

and MWL were dissolved in 0.75 M and OL in 1.5 M aqueous ammonia at a concentration of 1 

wt %. The lignin solutions were dialyzed against DI water using Spectra/Por 4 dialysis tubing 

(MWCO: 12–14 kDa, Spectrum Lab, Inc.) for two weeks for removal of the low molecular 

weight fraction and water-soluble impurities and then centrifuged at 25 °C and 4900 rpm for 15 

min for removal of any sedimenting larger particles. Finally, the lignin suspensions were 

concentrated to 1.5 wt % with a rotary evaporator under vacuum at 45 °C and stored in the 

refrigerator until use. Prior to use, the suspensions were diluted to 1 wt % with DI water. 

7.3.4. Cellulose and LC substrate preparation 

Cellulose and LC substrates for QCM-D experiments were prepared on silicon dioxide-

coated AT-cut quartz crystals (Q-Sense). The quartz crystals were cleaned by immersion and 

shaking for 1 min in fresh piranha solution (7:3 (v/v) mixture of sulfuric acid and hydrogen 

peroxide), then rinsed with DI water, dried in a stream of nitrogen, and irradiated for 15 min with 

an ozone-producing mercury lamp (UV/Ozone cleaner, Bioforce Nanosciences). Cellulose 

substrates for SPR experiments were prepared on SPR sensor slides (12.0 mm × 12.0 mm × 0.9 

mm). The SPR sensors were cleaned by immersion for 1 h in a boiling mixture of aqueous 

ammonia, hydrogen peroxide, and DI water at a volume ratio of 1:1:5 and then for 1 h at ambient 

temperature in fresh piranha solution, rinsed with DI water, dried in a stream of nitrogen. To 

minimize surface contamination, we cleaned the quartz crystals and SPR sensor slides 

immediately prior to use. 

Cellulose substrates were prepared by spin coating (WS-400B-6NPPLite, Laurell 

Technologies Corp.) the cleaned quartz crystals and SPR sensor slides for 1 min at 4000 rpm 

with 140 µl of a 1 wt % CNC suspension. Two types of LC substrates were prepared, referred to 

as composite substrates and layered substrates. Composite LC (CLC) substrates were prepared 

via direct spin coating of lignin- and CNC-containing aqueous suspensions. Suspensions with a 

lignin-to-CNC ratio of 1:9, 2:8, and 3:7 (w/w) and a solids concentration of 1 wt % were 

prepared by mixing the appropriate volumes of a 1 wt % lignin suspension and a 1 wt % CNC 
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suspension. The composite substrates were prepared by spin coating the cleaned quartz crystals 

for 1 min at 4000 rpm with 140 µl of the lignin/CNC suspension. Layered LC (LLC) substrates 

were prepared by spin coating of cellulose substrates with aqueous lignin suspensions. A cleaned 

quartz crystal was first spin-coated for 1 min at 4000 rpm with 140 µl of a 1 wt % CNC 

suspension. The obtained cellulose substrate was then spin-coated for 1 min at 4000 rpm with 

140 µl of a 0.5 or 1 wt % lignin suspension. Different lignin concentrations were used for 

different thicknesses of the lignin layer. All substrates were dried in a vacuum oven at 65 °C for 

several hours for improved stability in aqueous media. 

7.3.5. Surface tension measurements 

The surface tension of 50 mM sodium citrate buffer (pH 4.8) and cellulase solutions with 

different Tween 80 concentrations, ranging from 10
–5

 to 1 mM, were determined with a Wilhemy 

plate tensiometer using a roughened platinum plate. The buffer was prepared by 20-fold dilution 

with DI water from a 1 M sodium citrate buffer (pH 4.5), produced by dissolution of the 

appropriate amounts of citric acid monohydrate and sodium hydroxide in DI water. The cellulase 

solution was prepared by dilution of 0.5 g Celluclast 1.5L, a commercial cellulase solution 

derived from Trichoderma reesei with a protein content of 143 mgmL
–1

, with 50 mM sodium 

citrate buffer to a volume of 100 mL. The temperature during the measurements was maintained 

at 25 °C with a thermostat-controlled circulating water bath. The platinum plate was cleaned 

after each measurement with 2% sodium dodecyl sulfate solution and rinsed thoroughly with DI 

water for removal of adsorbed cellulase. 

7.3.6. Steady-state fluorescence spectroscopy 

The fluorescence of pyrene, acting as a probe, in 50 mM sodium citrate buffer and cellulase 

solutions with different Tween 80 concentrations, ranging from 10
–5

 to 1 mM, was analyzed by 

steady-state fluorescence spectroscopy (Perkin-Elmer LS 50 fluorescence spectrometer). The 

Tween 80-containing buffer and cellulase solutions were prepared as described above. Pyrene 

was dissolved at a concentration of 10
–3

 M in ethanol. Aliquots of the pyrene solution were 
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measured into glass vials and dried. After evaporation of the ethanol, aliquots of the Tween 80 

solutions were measured into the vials so that the Pyrene concentration was 10
–6

 M. The 

solutions were shaken on an Orbit Shaker for 24 h. Emission spectra were recorded at an 

excitation wavelength of 334 nm over the wavelength range 360–500 nm. The slit settings for 

excitation and emission were 5 and 2.5 nm, respectively. 

7.3.7. Tween 80 adsorption onto cellulase substrates 

The adsorption of Tween 80 onto cellulase substrates was measured by QCM-D (Q-sense 

E4) and SPR (Reichert SR 7000). Tween 80 solutions in 50 mM sodium citrate buffer were 

prepared with Tween 80 concentrations ranging from 1 to 100 mM. 

For QCM-D measurements, cellulose substrates were placed in the QCM-D flow modules, 

and a 0.25 mLmin
–1

 sodium citrate buffer feed (50 mM) was established with a peristaltic pump. 

The temperature inside the flow modules was controlled at 25.00 ± 0.02 °C. When the 

normalized rate of change of the 3
rd

 overtone frequency, (Δf3/3), became less than 2 Hzh
–1

, the 

substrates were considered saturated and equilibrated, and the buffer feed was replaced with a 

Tween 80 solution feed with the same flow rate. After 30 min, the buffer feed was restored and 

maintained for 10 min to rinse off any reversibly adsorbed Tween 80 molecules. After the buffer 

rinse, the two-step process was repeated for the next higher Tween 80 concentration, progressing 

from the lowest to the highest Tween 80 concentration. Changes in the oscillation frequency, Δf, 

and dissipation factor, ΔD, of the quartz crystals were recorded in real time at the fundamental 

frequency (5 MHz) and 6 overtone frequencies (15, 25, 35, 45, 55, and 65 MHz) with QSoft 401 

acquisition software (Q-Sense). 

The surface excess concentration of adsorbed Tween 80 was determined by modeling Δf 

and ΔD for the 3
rd

 and 5
th

 overtones with a one-layer Voigt element-based viscoelastic film 

model
23,24

 with the QTools modeling center (Q-Sense). The model treats the CNC layer on the 

quartz crystal’s surface as an extension of the quartz crystal. The input parameters for the model 

are the density and viscosity of the bulk liquid above the viscoelastic layer and the density of the 

viscoelastic layer. The parameters to fit are the viscosity, shear modulus, and thickness, ht, of the 

viscoelastic layer. For the density and viscosity of the bulk liquid, we used the density and 
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viscosity of water at 25 °C, which are 997 kgm
–3

 and 0.8910
–3

 kgm
–1

s
–1

.
25

 The density of the 

viscoelastic Tween 80 film, t, was fixed at 1100 kgm
–3

. The fitting ranges for the viscosity, 

shear modulus, and thickness of the viscoelastic layer were 510
–4

–10
–2

 kgm
–1

s
–1

, 10
5
–10

6
 Pa, 

and 10
–9

–10
–7

 m, respectively. The hydrodynamic surface excess concentration, ГQCM, was 

calculated from ht and t as 

 



QCM  htt  [7.1] 

Using a different value for t, e.g. 1500 kgm
–3

, resulted in a different ht values but did not affect 

the calculated surface excess concentration. 

For SPR measurements, cellulose substrates were nearly refractive index-matched with 

immersion oil (nD = 1.5150) to the prism of the SPR refractometer. The system used a laser diode 

with an emission wavelength of 780 nm. The flow cell body was equipped with a Viton gasket 

(Dupont Dow Elastomers LLC) and was mounted on top of the sensor slide. Before the 

experiment, a 0.25 mLmin
–1

 sodium citrate buffer feed (50 mM) to the flow cell was established 

via Teflon tubing with a cartridge pump (Masterflex). The temperature inside the flow cell was 

controlled at 25 ± 0.02 °C. Both the buffer and Tween 80 solutions had been degassed prior to 

the start of the SPR experiments. When the baseline was stable, the buffer feed was replaced with 

a Tween 80 solution feed with the same flow rate. After 30 min, the buffer feed was restored and 

maintained for 10 min to rinse off any reversibly adsorbed Tween 80 molecules. After the buffer 

rinse, the two-step process was repeated for the next higher Tween 80 concentration, progressing 

from the lowest to the highest Tween 80 concentration. 

