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Abstract 
 

My research involves analysis of the enzymatic hydrolysis of cellulose in hopes of 
improving methods of breaking down cellulosic waste into cellulose monomers that can be 
fermented into biofuels. The most abundant resource available for development of biofuels is 
lignocellulosic biomass, a rich source of cellulose.  As cellulose is present in the cell walls of 
every plant on the planet, cellulose is a promising renewable alternative to fossil fuels. 

In order to convert lignocellulosic biomass into a useful form, it must first be pretreated 
to separate the cellulose from other components. The cellulosic material we have used thus far is 
Avicel® PH-101, a manufactured crystalline material composed of short cellulose chains useful 
in our study but not economically or commercially viable as a real biomass source. A more 
suitable material is dissolving pulp, which contains longer-chain cellulose more similar to real 
agricultural waste.  Dissolving pulp is an almost pure source of cellulose, the product of 
removing inorganic and non-cellulosic organic impurities.  However, the enzymes used to break 
down cellulose and prime it for fermentation into ethanol are expensive and prohibitive to 
cellulose’s use as an alternative to fossil fuels.  Researchers have developed solvents which when 
used to pretreat cellulose sources are believed to increase the efficiency and yield of the 
enzymatic hydrolysis of cellulose.  One such solvent is N-methyl morpholine N-oxide (NMMO). 

After being dissolved in NMMO, it is possible for cellulose-NMMO solution to be spin-
coated onto quartz wafers in order to create thin films that can undergo enzymatic hydrolysis and 
be further studied using an apparatus known as a Quartz Crystal Microbalance (QCM).  Previous 
experiments in this laboratory have investigated the enzymatic hydrolysis of Avicel cellulose 
dissolved in NMMO. This study, however, investigates the enzymatic hydrolysis of dissolving 
pulp, with the goal of comparing the hydrolysis rates and kinetic behavior of the two sources of 
cellulose. 
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Chapter I: Introduction 

Alarm bells have been sounding in the scientific community for years now due to the 

world’s dependence on nonrenewable fossil fuels as its main energy and fuel source.  Scientists 

have for decades been questioning the feasibility and prudence of long-term reliance on 

nonrenewable energy by the great majority of Earth’s people.  However, a long-term, economic, 

and efficient solution to the world’s nonrenewable fuel addiction has been, to put it simply, 

elusive.  

Fortunately, great interest in the research and use of alternative energy sources is not 

lacking, and certain discoveries and advancements have been made. When comparing several 

proposed alternative energy solutions, such as wind or solar energy, the green energy source 

most economically capable of replacing liquid fuel consumption is biofuel.  Biofuels are 

synthesized directly from living matter, such as crops that can be grown over and over again.  

Fossil fuels, however, are made from deceased plants and animals that have been decomposing 

for millions of years, and are not replaceable.  The appealing aspect of biofuels is that they are 

carbon neutral – when burned, they simply place back into the atmosphere the same amount of 

carbon dioxide that the plants which were used to produce the biofuel had originally absorbed 

(Quintanilla 2013). 

The most abundant resource available for the development of biofuels is lignocellulosic 

biomass (Kuo et al. 2008). Examples include agricultural waste such as sugarcane bagasse (the 

fibrous residue left over when sugar cane is processed to produce juice) or corn stover (the parts 

of corn left over after harvesting, such as the stalks, husks, and leaves), and low intensity crops 

such as switchgrass. Lignocellulosic biomass consists of three major components: cellulose, 

hemicellulose, and lignin, as depicted in Figure 1 (Tabil et al. 2011). The component that is most 
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abundant and that holds the greatest potential for production of sugars that can be fermented into 

biofuels through various means is cellulose (Wilson 2013).  An appealing feature of using 

lignocellulosic biomass is that it reduces agricultural waste and increases efficiency by utilizing 

even the rejected parts of crops.  

  

Figure 1: Lignocellulosic biomass consists of three major components: cellulose, hemicellulose, and lignin (Tabil et al. 2011) 

One of the main concerns with embracing biofuels as a viable alternative energy source is 

the uncertainty whether the production of the biofuels costs more energy—generated by fossil 

fuels—than it saves in fossil fuels.  Traditionally, high energy inputs have been required in order 

to mechanically separate plant fibers into its basic components (Siró et al. 2010).  However, this 

study delves into an alternative procedure for the breakdown of cellulose and eventual 

production of biofuels—the enzymatic hydrolysis of cellulose.  This procedure, which uses 

enzymes to break down cellulose so that it can be fermented to produce biofuels, is more energy 

efficient than traditional procedures to process cellulose.  Cellulose is a naturally occurring 

macromolecular chain of D-glucopyranose units linked by く-1,4-glycosidic bonds (Zugenmaier 

2008).  Cellulose is found in the cell walls of all plants, which synthesize cellulose from glucose 
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(Zugenmaier 2008), making it the most abundant macromolecule on the planet.  Cellulose’s 

chain of monomers must be broken before biofuels can be produced.  The enzymatic hydrolysis 

of cellulose is the first step in process of turning cellulose into biofuel--the step which breaks 

cellulose apart.  Enzymes break the bonds between each unit of cellulose’s chain, ultimately 

yielding glucose monomers.  This glucose can then be fermented into ethanol, a biofuel. 

The problem with this procedure, however, is the cost of enzymes.  Enzymes are not 

cheap—their price per gallon of cellulosic ethanol is prohibitive to the profitable and economic 

production of ethanol from lignocellulosic biomass.  As Gröbqvist et al. (2014) state succinctly, 

“there is a need to develop cellulose dissolution-regeneration processes that would be 

economically viable, fulfil the preconditions of sustainability and would be able to meet the strict 

product quality requirements.”  Luckily, new solvents are being developed by researchers which 

have the potential to decrease the amount of enzymes needed to break down cellulose and to 

increase product yield—a huge improvement in efficiency which will drastically reduce the cost 

of producing ethanol. One of these solvents is N-methyl morpholine oxide, or NMMO, which 

promotes the enzymatic hydrolysis of cellulose. However, before that potential can be unlocked, 

additional research is needed regarding the way enzymes interact with different types of 

cellulose and how they react when presented with NMMO-treated biomass to consume.  This 

study centered on developing and filling in the gaps in our understanding of the enzymatic 

hydrolysis of dissolving pulp and Avicel cellulose in the hopes that scientists can be confident in 

the future in their use of this technique for producing biofuels. 

Prior enzymatic hydrolysis studies by students at Florida State University have focused 

on using Avicel® PH-101, a manufactured crystalline cellulosic material, composed of short 

cellulose chains, with a particle size of about 50 たm (Sigma-Aldrich 2012), as a source of 
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cellulose.  This study focused not on Avicel, but on dissolving pulp as a source of cellulose 

(although a few samples of Avicel were used for comparison purposes).  Dissolving pulp is a 

type of biomass composed of almost-purified cellulose—it contains high levels of cellulose and a 

minimum amount of both inorganic and non-cellulosic organic impurities (Sixta et al. 2013). 