The surface excess concentration of the adsorbed Tween 80, SPR, was calculated with the 

equation of de Feijter et al.
26

 

 



SPR 
a nf  n 

d /dL  dn /dc 
 [7.2] 

where nf is the refractive index of the film (assumed to be 1.45)
27

, and n (≈ 1.32813) is the 

refractive index of the solvent (water).
28

 (d/dL), which is the change of the resonance angle 

upon change in the thickness of the adsorbed layer, was deduced from Fresnel calculations 
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performed with a Matlab-based computer simulation program using a six-layer model. The 

(d/dL) value for polymer surfaces is (4.2 ± 0.2)10
–3

 degA
–1

. (dn/dc), which is the refractive 

index increment of the Tween 80 solution, was determined with a Wyatt Optilab rEX differential 

refractometer. (dn/dc) measurements were carried out at  = 690 nm and 25 °C over the 

concentration range 0–100 mgL
–1

. The (dn/dc) value for Tween 80 is 0.132 mLg
–1

. a, which 

is the change in the resonance angle associated with adsorption, was obtained by subtraction of 

the contribution of the bulk refractive index changes from the total resonance angle change, tot : 

 



a  tot  c
dsp

dc









  [7.3] 
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dn

dc









 [7.4] 

where c is the bulk Tween 80 concentration and (dsp/dn) is an instrument-specific parameter 

with the value 61.5°. 

The difference between QCM, which includes both the mass of the adsorbate and coupled 

buffer solution, and SPR, which includes only the mass of the adsorbate, was used to calculate 

the coupled buffer content in the hydrated Tween 80 layer
29

 according to the equation 

 



% buffer content 
QCM SPR

QCM









100%   [7.5] 

7.3.8. QCM-D hydrolysis experiments 

The binding onto and subsequent hydrolysis of cellulose and LC substrates by cellulases 

was monitored by QCM-D (Q-sense E4). At the beginning of the experiments, all substrates were 

equilibrated in 50 mM sodium citrate buffer as described above. The temperature inside the flow 

modules was controlled at 22.00 ± 0.02 °C. With the cellulose substrates, two sets of 
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experiments were performed. In “pre-adsorption experiments”, after equilibration of the 

substrates, the buffer feed was replaced with a feed of Tween 80 solution in buffer with the same 

flow rate. After 1 h, the buffer feed was restored so that any reversibly adsorbed Tween 80 

molecules would be rinsed off. After 10 min of buffer rinse, the buffer feed was replaced with a 

feed of cellulase solution, prepared as described above. In “mixed-solution experiments”, after 

equilibration of the substrates, the buffer feed was replaced with a feed of Tween 80-containing 

cellulase solution. Both, the pre-adsorption and the mixed-solution experiments were carried out 

at different Tween 80 concentrations, ranging from 0.01 to 5 mM. Experiments without Tween 

80 were carried out for reference. In hydrolysis experiments with LC substrates, after 

equilibration of the substrates, the buffer feed was replaced with a cellulase solution feed at the 

same flow rate. In hydrolysis experiments of Tween 80-treated LC substrates, after equilibration 

of the substrates, the buffer feed was first replaced with a feed of 1 mM Tween 80 solution in 

buffer for 2 h and then, after 20 min of buffer rinse, with a cellulase solution feed at the same 

flow rate. Δf and ΔD were recorded in real time at the fundamental frequency (5 MHz) and 6 

overtone frequencies (15, 25, 35, 45, 55, and 65 MHz) with QSoft 401 acquisition software (Q-

Sense). Experiments were terminated when Δf reached a plateau. 

7.3.9. Surface morphology and RMS surface roughness determination 

The surface morphology and RMS surface roughness of untreated and Tween 80-treated 

LLC substrates were analyzed by atomic force microscopy (AFM). Tween 80-treated substrates 

were taken out of the flow modules, thoroughly rinsed with DI water, dried in a stream of 

nitrogen, and placed in a vacuum oven at 65 °C for several hours. Substrates were imaged with 

an Asylum Research MFP-3D-BIO atomic force microscope. Substrates were scanned in air at 

ambient relative humidity and temperature in intermittent-contact mode with OMCL-AC160TS 

standard silicon probes (Olympus Corp.) with a scan frequency of 1 Hz, and 512 scans with 512 

points/scan. RMS surface roughness values were determined from 2 m × 2 m areas in AFM 

height images. 
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7.3.10. Statistical analysis 

Statistical analysis of the data was performed by the Student’s t-test (p < 0.05) with SAS 

software (v9.2, SAS Institute Inc.). 

7.4. Results and discussion 

7.4.1. Interactions between Tween 80 and cellulase 

The interactions between Tween 80 and cellulase molecules in solution were analyzed by 

surface tension measurements. Figure 7.1 shows the surface tension of 50 mM sodium citrate 

buffer and cellulase solution (in buffer) as a function of the Tween 80 concentration. At the 

lowest Tween 80 concentration (10
–5

 mM), the surface tension of the buffer (72.2 mNm
–1

) was 

close to that of water (72.0 mNm
–1

 at 25 °C)
25

 whereas that of the cellulase solution (51.6 

mNm
–1

) was much lower. The ability to lower the surface tension of liquids has been reported 

for many proteins, including BSA,
30,31

 HSA,
31,32

 and β-lactoglobulin,
31,33

 and has been attributed 

to their amphiphilic nature caused by hydrophilic and hydrophobic functional groups in their 

amino acids and resulting in their partitioning to the air/liquid interface. The lower surface 

tension of the cellulase solution, compared to that of the buffer, was therefore probably a result of 

cellulase partitioning to the air/buffer interface. As seen in Figure 7.1, above certain 

concentrations, Tween 80 caused a decrease in the surface tensions of both the buffer and the 

cellulase solution. For the buffer, this concentration was 10
–4

 mM whereas it was 410
–3

 mM for 

the cellulase solution. The surface tension-lowering effect of surfactants is due to their 

partitioning to the air/liquid interface. Thus, the decrease in surface tension with increasing 

Tween 80 concentration observed for both the buffer and cellulase solution was probably due to 

the partitioning of Tween 80 molecules to the air/buffer interface. The fact that the cellulase 

solution required a higher Tween 80 concentration for this decrease to occur suggested that some 

Tween 80 molecules engaged in surfactant–protein complexes with the cellulase molecules 

instead of partitioning to the air/buffer interface. Complex formation between Tween 80 and 

proteins has also been reported for BSA.
30,34
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Figure 7.1. Surface tension of 50 mM sodium citrate buffer () and cellulase solution (in 

buffer) () as a function of the Tween 80 concentration. (The dashed lines are 

guides to the eye.) 

When the surfactant concentration in surfactant solutions exceeds the critical micelle 

concentration (CMC), the surfactant molecules form aggregates, known as micelles. Above the 

CMC, the surface tension of the surfactant solution remains constant upon further increase of the 

surfactant concentration. The surface tension of the buffer remained constant at a value of about 

36.5 mNm
–1

 above a Tween 80 concentration of 0.06 mM, which was higher than previously 

reported CMC values for Tween 80 in water ranging from 0.007 to 0.018 mM.
30,34-36

 The surface 

tension of the cellulase solution remained constant at about 35 mNm
–1

 above a Tween 80 

concentration of 0.2 mM. An increase in the CMC of Tween 80 has also been reported for the 

Tween 80–BSA system.
30,34

 The observed increase in CMC was likely due to a decreased 

number of free Tween 80 molecules available for partitioning to the air/liquid interface as a result 

of Tween 80–cellulase complexation. The fact that the surface tensions of the buffer and 

cellulase solution at high Tween 80 concentrations ( 0.2 mM) were nearly the same indicated 
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that the Tween 80 molecules had largely displaced the cellulase molecules at the air/buffer 

interface. By enclosing their hydrophobic parts in the interior, surfactant–protein complexes can 

be more hydrophilic than the protein alone.
34

 Consequently, complexation of the cellulase with 

Tween 80 molecules might have increased their solubility in the buffer. 

The complexation of cellulase with Tween 80 molecules was further analyzed by 

fluorescence spectroscopy. Figure 7.2a shows the intensity ratio of the 1
st
 and 3

rd
 vibrational 

peaks (I1/I3) of pyrene emission spectra in buffer and cellulase solution as functions of the Tween 

80 concentration. 

 

    
 

Figure 7.2. (a) Intensity ratio of the 1
st
 and 3

rd
 vibrational peaks (I1/I3) of the pyrene emission 

spectrum and (b) ratio of the pyrene excimer-to-monomer fluorescence emission 

(Ie/Im) in 50 mM sodium citrate buffer () and cellulase solution (in buffer) () as 

functions of the Tween 80 concentration. (The dashed lines are guides for the eye.) 

I1/I3 is a measure for the polarity of the microenvironment that the pyrene molecules are 

experiencing.
37,38

 At the lowest Tween 80 concentration (10
–5

 mM), I1/I3 in the cellulase solution 

(1.32) was lower than in the buffer (1.39). The lower I1/I3 value in the cellulase solution indicated 

a more hydrophobic microenvironment, possibly due to partitioning of the pyrene molecules to 

hydrophobic pockets and patches of the cellulase molecules, as has been reported for BSA.
37,39

 

Above certain Tween 80 concentrations, I1/I3 in the buffer and cellulase solution decreased with 

increasing Tween 80 concentrations. The decrease in I1/I3 indicated an increase in the 

hydrophobicity of the microenvironment of the pyrene molecules, likely caused by the formation 
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of surfactant micelles or Tween 80–cellulase complexes and partitioning of the pyrene molecules 

to their hydrophobic cores. In buffer, the I1/I3 decrease started at a lower Tween 80 concentration 

(0.004 mM) than in the cellulase solution (0.008 mM). The later onset of the I1/I3 decrease in 

cellulase solution indicated that more Tween 80 molecules were required for the creation of 

hydrophobic microenvironments that would trigger pyrene partitioning. The I1/I3 values at high 

Tween 80 concentration ( 0.1 mM) were 1.18 in buffer and 1.14 in cellulase solution. The lower 

I1/I3 value in cellulase solution, compared to that in buffer, indicated that Tween 80–cellulase 

complexes provided a more hydrophobic microenvironment for the pyrene molecules than 

Tween 80 micelles. 

In hydrophobic environments, pyrene molecules do not only exist as monomers but also as 

excimers, which are dimers of an excited and a ground-state pyrene molecule. Figure 7.2b shows 

the ratio of the excimer-to-monomer fluorescence emission (Ie/Im) in buffer and cellulase solution 

as a function of the Tween 80 concentration. At very low Tween 80 concentration, Ie/Im was low 

because the number of hydrophobic microenvironments in the solution and therefore pyrene 

excimers was low. Above certain Tween 80 concentrations, Ie/Im increased and reached a 

maximum. The Ie/Im increase, which coincided with the I1/I3 decrease, indicated an increase in 

the number of pyrene excimers and thus confirmed the accumulation of pyrene molecules in the 

hydrophobic cores of newly formed surfactant micelles or Tween 80–cellulase complexes. The 

maximum values for Ie/Im were 0.17 in buffer and 0.21 in cellulase solution. The higher Ie/Im 

value in the cellulase solution indicated that the hydrophobic cores of the Tween 80–cellulase 

complexes were larger than those of the Tween 80 micelles and accommodated more pyrene 

molecules. After the maximum, Ie/Im decreased upon further increase of the Tween 80 

concentration. The decrease could be explained by the distribution of the pyrene molecules over a 

larger number of hydrophobic cores resulting in a decrease of the number of pyrene excimers. 

7.4.2. Adsorption of Tween 80 onto cellulose substrates 

The adsorption of Tween 80 onto cellulose substrates was measured by QCM-D and SPR. 

Figure 7.3 shows the Tween 80 adsorption isotherms from the QCM-D and SPR data. The 

Langmuir adsorption model provided good fits to the experimental data, with R
2
 values of 0.9871 
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for the QCM-D and 0.9869 for the SPR data. The coupled buffer content, in percent of the total 

mass of the adsorbed Tween 80 layer, was determined according to eq 7.5 from the difference in 

the maximum QCM-D and SPR Tween 80 surface excess concentrations. The Langmuir 

isotherms gave maximum surface excess concentrations of 8.35 mgm
–2

 for the QCM-D data and 

0.76 mgm
–2

 for the SPR data. The resulting coupled buffer content of 91% indicated that the 

adsorbed Tween 80 layer on the cellulose substrate was highly hydrated. 

 

 
 

Figure 7.3. Langmuir adsorption isotherm for Tween 80 adsorption onto a model cellulose 

substrate measured by QCM-D () and SPR (). The dash line is the fitting curve. 

7.4.3. Effects of Tween 80 on the enzymatic hydrolysis of cellulose substrates 

The effects of Tween 80 on the enzymatic hydrolysis of cellulose substrates were studied 

with two sets of experiments. In the first set, termed pre-adsorption experiments, Tween 80 

molecules were adsorbed onto the cellulose substrate prior to substrate hydrolysis. In the second 
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set, termed mixed-solution experiments, Tween 80 was added at different concentrations to the 

cellulase solution prior to substrate hydrolysis. The pre-adsorption experiments were expected to 

provide information about the potential effects of substrate-adsorbed Tween 80 molecules on 

cellulase adsorption onto and hydrolysis of the substrates, whereas the mixed-solution 

experiments were expected to provide information about the potential effects of Tween 80–

cellulase interactions in solution. 

The shape of the temporal curves of the normalized frequency change, (Δfn/n), from 

cellulase adsorption and substrate hydrolysis QCM-D experiments has been discussed in 

Chapters 4 and 6. A typical (Δfn/n) curves shows an initial decrease due to cellulase adsorption, 

followed by an increase due to substrate hydrolysis. The magnitude of the (Δfn/n) minimum, 

(Δfn/n)min, between the initial decrease and subsequent increase is a measure of the maximum 

amount of cellulase adsorbed on the substrate. The maximum rate of (Δfn/n) increase after the 

minimum, marked by the second inflection point in the (Δfn/n) curve and measurable from the 

maximum in its first derivative, (d(Δfn/n)/dt)max, is a measure of the hydrolysis rate. Figure 7.4 

shows the values of (Δfn/n)min and (d(Δfn/n)/dt)max for the pre-adsorption experiments. As seen in 

Figure 7.4, substrate-adsorbed Tween 80 molecules had no effect on the maximum amount of 

cellulase adsorbed on the cellulose substrates and the apparent hydrolysis rate of the substrates. 

The absence of an effect of substrate-adsorbed Tween 80 molecules indicated that cellulase 

molecules were able to displace Tween 80 molecules on the substrate without compromising 

enzyme activity. 

Figure 7.5 shows the values of (Δfn/n)min and (d(Δfn/n)/dt)max for the mixed-solution 

experiments. Although Tween 80 formed surfactant–protein complexes with cellulase in solution, 

as demonstrated above (Figures 7.1 and 7.2), at most concentrations the presence of Tween 80 in 

the cellulase solution had no effect on the maximum amount of cellulase adsorbed on the 

cellulose substrates and the apparent hydrolysis rate of the substrates. 
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Figure 7.4. Values of (a) (Δfn/n)min and (b) (d(Δfn/n)/dt)max from 3
rd

 overtone (Δfn/n) curves for 

the pre-adsorption experiments. The values are means of at least three 

measurements. An asterisk indicates a significant difference (Student’s t-test, p < 

0.05) from the 0-mM mean. 
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Figure 7.5. Values of (a) (Δfn/n)min  and (b) (d(Δfn/n)/dt)max from 3
rd

 overtone (Δfn/n) curves for 

the mixed-solution experiments. The values are means of at least three 

measurements. An asterisk indicates a significant difference (Student’s t-test, p < 

0.05) from the 0-mM mean. 
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Substrate hydrolysis at Tween 80 concentrations of 0.01 and 0.1 mM was statistically 

significantly faster than in the absence of Tween 80 but hydrolysis at higher Tween 80 

concentrations was not. The absence of an effect of Tween 80 molecules in the cellulase solution 

indicated that cellulase molecules were able to compete with Tween 80 molecules for adsorption 

sites on the cellulose substrate and cellulase–Tween 80 complexation did not compromise 

enzyme activity. The reason for the increased apparent hydrolysis rates at Tween 80 

concentrations of 0.01 and 0.1 mM is not obvious. At low concentrations, Tween 80 molecules 

might facilitate cellulase desorption whereas at high concentrations cellulase–Tween 80 

complexation and the competition for adsorption sites might negate that effect. 

7.4.4. Adsorption of Tween 80 onto LC substrates 

The properties of CLC and LLC substrates have been discussed in Chapter 6. Figure 7.6 

shows (Δfn/n) and D curves for the adsorption of Tween 80 onto CLC substrates with a nominal 

lignin content of 30%. The (Δfn/n) and D curves for a cellulose substrate are also shown for 

comparison. As indicated by the decrease in (Δfn/n) and increase in D, Tween 80 adsorbed onto 

both the cellulose and CLC substrates. The final value of (Δfn/n) upon Tween 80 adsorption on 

the cellulose substrate was –54 Hz. However, on the CLC substrates the final values of (Δfn/n) 

were –130 Hz, –62 Hz, and –61 Hz for substrates prepared from KL, OL, and MWL, respectively. 