Dissolving pulp can be made from a variety of materials, such as wood chips from birch, spruce, 

and pine trees (Sixta et al. 2013), or even bamboo. The particle size of dissolving pulp is over 

100 たm and it contains longer-chain cellulose that is more similar to real lignocellulosic 

agricultural waste than Avicel (Tacey 2014). Thus, my research this semester, rather than 

studying the effects of various enzyme types or concentrations on the breakdown of Avicel 

cellulose, has focused on the breakdown of dissolving pulp cellulose at a certain set of 

conditions, and its comparison to Avicel cellulose at those same conditions. 
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Chapter II: Theoretical Background 

2.1: Cellulose structure 

Cellulose features a crystalline structure, first established by Carl von Nägeli in 1858.  

Decades later we now know that cellulose can take on the shape of at least four allomorphs 

(Celluloses I, II, III, and IV) which are distinguished through X-ray diffraction patterns and 

solid-state 13C nuclear magnetic resonance spectra.  In general, however, cellulose is a repeating 

series of cellobiose units.  Specifically, cellulose contains D-glucopyranose units linked by く-

1,4-glycosidic bonds.  Cellulose I, the allomorph of cellulose most abundantly found in nature, 

features a still incompletely understood, complex structure comprised of a mixture of cellulose Ig 

(triclinic) and Iく, (monoclinic).  However, cellulose chains are not uniform – they contain both 

crystalline (ordered) and amorphous (less ordered) regions, as well as transition regions 

(paracrystalline cellulose) in between. (Park et al. 2010).  Regeneration of cellulose reorients 

glucan chains and results in a different crystalline structure, cellulose II (Ahola et al. 2007). 

Dissolving of cellulose in NMMO causes formation of a fringe micellar structural arrangement; 

however, the cellulose returns to the cellulose II allomorph in water (Eriksson et al. 2007). The 

relative amount of crystalline cellulose can be described using a measure called the crystallinity 

index, or CI. This concept is important because it has been assumed that enzymes can more 

easily and rapidly digest the amorphous regions of cellulose compared to the crystalline regions 

of cellulose during enzymatic hydrolysis (although recent research suggests that patterns of 

cellulose digestion kinetics are not so easily explained by the amorphous and crystalline 

distinction)  (Park et al. 2010). 
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Figure 2: Cellulose is a naturally occurring macromolecular chain D-ｪﾉ┌Iﾗヮ┞ヴ;ﾐﾗゲW ┌ﾐｷデゲ ﾉｷﾐﾆWS H┞ é-1,4-glycosidic bonds 

(Zugenmaier 2008). 

 

2.2: Dissolving pulp 

Dissolving pulp is often used in the creation of textiles, cellophane, and other various 

products. It is characterized by a uniform molecular weight distribution and high cellulose 

reactivity (Bajpai 2011). Dissolving pulp is traditionally created when wood undergoes intense 

chemical treatment regimens aimed at purifying the raw source material.  Processes such as acid 

sulfite and vapor-phase prehydrolysis kraft are two common ways to create dissolving pulp, both 

of which produce homogenous and high-quality dissolving pulp (Sixta 2013).  Hemicellulose 

and lignin, non-cellulosic compounds, are removed during this process, resulting in dissolving 

pulp’s very high cellulose composition.  As the non-cellulose compounds are deleted from the 

pulp, the cellulose fibrils tightly aggregate as they dry.  This aggregation phenomenon is referred 

to as hornification, and causes the fibers to be less reactive and reduces the accessible fiber 

surface area.  Thus, researchers have studied different enzymatic treatments designed to restore 

dissolving pulp’s lost reactivity (Grönqvist et al. 2014).   

 

2.3: Enzymes 

 The type of enzyme utilized in this study is cellulase. Cellulases are widely used in 

industry for their ability to hydrolyze the く-(1-4) bonds contained in cellulose (Ahola et al. 2008) 
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There are three different categories of cellulases, a combination of which are needed to 

completely hydrolyze cellulose to yield glucose: endo-glucanases, exo-glucanases, and く-

glucosidases.  Each type of cellulase targets a different spot on cellulose chains to hydrolyze and 

break apart. Endo-1,4-く-glucanase (EG) latches to cellulose chains in random locations away 

from the chain ends; exo-glucanase, also known as exocellobiohydrolase (CBH), cuts cellulose 

chains from both ends.  EGs and CBHs produce smaller cellobiose units as they cut down 

cellulose chains.  く-glucosidase (BGL) then hydrolyses these cellobiose units into glucose 

(Ahola et al. 2008).  

The specific enzyme employed in this study is Accelerase 1500.  Accellerase 1500 is an 

enzyme complex containing multiple enzymes designed to “modify and digest non-start 

carbohydrates, the structural material of lignocellulosic biomass,” ultimately “hydrolyzing 

lignocellulosic biomass into fermentable monosaccharides.”  The enzymes contained in 

Accellerase 1500 consist of hemi-cellulase, beta-glucosidase, endoglucanase, exoglucanase, and 

a few others.  It works best at a temperature of 50-65 degrees Celsius and a pH of 4.0 to 5.0; 

travelling far outside of those ranges results in enzyme deactivation (Danisco US Inc. 2011). 

Previous studies in this laboratory (Brodeur, 2013) have characterized their utilized 

enzyme blends in terms of their percent solids and protein compositions, and their activities in 

term of FPU (filter paper units).  When needed in this work, I will quote the enzyme 

concentrations in FPU/mL.   

 

2.4: NMMO 

This study treats dissolving pulp with N-methyl morpholine oxide, or NMMO.  NMMO 

was chosen as the solvent in this study because it is nontoxic, biodegradable, up to 99 percent 



15 

 

recoverable, and can dissolve multiple lignocellulosic substrates without other chemical 

modification pretreatment (Ramakrishnan et al. 2010).  Most notably, NMMO can disrupt 

cellulose’s crystalline structure—as mentioned earlier, enzymes have more difficulty processing 

the more crystalline parts of cellulose and less difficulty with the amorphous cellulose regions, 

which increases reactivity of the cellulose and increases cellulase’s rate of hydrolysis.  This 

ability of NMMO is extremely important in the quest to find more economically efficient ways 

to process cellulose and prepare it for conversion into biofuels. 

 The alternatives to NMMO are ionic liquids, or ILs, which are stable and regenerate 

amorphous cellulose that cellulases hydrolyze more easily.  However, the drawback to ILs is that 

they inactivate cellulose, making it necessary to introduce an additional step—removing IL 

traces from regenerated cellulose prior to hydrolysis (Ramakrishnan et al. 2010).  The additional 

separation step is neither efficient nor economically viable, thus making NMMO the more 

attractive solvent.  