The higher final values of (Δfn/n) on the CLC substrates, compared to that on the cellulose 

substrate, indicated that more Tween 80 adsorbed onto the CLC substrates than onto the cellulose 

substrate. The final values of D were 8.410
–6

 for the cellulose substrate and 3410
–6

, 10.410
–6

, 

and 610
–6

 for the CLC substrates prepared from KL, OL, and MWL, respectively. The fact that 

the final values of D were higher than 10
–6

 indicated that the adsorbed Tween 80 layers were 

viscoelastic, as opposed to rigid, suggesting that they were highly hydrated. Figure 7.6 also 

shows that more Tween 80 adsorbed onto CLC substrates prepared from KL than onto those 

prepared from OL and that hydrophobic interactions might have accounted for most of the Tween 

80 adsorption on the former whereas adsorption on the latter was probably largely driven by 

polar interactions (refer to Chapter 5). Removal of lignin by Tween 80, observed on lignin 

substrates in Chapter 5, was not observed on any of the CLC substrates. 
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Figure 7.6. Representative (a) (Δfn/n) and (b) D curves (3
rd

 overtone) for Tween 80 

adsorption onto a cellulose substrate () and CLC substrates with a 30% nominal 

content of KL (), OL (), and MWL (). The arrows indicate the switch of the 

liquid feed to Tween 80 solution (1
st
 ) and buffer (2

nd
 ). 
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Figure 7.7. Representative (a) (Δfn/n) and (b) D curves (3
rd

 overtone) for Tween 80 

adsorption onto LLC substrates prepared from 1 wt % aqueous suspensions of KL 

(), OL (), and MWL (). The arrows indicate the switch of the liquid feed to 

Tween 80 solution (1
st
 ) and buffer (2

nd
 ). 
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Figure 7.7 shows (Δfn/n) and D curves for the adsorption of Tween 80 onto LLC 

substrates prepared from 1 wt % lignin suspensions. The initial decrease in (Δfn/n) and increase 

in D indicated Tween 80 adsorption onto the LLC substrates. Similar to that on CLC substrates, 

Tween 80 adsorption was highest on the LLC substrates prepared from KL and lowest on those 

prepared from MWL. The sudden increase in (Δfn/n) after the initial decrease, observed for the 

LLC substrates prepared from KL and OL, signifying a decrease in mass on the oscillating quartz 

crystal, indicated removal of lignin by Tween 80 similar to that observed on the KL and OL 

substrates in Chapter 5. The amphiphilic Tween 80 molecules might have interacted with the 

lignin molecules through hydrophobic interactions between the hydrocarbon chains of the Tween 

80 molecules and hydrophobic regions of the lignin molecules. Simultaneous interaction of the 

hydrophilic headgroups of the Tween 80 molecules with the aqueous buffer might have enabled 

removal of the lignin molecules from the LLC substrates. As was the case for the MWL substrate 

in Chapter 5, lignin removal was not observed on the LLC substrate prepared from MWL. The 

absence of lignin removal on the MWL substrate in Chapter 5 had been attributed to the higher 

hydrophilicity of MWL, compared to KL and OL. 

The D curves for the LLC substrates differed strongly from one another. The curve for the 

LLC substrate prepared from OL showed an initial increase, due to the formation of a hydrated 

Tween 80 adsorption layer, followed by a decrease, presumably due to the removal of lignin from 

the substrate’s surface. The final buffer rinse caused a slight increase in D, which was 

associated with a decrease in (Δfn/n), and therefore most likely indicated redeposition of lignin 

onto the substrate upon removal of the Tween 80 molecules from the system. The D curve for 

the LLC substrate prepared from KL showed an initial steep increase, attributable to Tween 80 

adsorption, followed by a more gradual increase. Interestingly, the more gradual D increase was 

associated with a (Δfn/n) increase, signifying a decrease in mass on the oscillating quartz crystal. 

The D increase could possibly be explained by the occurrence of two simultaneous processes. 

The loosening of the lignin molecules on the substrate’s surface by the Tween 80 molecules 

would cause an increase in dissipation whereas the removal of the lignin molecules from the 

substrate would cause a decrease. On the LLC substrate prepared from KL, the D increase from 

the former process might outweigh the D decrease from the latter. The final buffer rinse caused 

a slight decrease in D, which was associated with an increase in (Δfn/n), and therefore most 
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likely indicated the removal of partially solubilized lignin or desorption of Tween 80 molecules 

from the substrate upon switching to the buffer feed. The D curve for the LLC substrate 

prepared from MWL showed a very small increase upon initial Tween 80 adsorption but showed 

no significant change upon the subsequent more gradual Tween 80 adsorption, indicated by a 

gradual (Δfn/n) decrease. The low D values observed for this substrate suggested that the 

adsorbed Tween 80 layer was highly compact and rigid. The final buffer rinse caused a slight 

increase in D, which was associated with an increase in (Δfn/n), and could possibly indicate an 

increase in the extent of hydration of the substrate upon removal of hydrophilically adsorbed 

Tween 80 molecules and exposure of the substrate’s hydrophilic adsorption sites. 

The (Δfn/n) and D curves for LLC substrates differed strongly from the curves reported in 

Chapter 5 for the adsorption of Tween 80 onto lignin substrates (Figure 5.4). The differences 

were most likely due to the different substrate preparation methods. The lignin substrates studied 

in Chapter 5 were prepared from lignin solutions in aqueous ammonia whereas the LLC 

substrates were prepared from aqueous lignin suspensions. 

The surface morphology of the LLC substrates after Tween 80 treatment were analyzed by 

AFM. Figure 7.8 shows AFM height images of untreated and Tween 80-treated LLC substrates 

prepared from 1 wt % lignin suspensions. As discussed in Chapter 6, the surface of untreated 

LLC substrates consisted of spherical lignin particles, which were smallest for KL and largest for 

OL. The lignin particles on the LLC substrate prepared from OL were much larger than those 

observed on the OL substrate studied in Chapter 5. The difference in particle size was most likely 

the result of the different substrate preparation methods, i.e. preparation of the substrate from a 

lignin suspension (LLC substrates) versus a lignin solution (lignin substrates in Chapter 5). 
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Figure 7.8. AFM height images of untreated and Tween 80-treated LLC substrates prepared 

from 1 wt % aqueous lignin suspensions. The scan size and z-scale are 2 m × 2 

µm and 15 nm, respectively, for all images. 
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After Tween 80 treatment (right column in Figure 7.8), CNCs were visible on both the LLC 

substrates prepared from KL and from OL. The fact that CNCs were visible on these substrates 

confirmed the removal of lignin molecules from these substrates by Tween 80, observed in the 

QCM-D adsorption experiments (Figure 7.7). The RMS surface roughnesses of the Tween 80-

treated LLC substrates prepared from KL and OL were 3.6 and 3.4 nm, respectively, and were 

therefore similar to the surface roughness of a cellulose substrate (3.6 nm, reported in Chapter 6). 

CNCs were not visible on Tween 80-treated LLC substrates prepared from MWL. Both the 

surface morphology and the surface roughness of these substrates did not change much upon 

Tween 80 treatment. The fact that CNCs were not visible on the these substrates after Tween 80-

treatment was in agreement with the QCM-D adsorption experiments, which showed that lignin 

removal did not occur on these substrates. As mentioned above, the absence of lignin removal on 

the LLC substrates prepared from MWL could be due to the higher hydrophilicity of MWL, 

compared to KL and OL. 

Redeposition of lignin onto cellulose is a common problem of lignocellulosic biomass 

pretreatment processes. The observed removal of lignin from LLC substrates prepared from KL 

and OL suggests that non-ionic surfactants may be able to remove redeposited lignin from 

pretreated biomass. 

7.4.5. Effects of Tween 80 on the enzymatic hydrolysis of LC substrates 

Figure 7.9 shows (Δfn/n) and D curves for the enzymatic hydrolysis of untreated and 

Tween 80-treated CLC substrates with a nominal lignin content of 30%. (Δfn/n) and D curves 

for CLC substrates with nominal lignin contents of 10 and 20% are shown in Figures A5.1 and 

E.2, respectively, in Appendix E. All (Δfn/n) curves showed the typical initial (Δfn/n) decrease, 

associated with a D increase and attributable to cellulase adsorption onto the substrate, followed 

by a more or less pronounced (Δfn/n) increase, associated with a D decrease and attributable to 

substrate hydrolysis. The untreated CLC substrates generally showed high D values at the end 

of the experiment, which indicated that substrate hydrolysis was incomplete and that a soft, 

hydrated layer remained on the substrate. 
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Figure 7.9. (Δfn/n) and D curves (3
rd

 overtone) for the enzymatic hydrolysis of untreated () 

and Tween 80-treated () CLC substrates with a nominal lignin content of 30%. 
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The Tween 80-treated CLC substrates exhibited more pronounced (Δfn/n) increases after 

the minimum and higher final (Δfn/n) values, than the untreated CLC substrates, indicating that 

Tween 80 treatment effected higher hydrolysis rates and greater substrate mass losses. 

Figure 7.10 shows the values of (d(Δfn/n)/dt)max for the untreated and Tween 80-treated 

CLC substrates, as a percentage of that for a cellulose substrate, (d(Δfn/n)/dt)max,CNC. The exact 

values are listed in Table E.1 in Appendix E. 

 

 
 

Figure 7.10. (d(Δfn/n)/dt)max, from 3
rd

 overtone (Δfn/n) curves, for untreated and Tween 80-

treated CLC substrates, prepared from a) KL, b) OL, and c) MWL, as a percentage 

of that for a cellulose substrate, (d(Δfn/n)/dt)max,CNC (2.64 s
–2

). 

As mentioned above, (d(Δfn/n)/dt)max is a measure for the hydrolysis rate. Because of the 

inhibitory effect of lignin, discussed in Chapter 6, the apparent hydrolysis rates of untreated CLC 

substrates were significantly reduced, relative to that of a cellulose substrate, and the reduction 
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was greater at higher lignin contents. For untreated CLC substrates with nominal lignin contents 

of 10, 20, and 30%, the average (d(Δfn/n)/dt)max were 9, 2, and 0.5% that of a cellulose substrate, 

respectively. Treatment of the CLC substrates with Tween 80 prior to hydrolysis resulted in a 

significant increase in their apparent hydrolysis rates. For Tween 80-treated CLC substrates with 

nominal lignin contents of 10, 20, and 30%, the average (d(Δfn/n)/dt)max were 20, 8, and 5% that 

of a cellulose substrate, respectively. The largest increase in apparent hydrolysis rate (70 times) 

upon Tween 80 treatment was observed for CLC substrates with a nominal KL content of 30%, 

followed by CLC substrates with a nominal OL content of 30% (10 times). CLC substrates with a 

nominal lignin content of 10% showed increases in apparent hydrolysis rate of 1.8–2.8 times with 

the MWL-containing substrate exhibiting the largest. The mechanism by which substrate-

adsorbed Tween 80 increased the apparent hydrolysis rates of the CLC substrates was not 

obvious from the experiments. 

However, even after Tween 80 treatment, the apparent hydrolysis rates of the CLC 

substrates were still on average less than 20% that of a cellulose substrate. The CLC substrates, 

consisting of an intimate blend of lignin and CNCs, could be regarded as a model for the plant 

cell wall, in which cellulose microfibrils are embedded in a lignin matrix. The fact that the 

apparent hydrolysis rates of the CLC substrates were still low after Tween 80 treatment suggested 

that Tween 80 treatment alone would not be sufficient to raise enzymatic hydrolysis rates of 

lignocellulosic biomass to economic levels and that pretreatment for the breakdown and partial 

removal of lignin would still be necessary. 

Figure 7.11 shows (Δfn/n) and D curves for the enzymatic hydrolysis of untreated and 

Tween 80-treated LLC substrates prepared from 1 wt % aqueous lignin suspensions. (Δfn/n) and 

D curves for LLC substrates prepared from 0.5 wt % aqueous lignin suspensions are shown in 

Figure E.3 in Appendix E. The (Δfn/n) and D curves for the untreated LLC substrates showed 

smaller differences from the curves for the Tween 80-treated LLC substrates than was the case 

for the CLC substrates. 
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Figure 7.11. (Δfn/n) and D curves (3
rd

 overtone) for the enzymatic hydrolysis of untreated () 

and Tween 80-treated () LLC substrates prepared from 1 wt % aqueous lignin 

suspensions. 

 



 

 233 

A large difference between the curves was observed for LLC substrates prepared from 1 

wt % KL suspensions (top row in Figure 7.11). For these substrates, the (Δfn/n) minimum and D 

maximum occurred much later than for the LLC substrates prepared from OL or MWL 

suspensions. The late occurrence of the (Δfn/n) minimum and D maximum indicated that both 

cellulase adsorption and substrate hydrolysis were slow. In addition, the D values for the 

untreated LLC substrates prepared from 1 wt % lignin suspensions and from 0.5 wt % KL 

suspensions were high at the end of the experiment. The high D values indicated that hydrolysis 

of these substrates was incomplete. All Tween 80-treated LLC substrates, except those prepared 

from 1 wt % MWL suspensions, exhibited D values close to zero at the end of the experiment, 

indicating that the substrates were as rigid after as before the hydrolysis and that no soft, hydrated 

layer remained. 

Figure 7.12 shows the values of (d(Δfn/n)/dt)max for the untreated and Tween 80-treated 

LLC substrates, as a percentage of that for a cellulose substrate, (d(Δfn/n)/dt)max,CNC. The exact 

values are listed in Table E.2 in Appendix E.  

 

   
 

Figure 7.12. (d(Δfn/n)/dt)max, from 3
rd

 overtone (Δfn/n) curves, for untreated and Tween 80-

treated LLC substrates, prepared from a) 0.5 wt % and b) 1 wt % lignin 

suspensions, as a percentage of that for a cellulose substrate, (d(Δfn/n)/dt)max,CNC 

(2.64 s
–2

) 

As discussed in Chapter 6, the lignin layer on top of the cellulose substrate impeded its 

enzymatic hydrolysis of the substrate and led to reduced apparent hydrolysis rates, relative to that 
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of a cellulose substrate without a lignin layer. The inhibitory effect of lignin was particularly 

evident on the LLC substrates with thicker lignin layers, i.e. prepared from 1 wt % lignin 

suspensions. For untreated LLC substrates prepared from 0.5 wt % OL and MWL suspensions, 

the average (d(Δfn/n)/dt)max was 86% that of a cellulose substrate whereas it was only 16% for 

LLC substrates prepared from 1 wt % OL and MWL suspensions. Untreated LLC substrates 

prepared from KL suspensions had much lower average (d(Δfn/n)/dt)max, specifically 39% that of 

a cellulose substrate for substrates prepared from 0.5 wt % and 4% for substrates prepared from 1 

wt % KL suspensions. The fact that hydrolysis of untreated LLC substrates was observed 

suggested that cellulase access to the cellulose substrate was not completely blocked by the lignin 

layer. 

As was the case for the CLC substrates, treatment of the LLC substrates with Tween 80 

prior to hydrolysis resulted in an increase in their apparent hydrolysis rates. Tween 80-treated 

LLC substrates prepared from 0.5 wt % lignin suspensions had an average (d(Δfn/n)/dt)max of 

119% that of a cellulose substrate. The fact that the rate exceeded 100% signified that hydrolysis 

of these substrates was faster than that of an untreated cellulose substrate. Alternatively, it could 

indicate simultaneous desorption of lignin. For Tween 80-treated LLC substrates prepared from 1 

wt % KL, OL, and MWL suspensions, the average (d(Δfn/n)/dt)max were 73, 32, and 20% that of a 

cellulose substrate, respectively. The largest increase in apparent hydrolysis rate (18 times) upon 

Tween 80 treatment was observed for LLC substrates prepared from 1 wt % KL suspensions, 

followed by LLC substrates prepared from 0.5 wt % KL suspensions (3 times). All other rates for 

LLC substrates increased 1.4–1.9 times. The reason for the increased apparent hydrolysis rates 

after Tween 80 treatment of the LLC substrates was most likely the removal of some lignin from 

the substrate, seen in Figures 7.7 and 7.8, exposing the cellulose substrate to the enzymes. Lignin 

removal by Tween 80 was most pronounced on the LLC substrates prepared from KL and least 

pronounced on the LLC substrates prepared from MWL, in accordance with the observed 

increases in apparent hydrolysis rates. 

In Chapter 6, it has been shown that the lignin layer also causes an increase in the time of 

the minimum in the (Δfn/n) curves, tmin. tmin is determined by both the rate of cellulase adsorption 

and the rate of substrate hydrolysis because the minimum will occur when the frequency decrease 

due to cellulase adsorption is equal to the frequency increase due to substrate hydrolysis. The 
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values for tmin for untreated and Tween 80-treated LLC substrates are listed in Table 7.1 together 

with that for the cellulose substrate.  