 

2.5: Alternatives to spin coating  

This experiment created thin cellulose films on small quartz sensors using a process 

known as spin coating.  Spin coating is used to “coat” a planar substrate with a dilute solution, 

forming a thin or ultrathin polymer film on the planar substrate (Hall et al. 1998).  In this 

experiment, the planar substrate was the Quartz Crystal Microbalance (QCM) sensors (the use of 

these sensors will be explained in the following section), and spin coating was used to form a 

thin film of dissolving pulp or Avicel on the sensors.  Spin coating creates a polymer film by 

rotating the susbstrate once it is doused in solution at a high speed.  “Liquid flows radially, 

owing to the action of centrifugal force, and the excess is ejected off the edge of the substrate” 
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(Hall et al. 1998).  This radial outflow of the solvent is considered the first stage of the film-

formation process.  Eventually, the solution is considered to be immobile and film thinning is 

driven by solvent evaporation exclusively.  Thus, evaporation is the second stage of film 

formation.  The spin coating is complete when the film either reaches an equilibrium thickness or 

becomes viscous to a point where it is almost solid.  (Hall et al. 1998).  

 In this study, the dissolving pulp/NMMO solution was diluted using DMSO in order to 

decrease the viscosity of the solution.  Solutions that are too viscous do not spin coat properly 

and have the potential to create less than uniform films.  Films that are spin coated using more 

dilute solutions are the most uniform, while highly concentrated  (>15 wt%) solutions can create 

films with wavy surfaces (Hall et al. 1998). 

 Spin coating was the technique used in our laboratory for coating QCM sensors because 

it is a quick, simple, well known, and reliable technique for making polymer films, and because 

we had the equipment and were trained to do so.  However, spin coating is not the only way to 

coat QCM sensors with cellulose, and in the future, other possible techniques could be explored. 

The key disadvantage to spin coating is that it is “difficult to control the deposition and thickness 

of the layer during the spin-coating” (Tammelin et al. 2006).  Langmuir-Blodgett deposition 

(LB) is an alternative technique that is more controllable.  LB also allows for the depositing of 

multilayers.  There are two types of LB procedures: vertical LB dipping (which is more 

traditional) and horizontal LB dipping.  Vertical dipping cannot be used with QCM-D due to the 

fact that different sides of the QCM-D crystal have different hydrophobicities and there is a 

chance of contaminating the electrodes.  In the horizontal LB, the polymer is dissolved in a 

chloroform solution and the solution is spread over a shallow layer of water contained in a 

rectangular trough.  Either end of the trough contains a barrier.  The chloroform evaporates, 
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leaving the polymer molecules on the surface of the water.  The QCM-D crystal is attached to a 

dipping mechanism which is pressed into the solution while the barriers compress the solution, 

causing the polymers to form a continuous film.  The crystal is removed, allowed to dry, and 

redipped as many times as needed to completely coat the crystal (for trymethylsilyl cellulose, 

about 15 dips was found to be ideal), as each dip leaves holes in a network of molecules on the 

crystal.  Although certainly interesting, this procedure was not used in our lab as we are not 

equipped with an LB trough or a dipping mechanism. 

S. Ahola et al. (2008), in their study about the effect of different types of cellulose films 

on the enzymatic hydrolysis of the cellulose in the films, tested four different cellulose films on 

QCM sensors.  Two of these films were created using spin coating, one was formed using the LB 

procedure detailed above, and the fourth was made using a cellulose nanocrystal technique.  The 

researchers made cellulose nanocrystals through hydrochloric acid hydrolysis of Whatman 

cellulose filter paper, the procedure for which is described in their 2008 paper.  The nanocrystals 

were dispersed in water and then centrifuged, after which the upper phase, containing fine 

particles, was removed.  The deposits left were freeze-dried.  The QCM-D sensors were cleaned 

and placed in a polyvinylamine or PVAm solution for half an hour.  After rinsing the sensors 

with Milli-Q water, a drop of cellulose nanocrystal dispersion was deposited on the sensor 

surface, rinsed again with Milli-Q water, and dried in an oven (Ahola et al. 2008).  This 

technique was not used in my study since it was unclear whether cellulose nanocrystals could be 

made, and how they could be made, from dissolving pulp. 
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2.6: Quartz Crystal Microbalance 

After the cellulose films have been created, they can then be used to study the enzymatic 

hydrolysis of the cellulose to yield glucose. While this process has been investigated for many 

years, its complex nature makes development of a useful kinetics model a challenge still. The 

actual process involves several enzymes that adsorb onto the cellulose and break apart cellulose 

chains at specific locations.  I have been attempting to use a sophisticated device known as the 

quartz crystal microbalance with dissipation (QCM-D) that, due to its high sensitivity, allows me 

to study the adsorption (binding) and reaction (hydrolysis) processes independently (Suchy et al. 

2011).  

In my experiments, after the small gold-plated sensors made of piezoelectric quartz 

crystals are coated with dissolving pulp or Avicel films and placed into the QCM, enzyme 

solutions are run over the sensors which attack the cellulose to yield glucose.   

The quartz crystals normally oscillate at a certain resonant frequency (Suchy et al. 2011). 

As the enzymes break down the cellulose, the mass on the sensor changes, which corresponds to 

a proportional change in resonant frequency (Turon et al., 2008). These changes are detected by 

the QCM and recorded at small intervals of time throughout the procedure. Figure 3 shows a 

generic graph of data collected from the QCM of frequency change (Hz) as a function of time. In 

Region I, cellulose (enzyme) binding occurs. The dip in the graph is the point at which the 

enzymes begin to latch on to the cellulose. Region II is a linear increase in frequency until the 

cellulose depletes and the graph plateaus in Region III (Quintanilla, 2013).  



19 

 

 

 The frequency changes seen during an experiment can be converted into mass changes of 

the film using the Sauerbrey relation (Suchy et al. 2011): 

ッ兼 噺 伐 系ッ血券  

Equation 1: Sauerbrey equation relating the mass change of the sensor to the observed shift in resonant frequency 

Where 〉m is the adsorbed mass, n is the frequency overtone numbers, 〉f is the shift in 

frequency, and C is a constant describing the sensitivity of the apparatus. In this case, C=0.177 

mg m-2 Hz-1. This equation is only valid based on certain assumptions: that the sensor film layer 

was evenly distributed, rigidly attached, fully elastic, and small in mass compared to that of the 

Figure 3: Frequency output versus time graph of the enzymatic hydrolysis of cellulose using a Quartz Crystal 

Microbalance (QCM). 
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crystal (Suchy et al. 2011). In data analysis in this experiment, the frequency overtone was 

already accounted for by the acquisition software, thus in any further calculations, the value of n 

was assumed to be 1. The QCM typically operates at 5 MHz frequency, with resonance 

overtones 1, 3, 5, 7, 9, 11, and 13. Normally only overtones 3-11 are investigated, as the first 

overtone has been shown to yield unreliable and noisy results. 