 

Table 7.1. Times of the (Δfn/n) minima, tmin, for untreated and Tween 80-treated cellulose and 

LLC substrates
a
 

   tmin (s) 

Lignin Lignin concentration
b
 (wt %)  untreated Tween 80-treated 

None
c
 –  110 ± 11 108 ± 4 

KL 
0.5  454 ± 7 109 ± 13 

1.0  4069 ± 269 139 ± 23 

OL 
0.5  223 ± 18 125 ± 14 

1.0  380 ± 11 153 ± 14 

MWL 
0.5  240 ± 10 159 ± 3 

1.0  1010 ± 28 834 ± 37 

a
 Data are means ± one standard deviation of three measurements. 

b 
of the suspension used for spin coating 

c 
cellulose substrate 

 

As seen in Table 7.1, the tmin values for the Tween 80-treated substrates were smaller than 

the values for the untreated LLC substrates. The largest decrease was observed for the LLC 

substrates prepared from KL (4 and 29 times for substrates prepared from 0.5 and 1 wt % KL 

suspensions, respectively) and the smallest for the LLC substrates prepared from MWL (1.4 

times on average). As discussed in Chapter 6, the increase in tmin caused by the lignin layer was 

most likely due to the obstruction of cellulase access to the cellulose layer beneath. As shown 

above, Tween 80 treatment caused removal of the lignin layer, which restored cellulase access to 

the cellulose layer. Therefore, the decrease in tmin values for the LLC substrates upon Tween 80 

treatment was most likely due to the removal of the obstructing lignin layer. It is interesting to 

note, that the lignin that had the greatest diminishing effects on maximum cellulase adsorption 

and apparent substrate hydrolysis rate (KL) also showed the greatest increase in apparent 

substrate hydrolysis rate and decrease in tmin upon Tween 80 treatment. The fact that the LLC 

substrate prepared from MWL did not exhibit lignin removal from the substrate by Tween 80 in 
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Figure 7.7 explains why this substrate showed the smallest increase in apparent substrate 

hydrolysis rate and decrease in tmin upon Tween 80 treatment. 

7.5. Conclusions 

The objective of this study was to elucidate the effects of the non-ionic surfactant Tween 80 

on the enzymatic hydrolysis of cellulose and LC substrates by means of QCM-D. The study has 

shown that Tween 80 forms surfactant–protein complexes with cellulases in solution but that the 

complexation does not compromise cellulase activity. Tween 80 adsorbs onto cellulose substrates 

and forms highly hydrated adsorption layers. Tween 80 adsorption onto cellulose is well 

described by the Langmuir adsorption model. Tween 80, either adsorbed on the substrate or in 

solution, does not have any effect on the hydrolysis of cellulose substrates by cellulase. 

Substrate-adsorbed Tween 80 increases the apparent cellulase hydrolysis rates of LC substrates. 

For layered LC substrates, consisting of a lignin layer on top of a cellulose layer, the increase in 

apparent hydrolysis rate is due to the removal of lignin from the substrate by Tween 80. The 

ability of Tween 80 to increase the apparent hydrolysis rate depends strongly on the structural 

properties of the LC substrate (composite versus layered) and the chemical properties of the 

lignin. 
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CHAPTER 8 

Conclusions and future work 

8.1. Conclusions 

With respect to the goals and objectives of the research, stated in Chapter 1, the following 

conclusions can be drawn: 

 Model cellulose substrates that have chemical properties similar to those of native 

cellulose can be prepared from cellulose nanocrystals (CNCs) that were obtained 

by sulfuric acid hydrolysis of wood pulp. 

 Removal of the sulfate groups, present on CNCs prepared by sulfuric acid 

hydrolysis, is critical to their use as model cellulose substrates. 

 Partial removal of the sulfate groups can be achieved by HCl-catalyzed desulfation 

whereas complete removal can be achieved by solvolytic desulfation in DMSO of 

the CNC pyridinium salt. 

 Sulfate groups on cellulose substrates hinder cellulase adsorption through the 

cellulose binding domains but promote cellulase adsorption through electrostatic 

interactions and slow down or inhibit enzymatic hydrolysis of the substrates. 

 Tween 80 adsorbs onto lignin substrates and, depending on the chemical properties 

of the lignin, may remove lignin molecules from surface. 
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 The adsorption behavior of cellulases on lignin substrates depends on the chemical 

properties of the lignin. 

 Adsorbed Tween 80 molecules on lignin substrates affect cellulase adsorption 

behavior and reduce the adsorption rate. 

 Model lignocellulosic (LC) substrates consisting of lignin/cellulose blends can be 

prepared by spin coating of mixed aqueous lignin/CNC suspensions whereas 

model LC substrates consisting of a lignin layer on top of a cellulose layer can be 

obtained by spin coating of aqueous lignin suspensions onto a layer of CNCs. 

 Lignin hinders both the adsorption of cellulases onto the LC substrates and the 

enzymatic hydrolysis of the substrates. 

 A lignin surface layer has less of an inhibitory effect on cellulose hydrolysis than 

an embedding lignin matrix. 

 Tween 80 forms surfactant–protein complexes with cellulases in solution without 

compromising cellulase activity. 

 Tween 80 adsorbs onto cellulose substrates and forms highly hydrated adsorption 

layers.  

 Tween 80, either adsorbed on the substrate or in solution, does not have any effect 

on the hydrolysis of cellulose substrates by cellulase. 

 Substrate-adsorbed Tween 80 increases the apparent cellulase hydrolysis rates of 

LC substrates. For layered LC substrates, the increase in hydrolysis rate is due to 

the removal of lignin from the substrate by Tween 80. 

 The ability of Tween 80 to increase the hydrolysis rate depends strongly on the 

structural properties of the LC substrate (composite versus layered) and the 

chemical properties of the lignin. 
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8.2. Future work 

8.2.1. Preparation of model wood substrates 

The presented studies were conducted with model cellulose and lignocellulosic substrates. 

An important limitation of these substrates is their lack of hemicellulose and pectin, both present 

in lignocellulosic biomass. Consequently, the preparation of model wood substrates, suitable for 

quartz crystal microbalance studies, by spin coating or other thin film techniques would be of 

great value to future studies in this area. To this end, we have dissolved wood flour in an ionic 

liquid but have found the resulting solution to be too viscose for spin coating. Addition of 

dimethyl sulfoxide reduced the viscosity of the wood solution but lead to precipitation of the 

wood components. For future work, I suggest continuing the search for a solvent system, possibly 

based on ionic liquids and a suitable co-solvent, for the preparation of wood solutions from 

which model wood substrates can be prepared. 

8.2.2. Study of other non-ionic surfactants 

In the current research, we only studied the effect of Tween 80 on the enzymatic hydrolysis 

of lignocellulosic substrates. The observed ability of Tween 80 to remove lignin molecules from 

the substrates made it difficult to quantify cellulase adsorption onto the substrates. For future 

work, I suggest studying other non-ionic surfactants, preferably with different hydrophilic–

lipophilic balance (HLB), to understand at which HLB value the surfactant adsorbs onto lignin or 

is most effective in removing lignin molecules from the substrate. These results would also be a 

valuable reference for future surfactant selection and design for use in biomass hydrolysis. 
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Appendix 

Appendix A 

 

 
 

Figure A.1. Mechanism for the solvolytic desulfation of CNC pyridinium salt 
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Figure A.2. High-resolution C 1s photoelectron spectra of the CNC samples (a) SH, (b) HH, 

(c) HD7, and (d) SD. 
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Table A.1. Relative amounts of C1, C2, and C3 carbon species and C2/C3 ratios for 

different CNC samples 

 

Sample 

Percentage of C 1s peak area 

C2/C3 C1 C2 C3 

SH 12.52 72.24 15.24 4.74 

HH 10.27 73.95 15.78 4.69 

HD7 6.74 76.64 16.62 4.61 

SD 11.71 73.20 15.09 4.85 

Cellulose 0.00 83.00
a
 17.00

a
 4.88 

a
 from ref 1  
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Appendix B 
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Figure B.1. Representative (fn/n) curves (5
th

 overtone) from H2O/D2O solvent exchange 

QCM-D experiments for (a) the SH-55 substrate, (b) the SH-151 substrate, and 

(c) the SH-293 substrate. 
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a)          b) 

 
 

c)          d) 

 
 

Figure B.2. Representative fitting curves for the adsorption of CBDs (100 gmL
-1

) onto the 

CNC substrates SH-292 (a), SH-55 (b), SH-0 (c), and HH-0 (d). Fitting was 

conducted with QTools 3 software using the 3
rd

 and 5
th

 overtones. The density 

and viscosity of water at 25 °C are 997 kgm
–3

 and 0.8910
–3

 kgm
–1

s
–1

, and the 

density of the viscoelastic film was fixed at 1152 kgm
–3

. 
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Appendix C 

Table C.1. Average contact angles of the three test liquids on untreated and Tween 80-

treated lignin substrates
a
 

 

Test liquids 

OL  KL  MWL 

untreated treated  untreated treated  untreated treated 

water 65.0º ± 1.0º 60.3º ± 0.2º   62.0º ± 1.2º  57.7º ± 0.3º   54.1º ± 0.6º 51.6º ± 1.0º 

diiodomethane 24.2º ± 0.8º  32.1º ± 0.3º   21.6º ± 0.5º  32.7º ± 1.0º  17.5º ± 0.5º 28.2º ± 1.0º 

formamide 27.2º ± 0.5º  26.9º ± 0.2º   25.4º ± 0.3º  24.6º ± 0.8º   25.7º ± 0.6º 18.9º ± 0.9º 

a
 Data are means ± one standard deviation of three measurements. 
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Figure C.1. (a) (Δfn/n) and (b) D curves (5
th

 overtone) from Tween 80 adsorption 

experiments on gold substrates. The arrows indicate a switch in liquid feed to 

the QCM-D flow modules. 
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Figure C.2. (a) (Δfn/n) and (b) D curves (5
th

 overtone) from Tween 80 adsorption 

experiments on silica substrates. The arrows indicate a switch in liquid feed to 

the QCM-D flow modules. 
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Appendix D 
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Figure D.1. AFM height images of CLC substrates with a 10 or 20% nominal lignin content. 

The scan size and z-scale are 2 m × 2 µm and 15 nm, respectively, for all 

images. 
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Figure D.2. (Δfn/n) and D curves (3
rd

 overtone) for the enzymatic hydrolysis of the 

cellulose substrate () and CLC substrates with a nominal OL or MWL content 

of 10% (), 20% (), and 30% (). 
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Figure D.3. (Δfn/n) and D curves (3
rd

 overtone) for the enzymatic hydrolysis of the 

cellulose substrate () and LLC substrates prepared from 0.5 wt % () and 1 

wt % () OL or MWL suspensions. 
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Figure D.4. AFM height images of CLC substrates with a 10 or 20% nominal lignin content 

after enzymatic hydrolysis. The scan size and z-scale are 2 m × 2 µm and 15 

nm, respectively, for all images. 
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Figure E.1. (Δfn/n) and D curves (3
rd

 overtone) for the enzymatic hydrolysis of untreated 

() and Tween 80-treated () CLC substrates with a nominal lignin content of 

10%. 
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Figure E.2. (Δfn/n) and D curves (3
rd

 overtone) for the enzymatic hydrolysis of untreated 

() and Tween 80-treated () CLC substrates with a nominal lignin content of 

20%. 
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Table E.1. (d(Δfn/n)/dt)max/(d(Δfn/n)/dt)max,CNC×100%, from 3
rd

 overtone (fn/n) curves, for 

untreated and Tween 80-treated CLC substrates
a
 

Nominal 

lignin content 

KL  OL  MWL 

untreated treated  untreated treated  untreated treated 

10% 8.4 ± 1.2 16.5 ± 0.2  10.5 ± 0.3 18.7 ± 1.1  8.5 ± 1.6 23.8 ± 1.2 

20% 1.3 ± 0.03 10.1 ± 1.3  2.7 ± 0.8 8.9 ± 1.7  1.8 ± 0.1 5.3 ± 0.1 

30% 0.1 ± 0.05 8.0 ± 1.3  0.6 ± 0.03 5.9 ± 0.7  0.7 ± 0.03 1.5 ± 0.1 

a
 Data are means ± one standard deviation of three measurements. 

 

 

 

 

Table E.2. (d(Δfn/n)/dt)max/(d(Δfn/n)/dt)max,CNC×100%, from 3
rd

 overtone (fn/n) curves, for 

untreated and Tween 80-treated LLC substrates
a
 

Lignin 

concentration
b
 

KL  OL  MWL 

Untreated treated  untreated treated  untreated treated 

0.5% 38.8 ± 5.6 120.9 ± 5.8  89.3 ± 3.6 120.6 ± 12.9  83.6 ± 10.5 116.7 ± 6.4 

1% 4.1 ± 1.0 73.2 ± 9.6  16.6 ± 2.0 32.2 ± 5.3  14.6 ± 3.5 20.3 ± 3.5 

a
 Data are means ± one standard deviation of three measurements. 

b
 of the lignin suspension used for spin coating 
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Figure E.3. (Δfn/n) and D curves (3
rd

 overtone) for the enzymatic hydrolysis of untreated 

() and Tween 80-treated () LLC substrates prepared from 0.5 wt % aqueous 

lignin suspensions. 
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Appendix F: Additional experiments 

F.1. Enzymatic hydrolysis of non-sulfated and sulfated cellulose substrates 

studied by surface plasmon resonance (SPR) 

F.1.1. Experimental section 

Cellulose substrates for SPR hydrolysis experiments were prepared on SPR sensor slides 

(12.0 mm × 12.0 mm × 0.9 mm). The SPR sensors were cleaned by immersion for 1 h in a 

boiling mixture of aqueous ammonia, hydrogen peroxide, and DI water at a volume ratio of 1:1:5 

and then for 1 h at ambient temperature in fresh piranha solution (7:3 (v/v) mixture of sulfuric 

acid and hydrogen peroxide), rinsed with DI water, dried in a stream of nitrogen. Cellulose 

substrates were prepared by spin coating (WS-400B-6NPPLite, Laurell Technologies Corp.) the 

cleaned SPR sensor slides for 1 min at 4000 rpm with 140 µl of a 1 wt % CNC suspension, 

prepared as described in Chapter 4. After retrieval from the spin coater, the substrates were dried 

in a vacuum oven at 65 °C for several hours for improved stability in aqueous media. The 

cellulose substrates were refractive index-matched with immersion oil (nD = 1.5150) to the prism 

of the SPR refractometer (SR 7000, Reichert, Inc.). The system used a laser diode with an 

emission wavelength of 780 nm. The flow cell body was equipped with a Viton gasket (Dupont 

Dow Elastomers LLC) and was mounted on top of the sensor slide. Before the experiment, a 0.25 

mLmin
–1

 feed of 50 mM sodium citrate buffer feed, prepared as described in Chapter 4, to the 

flow cell was established via Teflon tubing with a cartridge pump (Masterflex). The temperature 

inside the flow cell was controlled at 25 ± 0.02 °C. When the baseline was stable, the buffer feed 

was replaced with a feed of cellulase solution, prepared as described in Chapter 4, with the same 

flow rate. Both the buffer and cellulase solutions had been degassed prior to the start of the SPR 

experiments. The shift in SPR resonance angle, SP, was recorded during the experiment. When 

SP reached a plateau, the buffer feed was restored and maintained for 30 min. 
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F.1.2. Results and discussion 

Figure F.1 shows SP curves for the enzymatic hydrolysis of the substrates SH-0 and HH-

0. A comparison of the SP curves with the (fn/n) curves in Figure 4.4 in Chapter 4 shows that 

the hydrolysis curves measured by SPR were very similar to those measured by QCM-D. 
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Figure F.1. SP curves for the enzymatic hydrolysis of the substrates SH-0 () and HH-0 

(). The arrows indicate a switch of the liquid feed from enzyme solution to 

buffer. 

The initial rapid increase in SP indicated cellulase adsorption onto the cellulose substrates. 

The SP maximum for the SH-0 substrate was much larger than that for HH-0 substrate. The 

larger maximum indicated greater enzyme adsorption onto the SH-0 substrate than onto the HH-0 

substrate. At the end of the hydrolysis, the SP values for both substrates were below zero. The 

negative SP values indicated a decrease in optical density near the sensor surface, possibly due 

to the removal of the substrates from the sensor during hydrolysis. The plateau value of SP for 

the SH-0 substrate was much lower than that for HH-0 substrate. The lower plateau value was 

due to the greater CNC surface density of the SH-0 substrate, compared to the HH-0 substrate, as 

discussed in Chapter 4. These finding were in agreement with the QCM-D results. 
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Figure F.2 shows SP curves for the enzymatic hydrolysis of the substrates SH-55, SH-152, 

and SH-293. In accordance with the QCM-D results in Chapter 4, the magnitude of the SP 

maximum increased with increasing sulfate group density of the substrate. The increase signified 

an increase in the maximum amount of cellulase adsorbed on the substrate. For all substrates, 

SP at the end of the hydrolysis was greater than 0. The positive SP values indicated that these 

substrates underwent less hydrolysis than SH-0 in Figure F.1, i.e. that part of the substrate 

remained on the sensor, and that the sulfate groups hindered the enzymatic hydrolysis of the 

substrates. The increase in the SP plateau values with increasing sulfate group density indicated 

that the inhibitory effect of the sulfate groups depended on their density on the substrate. 
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Figure F.2. SP curves for the enzymatic hydrolysis of the substrates SH-55 (), SH-152 

(), and SH-293 (). The arrows indicate a switch of the liquid feed from 

enzyme solution to buffer. 
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F.2. Effects of Tween 80 on the enzymatic hydrolysis of cellulose substrates 

covered with a dehydrogenase polymer (DHP) lignin layer 

F.2.1. Experimental section 

Hydrogen peroxide (30%, Certified ACS) was purchased from Fisher Scientific. Sodium 

phosphate monobasic (SigmaUltra, min. 99.0%), sodium phosphate dibasic (SigmaUltra, min. 