By studying the short time response of a sensor, we can see the mass of enzyme that 

adsorbs to the cellulose. Analysis of the long term behavior can yield the rate of cellulose 

conversion to soluble sugars. In this way, the quartz crystal microbalance allows the study of 

what inhibits or promotes the adsorption of these enzymes onto the cellulose films, as well as the 

rate of removal of these films. Further analysis of this behavior allows us to find the most 

efficient means of breaking down the cellulose. This is important because one of the most 

challenging obstacles in the widespread production and use of biofuels as an alternative to 

gasoline and a viable energy source is the cost of enzymes needed to break down cellulose into 

simpler fermentable sugars (Klein-Marcusschamer et al., 2013). Further, the QCM also obtains 

dissipation values in real time, which can provide insight into the viscoelastic properties of the 

cellulose film, such as rigidity.  

To analyze the data obtained from the QCM, a MATLAB program was used which, 

using the average baseline frequency as a reference value, calculates the frequency change upon 

adsorption of the enzyme, frequency hydrolysis rate (essentially the slope of the linear portion of 

the graph), mass change upon adsorption, and mass hydrolysis rate.  
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2.7: Rationale for Experimental Design 

 

Standard models for enzyme kinetics are given in terms of rate as a function of both 

substrate and enzyme concentration.  The most famous of these types of models are those of 

Michaelis and Menten  

撃岫堅欠建結 剣血 堅結欠潔建件剣券岻 噺 撃陳銚掴 系聴計 髪 系聴 

Equation 2: Michaelis Menten kinetics model 

Where Vmax represents the maximum rate of reaction for a given enzyme concentration and is 

normally assumed to be proportional to the initial enzyme concentration, K is the Michaelis 

constant specific to the reaction, and Cs is the substrate concentration (Fogler 2011). To obtain 

the two model parameters that characterize the enzymatic reaction, the rate of reaction and the 

Michaelis constant, one has several choices.  One can measure substrate concentration as a 

function of time and then either use numerical differentiation to estimate rates, or use an 

integrated form of the rate equation.  In other cases, researchers measure substrate concentration 

for short time reactions and then extract initial rate data to fit the model.   

In this study, there was an alternative way to operate that allowed me to more readily 

infer rates.  In my experiments, I first wetted a layer of cellulose and then began the flow of an 

enzyme solution over the surface.  I maintained that flow throughout the experiment in order to 

keep available binding sites for the enzymes to be saturated.  In addition, the amount of substrate 

accessible to the enzyme was very nearly constant, as the enzymes were large and did not diffuse 

deeply into the wet cellulose matrix on the crystal.  As the reaction progressed, the cellulose 

layers were removed.  In such a process, the amount of substrate exposed to the enzyme was also 
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nearly constant.  Over quite a range of time in my experiments, it can be found that the rate of 

mass removal is constant, which confirms my view of the physics of this procedure. 
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Chapter 3: Experimental Procedure 

First, a new procedure, based on those used by Tacey (2014) and Quintanilla (2013), was 

developed for the creation of thin films of dissolving pulp solution, as the procedure previously 

used for creation of Avicel thin films proved ineffective for dissolving pulp. Films are created by 

dissolving cellulose in an appropriate solvent at high temperatures, then a spin coater is used to 

lay down a thin liquid film on a sensor. When this is allowed to cool, a solid film is obtained. 

Good candidates for a solvent can be determined by studying pretreatment processes. A very 

effective solvent found for our process was 50 wt% NMMO in water. The film preparation 

process began by dissolving the pulp in NMMO solution. This solution was then diluted to the 

appropriate viscosity using dimethylsulfoxide (DMSO). The dissolving pulp-NMMO solution 

was then spin-coated onto quartz sensors to create thin films. These films, once dried, underwent 

enzymatic hydrolysis via the quartz crystal microbalance apparatus, and frequency versus time 

data was obtained that could be analyzed to study the kinetics of the hydrolysis reaction. 

It should be noted that the following procedure has been written specifically about 

creating dissolving pulp cellulose thin films and their subsequent enzymatic hydrolysis. 

However, this procedure was repeated exactly as written with Avicel cellulose as well (with the 

exception of section 3.3 because it is not applicable), in order to create sets of Avicel thin films 

for data comparison purposes.  

3.1: Cleaning of Sensors 

 It is first necessary to ensure that the quartz sensors are clean prior to creation of cellulose 

films in order to allow for proper cellulose coating. To remove any cellulose or enzyme 

remaining on the sensors after hydrolysis experiments, the sensors were first placed in a UV 

Ozone Cleaner—ProcleanerTM for ten minutes to be cleaned at a microscopic level. Then, the 
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sensors were placed in a solution of sodium hydroxide, hydrogen peroxide, and water in a 1:1:5 

ratio by volume, pre-heated on a hotplate to about 60°C. This solution should not reach a 

temperature of 70°C or greater, as at this point its cleaning properties become inactive, and the 

sensors no longer are properly cleaned. The sensors were left in the solution for 2-3 hours, or 

until the visible bubbling coming off of the sensor surfaces subsided. After this the sensors were 

rinsed with D.I. water in order to prevent sodium hydroxide from drying on their surfaces. 

Finally, the sensors were dried using the city air supply, placed once more into the UV Ozone 

Cleaner for 10 minutes, and then placed into their respective containers and stored for future use. 

3.2: Pretreatment of Sensors 

Before spin coating the cellulose solution, the sensors must first be pretreated so that the 

cellulose will sufficiently bind to the gold surface. This is done using polyvinylamines, which are 

commonly used by paper industries for their paper-to-metal adhesive properties (Quintanilla, 

2013). A 1 ppm aqueous solution of Lupamin in deionized water was prepared for this purpose.  

0.1 g Lupamin was pipetted into a 20-mL screw-cap vial, then D.I. water was added. The vial 

was shaken vigorously to allow the two liquids to mix, and was poured into a 1 L volumetric 

flask. The vial was then filled with D.I. water, shaken, and poured out into the flask two more 

times in order to ensure that all lupamin was removed from the vial. The volumetric flask was 

then filled to the 1 L mark and shaken for roughly 3 minutes. Afterwards, the well-mixed 

solution was poured into a beaker, in which the sensors (placed in a holder) were soaked. Enough 

solution needed to be in the beaker to adequately cover the entirety of the sensor. The sensors 

were soaked in this solution for three 15-minute intervals, and the solution was replaced between 

each interval. The sensors were then taken out of the solution, dried with air from the city supply, 
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and heated in a vacuum oven at 40°C for 20 minutes. They were then placed in a holder until 

ready for spin coating.  

3.3: Dissolving Pulp Preparation 

Before preparing a cellulose solution for the creation of thin cellulose films, the 

dissolving pulp must first be ground up in a coffee bean grinder to a fluffy, cotton-like 

consistency (Ramakrishnan et al., 2010). This physical alteration to the dissolving pulp allows it 

to more easily and much more quickly dissolve into organic solvents. The type of dissolving 

pulp used was Grade V-7 Foley with a viscosity of 7 cP. In its original form and packaging, the 

dissolving pulp came in large sheets that looked similar to cardstock. A square of dissolving pulp 

the size of a typical die was cut with scissors, then cut into smaller pieces and ground using a 

standard coffee bean grinder for roughly one minute, or until the pulp was thoroughly ground 

and possessed a texture similar to cotton. This form of the dissolving pulp was stored in a beaker 

covered with aluminum foil for future uses.   

3.4: Preparation of Dissolving Pulp Cellulose Solution 

Dissolving pulp, before being spin coated onto the QCM sensors, must, after being 

ground up, be dissolved into organic solvents and heated in order to form a solution of 

appropriate viscosity for creation of thin films. First, 0.05 g of ground dissolving pulp (or Avicel 

for Avicel trials) was weighed out in a weigh boat and set aside. Then, 2.5 g of an aqueous 

NMMO solution (50% H20 w/w) was added to a 20 mL screw-cap vial. The previously weighed 

dissolving pulp was added to the vial along with a magnetic stirring bar, which then was heated 

over a hot oil bath for 30-40 minutes. Dimethyl sulfoxide (DMSO) was then added to decrease 

the viscosity of the solution. 5 mL of DMSO was added to the solution, after which the vial was 



26 

 

partially capped for 5 minutes, and another 5 mL of DMSO was added. The vial was partially 

capped again and left for another 45 minutes, or until the dissolving pulp was visibly dissolved 

into the solution. The solution should have been a clear, light amber color. At this point, the 

solution was ready for spin coating.                                                                                                                                                                                                                           

3.5: Spin Coating (Creation of Cellulose Films) 

To create thin films of cellulose on the sensors, a 150 mm spin coater provided by Laurell 

Technologies Corporation was utilized. City air supply was used as a source of flush air for 

operation of the spin coater, and a vacuum was also connected to the apparatus.  A one minute 

program was utilized which, for the first 10 seconds, rotates a sensor at 1000 rpm, and for the last 

50 seconds, rotates at an increased speed of 5000 rpm. The sensor is initially rotated at a slower 

speed to allow cellulose/NMMO solution to be transferred to the sensor surface using a variable 

volume pipette, after which the speed is ramped up to ensure the solution becomes evenly 

distributed across the sensor surface and a flat film is formed. 

This procedure was completed by first collecting 100 たL of the heated cellulose solution 

in a pipette. The pipette was flushed in the solution for at least 30 seconds to ensure that the 

pipette tip was the same temperature as the cellulose/NMMO solution, in order to minimize 

temperature decrease while pipetting the solution onto the sensor. A single sensor was placed 

onto the spin coater, and the spin coater program was then started. The solution was pipetted onto 

the rotating sensor in less than 10 seconds, after which the rotation speed was ramped up and the 

sensors were spun for 50 more seconds. After the program was done and the rotation subsided, 

the vacuum was turned off and the spin coated sensor was placed in a holder. This was repeated 

for all of the remaining sensors in the set. At least one set of sensors was coated at a time, which 

consisted of four individual sensors. The sensors were then heated in a vacuum oven at 88°C for 
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an hour, and were subsequently soaked in deionized water for one 1-hour interval. The D.I. water 

was then emptied and replaced, and the sensors were left to soak once more for one 3-hour 

interval in order to remove any excess NMMO remaining on the sensor surface, then dried and 

stored until further use.  

3.6: Preparation of Acetate Buffer 

Before enzymatic hydrolysis, an acetate buffer (free of enzymes) must first be run over 

the sensors in order for the QCM software to establish a stable baseline frequency that is used as 

a reference point for later frequency changes that occur once enzyme solutions are flowed over 

the sensors (Tacey, 2014). The buffer of pH 4.80 was made by combining 6.05 g acetic acid and 

8.995 g sodium acetate in a 1 L volumetric flask, then filling the flask with DI water up to the 1 

L marking. The necessary amounts of these components were calculated using the Henderson-

Hasselbalch equation. The buffer was then shaken vigorously until all sodium acetate was 

dissolved, and the pH of the buffer was verified with a pH meter. If above or below the desired 

value of 4.80, the buffer pH was adjusted by adding either more acetic acid to decrease the pH, 

or more sodium acetate to increase it. The buffer was then poured out of the volumetric flask and 

into storage containers that were then capped, labeled, and stored for future use.    

 

3.7: Enzymatic Hydrolysis 

A Q-Sense E4 quartz crystal microbalance (QCM) apparatus was used to perform the 

enzymatic hydrolysis of the thin dissolving pulp cellulose films. First, one coated sensor was 

placed in each one of the four modules of the QCM. Then, acetate buffer was placed in a vial and 

the QCM tubing was placed in the vial. The apparatus was turned on and set to a flow rate of 100 
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たL/min and a temperature of 50°C. After the acetate buffer had sufficient time to flow through 

the modules and over the sensors (approximately 5 minutes), the Q-Sense computer program was 

opened, and set to collect measurements. This was done by first clicking “Acquisition,” “Setup 

Measurement,” and then ordering the program to find all frequency values. Once all frequency 

values of each module were found, the measurement was started, and the program displayed real-

time frequency versus time data for the reaction. The acetate buffer was left to run over the 

sensors until a stable baseline was formed. This typically took 7-8 hours, however for 

convenience the QCM was often left to run overnight (15-20 hours).   After a stable baseline had 

visibly and quantitatively formed (+/- 5 Hz), the QCM tubing was switched from the buffer 

solution vial to one containing a buffer solution with enzyme added.  

This enzyme solution was made by first adding 5-10 mL of acetate buffer to a graduated 

cylinder, then adding 0.2 g Accellerase® 1500 cellulase. It is important that the enzyme was not 

added first so that it would not dry out and denature. The graduated cylinder was then filled to 

the 100 mL mark with buffer solution, and mixed thoroughly either by capping the graduated 

cylinder and shaking vigorously, or pouring the solution into another capped vessel that could be 

shaken.  

The well-mixed enzyme solution was also flowed over the sensors at a rate of 100 

たL/min. While the enzyme flowed over the sensors, attention was paid to the computer software 

monitoring the reaction. It was important to note the frequency drop when the enzyme solution 

was added, the linear increase, and then the leveling off of the graph, in order to ensure that the 

reaction was properly occurring. The graph normally plateaued after about 30 minutes, signaling 

the end of the enzymatic hydrolysis. The Q-Soft recording was then stopped, saved, and the data 

was exported to an Excel file for further analysis.  
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3.8: Cleaning the modules 

After the Q-sense recording was stopped, the sensors were taken out of the QCM 

modules, dried, stored, and replaced with designated cleaning sensors. An aqueous cleaning 

solution of 2% by volume Helmanex II was run through the modules for about 15 minutes, then 