99.0%), coniferyl alcohol (98%), horseradish peroxidase (type I, 50-150 units/mg solid) were 

purchased from Sigma-Aldrich and used without further purification. Phosphate buffer (50 mM, 

pH = 6.5) was prepared in the lab. Solutions of hydrogen peroxide (10 mM), coniferyl alcohol (5 

mM), and horseradish peroxide (0.2 g/L) in phosphate buffer were used as stock solutions.  

Cellulose substrates on cleaned silicon dioxide-coated AT-cut quartz crystals (Q-Sense) 

were prepared as described in Chapter 7. After spin-coating, the cellulose substrates were placed 

into polystyrene Petri dishes. Five milliliters of each of the three stock solutions were 

simultaneously transferred into the Petri dish so that the coniferyl alcohol concentration (CAC) in 

the reaction medium was 1.67 mM. The reaction was carried out at room temperature for 48 h. 

After the reaction, the substrates were rinsed thoroughly with DI water, dried in a stream of 

nitrogen, and heated in a vacuum oven at 65 °C for several hours. A second set of substrates was 

prepared with a CAC of 0.167 mM in the reaction medium. The reaction medium for this 

reaction was prepared by simultaneous transfer of 0.5 mL of each of the three stock solutions into 

the Petri dish, followed by dilution with phosphate buffer to a final volume of 15 mL. The 

substrates will be referred to as high-CAC and low-CAC substrates. 

The surface morphology and RMS surface roughness of the high CAC substrates were 

analyzed by atomic force microscopy (AFM). Substrates were imaged with an Asylum Research 

MFP-3D-BIO atomic force microscope. Substrates were scanned in air at ambient relative 

humidity and temperature in intermittent-contact mode with OMCL-AC160TS standard silicon 

probes (Olympus Corp.) with a scan frequency of 1 Hz, and 512 scans with 512 points/scan. 

RMS surface roughness values were determined from the whole scan areas in AFM height 

images. 



 

 264 

For QCM-D hydrolysis experiments, the high-CAC and low-CAC substrates were placed in 

QCM-D flow modules, and a 0.25 mLmin
–1

 feed of 50 mM sodium citrate buffer (pH 4.8), 

prepared as described in Chapter 6, was established. The temperature inside the flow modules 

was controlled at 25± 0.02 °C. When the normalized rate of change of the 3
rd

 overtone frequency, 

(Δf3/3), became less than 2 Hzh
–1

, the substrates were considered saturated and equilibrated, and 

the buffer feed was replaced with a feed of enzyme solution with the same flow rate. The enzyme 

solution had been prepared as described in Chapter 6. In hydrolysis experiments with Tween 80-

treated substrates, after equilibration of the substrates in buffer, the buffer feed was replaced with 

a feed of 1 mM Tween 80 solution in buffer at the same flow rate. After some time, which 

depended on the experiment, the buffer feed was restored for a few minutes and then replaced 

with a cellulase solution feed. Δf and ΔD were recorded in real time at the fundamental frequency 

(5 MHz) and 6 overtone frequencies (15, 25, 35, 45, 55, and 65 MHz) with QSoft 401 acquisition 

software (Q-Sense). Experiments were terminated when Δf reached a plateau. 

F.2.2. Results and discussion 

Figure F.3 shows AFM height images of high-CAC substrates at different magnifications. 

The tall globular particles observed in Figure F.3a might be adsorbed horseradish peroxidase 

molecules or aggregates. CNCs from the subjacent cellulose substrate were not visible in either 

of the images. The small globular particles on the surface of the substrates were most likely DHP 

lignin aggregates. A globular morphology of DHP lignin particles on cellulose substrates has also 

been reported by others.
1
 The RMS surface roughness of cellulose substrates from CNCs, 

measured over a 2 m × 2 µm area, was reported in Chapter 6 as 3.6 nm. The lower surface 

roughness of the high-CAC substrate (1.4 nm) was probably a result of DHP lignin particles 

filling the voids between the CNCs and thus smoothening the surface of the substrate. 
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(a) RMS=1.72 nm (b) RMS=1.36 nm

 
 

Figure F.3. AFM height images of DHP lignin covered cellulose substrates (high-CAC). 

The scan sizes are (a) 5 m × 5 µm and (b) 2 m × 2 µm. The z-scale is 15 nm. 

The RMS surface roughness was determined from the entire area of the image.  

Adsorption of Tween 80 onto the high-CAC and low-CAC substrates was studied by 

QCM-D. Figure F.4 shows the obtained (Δfn/n) and D curves. On the high-CAC substrate, the 

value of (Δfn/n) at the end of Tween 80 adsorption was –20 Hz whereas it was –6.6 Hz on the 

low-CAC substrate. The higher value of (Δfn/n) on the high-CAC substrate at the end of Tween 

80 adsorption signified that more Tween 80 was adsorbed on this substrate than on the low-CAC 

substrate. A possible reason could be that the high-CAC substrate contained more DHP lignin, 

leading to stronger hydrophobic interactions between DHP lignin molecules and the hydrophobic 

tails of Tween 80.  
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Figure F.4. (a) (Δfn/n) and (b) D curves (3
rd

 overtone) for the adsorption of Tween 80 onto 

the high-CAC substrates () and low-CAC substrates (). The arrows indicate 

the switch of the liquid feed from Tween 80 to buffer. 

Figure F.5 shows (Δfn/n) and D curves for the enzymatic hydrolysis of untreated and 

Tween 80-treated high-CAC substrates. As seen in Figure F.5a, switch of the liquid feed to the 

QCM-D flow modules to cellulase solution caused a sharp decrease in (Δfn/n), indicating the 

adsorption of cellulase onto the substrates. However, the usual increase in (Δfn/n) after the 

decrease, signifying a mass loss on the quartz crystal due to hydrolytic substrate erosion, was 

missing. The absence of a (Δfn/n) increase after the decrease indicated that the enzymatic 

hydrolysis of the subjacent cellulose substrate was suppressed by the DHP lignin layer. The 

Tween 80-treated substrate only showed a slight decrease in (Δfn/n). The fact that the (Δfn/n) 

decrease on the Tween 80-treated substrate was smaller than on the untreated substrate indicated 

that less enzyme adsorbed onto the Tween 80-treated substrate than onto the untreated substrate. 

In Chapter 5, Tween 80 has been shown to reduce cellulase adsorption onto hydrophobic gold 

substrates and to inhibit cellulase adsorption onto hydrophilic silica substrates. The lower 

cellulase adsorption onto the Tween 80-treated high-CAC substrate might have had the same 

reason as the reduced cellulase adsorption onto the Tween 80-treated gold substrate. As was the 

case for the untreated high-CAC substrate, enzymatic hydrolysis was not observed for the Tween 

80-treated substrate. 
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Figure F.5. (a) (Δfn/n) and (b) D curves (3
rd

 overtone) for the enzymatic hydrolysis of 

untreated () and Tween 80-treated () high-CAC substrates. The arrows 

indicate a switch of the liquid feed from enzyme solution to buffer. 

Figure F.6 shows (Δfn/n) and D curves for the enzymatic hydrolysis of untreated and 

Tween 80-treated low-CAC substrates. In contrast to Figure F.5a, Figure F.6a showed (Δfn/n) 

curves typical for the enzymatic substrate hydrolysis. However, compared to that of cellulose 

substrates, the hydrolysis of the low-CAC substrates was very slow and did not come to 

completion, as indicated by the high D values at the end of the experiment signifying that a soft 

layer remained on the quartz crystal. The Tween 80-treated substrate showed similar (Δfn/n) and 

D curves as the untreated substrate. 

 

 

 

 

 

 



 

 268 

-100

-50

0

50

(
f n

/n
) 

/H
z

543210

Time /h

(a)

      

25

20

15

10

5

0


D

x
1

0
6

543210

Time /h

(b)

 
 

Figure F.6. (a) (Δfn/n) and (b) D curves (3
rd

 overtone) for the enzymatic hydrolysis of 

untreated () and Tween 80-treated () low-CAC substrates. The arrows 

indicate a switch of the liquid feed from enzyme solution to buffer. 

On the basis of these results, the following conclusions can be drawn: In situ synthesis of 

DHP lignin produces a DHP lignin layer on top of the cellulose substrate. Depending on the 

coniferyl alcohol concentration of the reaction medium, presumably affecting its thickness, the 

DHP lignin layer hinders or suppresses the enzymatic hydrolysis of the subjacent cellulose 

substrate. As opposed to that of layered lignocellulosic (LLC) substrates (Chapters 6 and 7), the 

enzymatic hydrolysis of DHP lignin-covered cellulose substrates is only weakly affected by 

Tween 80. The observed differences could either be due to a more effective blocking of enzyme 

access to the cellulose substrate by the DHP lignin or to covalent bonds between the cellulose 

substrate and the superjacent DHP lignin layer making it impossible for Tween 80 to remove the 

lignin layer. 
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