D.I. water was flowed over the sensors for at least an hour. Often, in order to maintain the 

working condition of the QCM, cleaning solution and/or D.I. water was flowed through the 

modules for 4-5 hours, regardless of whether a normal enzymatic hydrolysis procedure had 

previously occurred. After sufficient cleaning, the tubing was taken out of the D.I. water and the 

water was left to run through the remainder of the tubing. Then, the sensors were removed from 

the modules, and both the sensors and modules were dried. The cleaning sensors were then 

stored for future use. The now-used sensors that underwent enzymatic hydrolysis were set aside 

for cleaning. 
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Chapter 4: Results and Discussion 

4.1: Viscosity of Cellulose Solution 

The first task to approach in this project was development of a procedure of creating 

spin-coated thin films of dissolving pulp cellulose. There are many factors that must be taken 

into consideration when preparing the cellulose solution for spin coating, such as the viscosity of 

the solution, the amount of cellulose solution pipetted onto the sensors, and the manner in which 

it is added. This is exemplified by Hall, et al. in his study of ultrathin polymer films (1998), who 

formulated the following proportionality: 

月捗 苅 磐 考待貢降卑怠態 岫な 伐 捲怠待岻 

Equation 3 

Where hf is the thickness of the film, さ0 is the initial solution viscosity, と is the initial solution 

density, の is the spin speed, and x1
0 is the initial solvent mass fraction. 

Many of these factors were previously tested in Bernet’s experiments in the same 

laboratory (2011), thus much of his coating conditions were preserved. As Bernet determined 

that the best reproducibility of thin films is obtained by pipetting 100 たL of solution onto the 

QCM-D sensor rotating at 1000 rpm within ten seconds, then allowing the sensor to rotate at 

5000 rm for 50 more seconds, these factors were not changed in my experiments. Rather, as I 

utilized dissolving pulp cellulose in my trials, compared to Bernet and all other previous 

members of my laboratory whose experiments employed Avicel cellulose, I focused on 

maintaining the viscosity effects of the solution. Dissolving pulp, compared to Avicel, will result 

in a more viscous solution if the same amounts of dissolving pulp and Avicel are dissolved in the 
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same volume of NMMO. This is because dissolving pulp has longer strands of cellulose that will 

entangle and become more difficult to break apart, thus resulting in a more viscous solution. 

Spin-coated cellulose model films are about 30-35 nm in thickness (Ahola et al, 2008). 

As I desired to create spin-coated thin films of dissolving pulp with the same thickness and 

consistency of those of Avicel of my predecessors, I needed to adjust the amount of solvent in 

my solution in order to make my dissolving pulp solution of comparable viscosity to the Avicel 

solutions previously studied in my laboratory. This was done by adding more DMSO to the 

solution. To determine the appropriate amount of DMSO needed, a qualitative study was 

performed in which varying amounts of DMSO were added to solutions of 0.05 g dissolving 

pulp and 2.5 g NMMO while being heated over an oil bath at about 120°C and observing its 

opacity, color, thickness, general appearance, and behavior when shaking the vials they were 

contained in. It was concluded that 10 mL total of DMSO added to the dissolving pulp-NMMO 

solution was the amount that resulted in a solution most similar to that of the previously used 

Avicel-NMMO solution with 7.5 mL of DMSO added.  

 

4.2: Formation of Stable Baseline Frequency 

One major challenge that appeared during this project was the formation of a stable 

baseline frequency during the enzymatic hydrolysis of dissolving pulp. In previous experiments 

with Avicel cellulose, buffer was normally run over the cellulose films for about 45 minutes, at 

which time a steady baseline was formed and enzyme solution was then run through the QCM 

modules. However, in more recent trials, in order for a stable baseline to form, the acetate buffer 

had to be run through the QCM modules for at least 8-10 hours. This unsteady baseline can be 
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seen in Figure 4 below, between about 2000 and 11,000 s, which is about 3 hours. For 

convenience, a new batch of buffer was prepared for each hydrolysis trial, and was simply left to 

run overnight. The flow rate of the solutions through the QCM tubing was set at 100 たL/min, 

thus only about 576 mL of buffer was used up in a 24-hour period.  A possible reason for this 

baseline instability could be due to uneven coating resulting from the larger particle size of 

dissolving pulp compared to that of Avicel. Thus perhaps excess material slowly flowed off of 

the sensor surface, causing the variability in frequency. 

 

 

Figure 4: Frequency vs time data for dissolving pulp cellulose, 7th overtone frequency. Trial performed on Novermber 4th, 2015, 

for module 3 of the QCM. Two apparent trends that should be noted is the initial unstable baseline as well as the overall 

downward shifting of the baseline over time. 

One apparent trend that should be noted is the fact that the baseline frequency slowly 

shifted downward to a lower frequency over time as buffer flowed over the sensors, also apparent 

in Figure 4. A lower frequency, according to the Sauerbrey equation, corresponds to a greater 
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amount of mass on the sensor; thus this phenomena can likely be attributed to buffer solution 

being taken up by the dissolving pulp as it flows over the sensor surfaces. In a study of the 

swelling of regenerated cellulose model films using QCM-D (Ahola et al. 2007), it was found 

that as water flowed over the films, the frequency actually increased, corresponding to a decrease 

in mass on the sensor. This was credited to the water dislodging loosely bound fibrils from the 

film surfaces, as after about an hour, the frequency stabilized. This does not particularly apply to 

the phenomenon noticed in this study, where the frequency baseline continuously shifted 

downward. Ahola et al. (2007) also discussed, however, that cellulose fiber wall expansion 

occurs as water molecules penetrate the cellulose structure between hydrogen-bonded fibrils. 

Through QCM-D analysis, similarities were found between the swelling of regenerated cellulose 

model films and that of cellulosic fibers.  This can likely be related to the trend noticed in this 

study of mass being continuously added to the sensors, which corresponds to aqueous buffer 

solution causing the swelling of the cellulose films over time. Due to dissolving pulp cellulose’s 

crystalline structure, hydration of the film occurs slowly, thus allowing more water to latch on to 

the dissolving pulp solid strands while trying to seep into the film.    

It should be noted that in Figure 4, the frequency values of the 7th frequency overtone 

were used. This was done for both purposes of simplicity and accuracy. First of all, it was 

common to see that the 3rd frequency overtone values were generally less reliable and varied 

greatly due to noisy results. Each overtone yielded slightly different values, thus values of each 

overtone were averaged together, and the overtone that had values closest to this average was the 

7th. Thus, the 7th frequency overtone is used in each subsequent statistical analysis in this report. 
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4.3: Reproducibility of Cellulose Thin Films 

As multiple studies have been performed by this laboratory now dealing with cellulose 

thin films and analyzing them using the same equipment, a major challenge posed has been 

creating thin films that possess reproducibility between different users, let alone repeatability 

between trials performed by the same individual. This issue was also faced by Tammelin et al. 

(2015), who comments that “the spin coating procedure generates highly amorphous and 

unoriented regenerated cellulose films.” Thus, effort was taken in Tammelin’s study to discard 

any films created outside of a certain range of thickness variability. Considerable variability in 

results was experienced in this study as well. In order to ensure that analysis was performed only 

on data within reasonable values, the first and third quartiles and the interquartile range (IQR) of 

each parameter of interest (frequency change upon adsorption, frequency hydrolysis rate, mass 

change upon adsorption, and mass hydrolysis rate) were calculated for each overtone frequency. 

Then, the window of reasonable data values was determined by adding 1.5*IQR to the third 

quartile (upper limit), and subtracting 1.5*IQR from the first quartile (lower limit). Any data 

points above the upper limit or below the lower limit were considered outliers, and the data 

obtained from that module at that particular frequency overtone was discarded and removed from 

any further analysis.          

Data from this study and previous studies have shown that even while using the exact 

same materials, equipment, material quantities, and procedures, spin coated sensors turn out 

slightly differently depending on their creator, as each individual has a different manner of 

pipetting cellulose-NMMO solution onto the rotating sensors during spin coating. This 

variability is shown numerically in Table 1, which displays the averages and standard deviations 

of frequency and mass change values and enzymatic hydrolysis rates of Avicel cellulose (with 
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the same initial amount of solute and buffer solution enzyme concentation, 0.1247 FPU/mL) 

obtained by three different experimenters from the same laboratory over the past four years: 

Quintanilla (2013), Tacey (2014), and this study (2016). My average Avicel frequency 

hydrolysis rate was found to be 0.179 Hz/s, which is greater than that of Tacey’s, yet less than 

that of Quintanilla’s. My frequency change upon adsorption average value was -11.57 Hz, a 

greater magnitude than my other two peers who had values around -8 Hz. However, my data set 

had greater variability, which explains such a value. My mass change values were greater than 

those of Tacey’s and Quintanilla’s. My mass hydrolysis rate values were lower than those of 

Tacey’s, however smaller than Quintanilla’s findings for these parameters. 

The frequency change upon adsorption and the frequency hydrolysis rate from each 

individual study is displayed graphically in Figures 5 and 6. The mass change upon absorption 

and mass hydrolysis rate were not individually graphed in the manner of Figures 5 and 6 simply 

because these values are proportional to the frequency values, thus they would yield the same 

trends when expressed graphically. In these figures, the error bars represent the standard 

deviation of the respective sample. It can be seen that the range of data values from Tacey’s 

(2014) experiments is much smaller than that of Quintanilla or Bousalis. However, it should be 

noted that only one complete trial was performed by Tacey using Avicel and only two were 

performed by Bousalis. Quintanilla’s (2013) average and standard deviation were calculated 

from a sample size of 10 data points, which likely is 3 or 4 trials. If more repetitions had been 

performed, the standard deviations would likely be larger and generally encompass the other 

trials’ values.  
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Table 1: Average and standard deviations of Avicel hydrolysis data obtained by three different experimenters in the same 

laboratory using the same procedure and equipment. 

 

Figure 5: Graphical representation of the variability of frequency change values obtained by three different researchers using the 

same equipment and materials to perform the enzymatic hydrolysis of Avicel regenerated thin cellulose films 
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Figure 6: Graphical representation of the variability of hydrolysis rate values obtained by three different researchers using the 

same equipment and materials to perform the enzymatic hydrolysis of Avicel regenerated thin cellulose films 

 An analysis of variance (ANOVA) test, specifically an F and t-test, was carried out using 

Excel in order to determine whether the difference in values between Tacey’s (2014) Avicel 

frequency hydrolysis rate data and the results in this experiment were statistically significant.  

The null hypothesis, H0, that the difference between the two samples (my Avicel data and 

Tacey’s Avicel data) is not statistically significant, was tested using F tests and t-tests with a 

level of significance, g, of 0.05. First, an F-test was performed between the two samples in order 

to determine whether the variances were equal or unequal. Since the calculated F value was less 

than the F critical value, shown in Table 2, it was determined that the two data sets had equal 

variances, and thus a two-sample t-test was performed assuming equal variances. Table 3 shows 

the results of the t-test, and Table 4 displays three different conditions for rejecting the null 

hypothesis or not.  If any of those conditions were true, there would be reason to reject the null 

hypothesis and believe that the two samples were of different populations and that their variance 
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was statistically significant. However, neither of the listed conditions are true, thus there is no 

reason to reject the null hypothesis, and therefore we can assume statistically that the two 

samples are not significantly different.   

 

Table 2: Results of F-test between Tacey  (2014) and Bousalis (2016) Avicel sample hydrolysis rate  data 

 

Table 3: Two-sample t-test results for frequency hydrolysis rates of Tacey (2014) and Bousalis (2016) Avicel experiments 

 

Table 4: Conditions for determining whether or not to reject the null hypothesis 

 From this determination that the two Avicel samples are not significantly different, we 

can conclude that the variance is small enough between different individuals’ spin coated thin 

films that they can be still be considered comparable and part of the same population. Thus, their 

reproducibility is valid.  
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4.4: Issues Obtaining Frequency Values  

Occasionally operational errors occurred which would cause discontinuities in the data 

obtained and render frequency values from certain modules useless. For example, often one 

module (normally module 2) in the QCM would act up, and the QSoft program was unable to 

find frequency values from that module when setting up the initial trial measurements. It was 

considered that soaking the sensors in lupamin during the spin-coating pretreatment could be the 

cause of this measurement reading error. This is because when the sensors are soaking in the 

PVAM solution, both the top and bottom of the sensor become coated with the polyamine. 

However, only the top is eventually spin-coated with the cellulose-NMMO solution, and the 

bottom is the side that communicates piezoelectric signals inside the QCM. Perhaps this lupamin 

coating over the magnetic side of the sensor hinders the relay of frequency values to the QCM. A 

possible solution proposed was redeveloping the pretreatment portion of the procedure in order 

to coat only one side of the QCM crystals, leaving the other free for communication with the 

QCM. In future projects dealing with creation of spin-coated cellulose thin films, this issue 

should be addressed.  

4.5: Comparison of Dissolving Pulp and Avicel Enzymatic Hydrolysis 

Initially when performing hydrolysis trials of dissolving pulp, a QCM sensor coated with 

a dissolving pulp cellulose thin film was placed in each module of the QCM, and data was 

collected for each module. Data obtained from these trials were then analyzed and compared to 

Avicel data obtained previously by Tacey (2014) and Quintanilla (2013) in the same laboratory 

using the same equipment. However, it was noticed that data obtained from dissolving pulp 

varied considerably over long periods of time, perhaps due to some type of instrumental drift. It 

was decided that a more direct comparison of the enzymatic hydrolysis of dissolving pulp and 
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Avicel films was needed, as the most recent data provided by Tacey (2014), the last student to 

conduct a study in the same laboratory, was more than two years old.  Thus, thin films of Avicel 

cellulose were created according to the procedure outlined by Tacey (2014), and hydrolysis trials 

were run with a mixture of Avicel and dissolving pulp-coated crystals placed in the QCM 

modules. Two modules contained Avicel-coated sensors, and the other two contained dissolving 

pulp-coated sensors. This accounted for any instrumental drift in performance that occurred from 

comparing data obtained recently with that obtained over a year ago. In addition, as it was 

difficult to generate reproducible films across different individuals, it was important to create my 

own Avicel films to compare my dissolving pulp films to, rather than to assess the statistical 

differences of my dissolving pulp results with Avicel results found by another individual.  

The frequency change upon adsorption of dissolving pulp was found to be -8.139 Hz, for 

my dissolving pulp and -13.276 Hz for my Avicel films. The frequency hydrolysis rate was 

0.224 Hz/s for dissolving pulp and 0.183 Hz/s for Avicel. The mass change upon adsorption and 

the mass hydrolysis rate are proportional to their respective frequency counterparts. Results are 

displayed in Table 5 and Figure 7.            

 

Table 5: Comparison of data obtained from enzymatic hydrolysis of Avicel and dissolving pulp regenerated cellulose thin films 
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Figure 7: Comparison of data obtained from enzymatic hydrolysis of Avicel and dissolving pulp regenerated cellulose thin films 

 As can be seen in Table 5, it was found that dissolving pulp hydrolysis rates were about 

20 percent greater than those of Avicel, while the frequency and mass change upon adsorption 

were almost 50 percent greater (less negative). Figure 5 displays the frequency hydrolysis rate 

value of both dissolving pulp and Avicel, with their standard deviation values represented as 

error bars. This shows that there is variability and uncertainty in the measurements of dissolving 

pulp, as its error bars completely encompass the range of Avicel data.  

A statistical significance test was performed between the Avicel and dissolving pulp 

frequency hydrolysis rates for their 7th overtone frequency values. It was previously explained 

that the 7th overtone is most representative of the sample average. In addition, in Figure 5, the 

general variance can be seen between the different overtones. 

The null hypothesis, H0, being tested is once again that the difference between dissolving 

pulp and Avicel hydrolysis rate data is not significantly different. First, an F-test was performed 

of the two samples, the results of which are included in Table 6. From this, it was determined 
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that the two samples had equal variances. Then, a two-sample t-test was performed assuming 

equal variances, the results of which are included in Table 7. Table 8 lists conditions for 

determining whether or not to reject the null hypothesis. As none of the conditions are met, the 

null hypothesis cannot be rejected, thus we must conclude that the differences between 

dissolving pulp and Avicel hydrolysis rate results are not statistically significant. In fact, from 

the two-tailed P-value, we can state that there is about a 72 percent chance that the samples are 

different statistically. 

 

Table 6: F-test to determine the variance between the Avicel and dissolving pulp hydrolysis rates 

 

Table 7: t-test for statistical significance between Avicel and dissolving pulp hydrolysis rates 

 

Table 8: Statistical comparison to determine whether the difference between the dissolving pulp and Avicel hydrolysis rates is 

statically significant. 



43 

 

It can be seen that there is a greater frequency hydrolysis rate, thus mass hydrolysis rate, in 

dissolving pulp rather than Avicel. However, since it was concluded from the F- and t-tests that 

these values are not statistically significant, thus there is a possibility that this difference between 

the hydrolysis rates is by chance. Thus, further experimentation and repetitions are required in 

order to solidify data and possibly see a statistically significant trend in data. However, assuming 

that the dissolving pulp hydrolysis rate is in fact greater than that of Avicel, this is an interesting 

finding, as it was previously predicted that the dissolving pulp hydrolysis rate would be smaller. 

This prediction was made based on the fact that there are longer cellulose chains in the 

dissolving pulp structure, compared to the shorter length of chains in Avicel, which make it 

easier for enzymes to adsorb and break down.   

 Finally, the mass hydrolysis rate of dissolving pulp and Avicel versus the mass adsorbed 

for each trial (once again, only the 7th overtone for reasons previously explained) was graphed, 

as shown in Figure 8. It was previously believed that some type of positive linear trend would be 

apparent when observing the relationship between these two parameters, as a greater mass 

adsorbed should correlate with a higher hydrolysis rate.  However, with an R2 value of less than 

0.1 for dissolving pulp, a linear fit to this data is nonexistent. The R2 value for the Avicel data 

points is 0.67, which show some indication of a linear trend, however this possible trend is a 

negative relationship. Further assumptions could be made if more trials had been performed for 

this material. 
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Figure 8: Mass hydrolysis rate of dissolving pulp and Avicel versus mass adsorbed 
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Chapter V: Conclusions and Future Experiments  

In conclusion, experimental results show that the frequency and mass hydrolysis rates of 

dissolving pulp cellulose (0.224 Hz/s and 3.967 ng/(cm2·s), respectively) were greater than those 

of Avicel cellulose (0.183 Hz/s and 3.234 ng/(cm2·s), respectively). The initial frequency and 

mass change upon absorption were found to be smaller for dissolving pulp (8.139 Hz magnitude 

and 144.05 ng/cm2, respectively) than for Avicel (13.276 Hz magnitude and 234.98 ng/cm2, 

respectively). After analysis of variance tests, the differences between these experimental results 

were found to be statistically insignificant. The variability in the sample sizes of the two species 

could have affected these statistical significance tests, as fewer trials involving Avicel cellulose 

were performed overall. 

 There were many obstacles encountered during this project, primarily those dealing with 

availability of materials and functionality of equipment. For example, over the summer of 2015, 

the laboratory’s nitrogen tank became depleted, causing a delay in performing trials, as nitrogen 

was needed as a flush gas in the spin coater apparatus, as well as an agent with which to dry wet 

sensors and QCM modules. After months of difficulty receiving a new tank, I resorted to using 

city air instead, which could possibly have affected product quality. After this, there were also 

issues, as mentioned in previous discussion, obtaining a stable frequency baseline from the QCM 

during hydrolysis trials. There was a great deal of time spent during this project troubleshooting 

such difficulties, thus not as many trials were performed as planned. Perhaps this is also a reason 

why data varied considerably.   

Consequentially, it is recommended that in future experiments, more trials are performed 

of both dissolving pulp and Avicel. In addition, trials involving hydrolysis with solutions of 
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varying enzyme concentrations and their effects on the cellulose hydrolysis rate and mass 

adsorbed should be explored. 

 Additionally, it was considered that perhaps the enzymes used were beginning to 

denature, as the same bottle of Accelerase 1500 cellulase enzyme has been used in the laboratory 

for at least a few years.  Thus, a possible future experiment would be to test enzyme activity 

before proceeding with trials in order to ensure that they are still properly active. 

 Furthermore, as only a qualitative experiment was performed to determine the 

appropriate amount of DMSO to add to the NMMO-Dissolving Pulp solution to achieve an 

appropriate viscosity for spin coating, a useful experiment that could be performed in the future 

is to determine the viscosities of NMMO-cellulose solutions containing various amounts of 

DMSO with an apparatus such as a viscometer. Or rather, develop some kind of test where the 

viscosity of each prepared solution can be measured to ensure that it is appropriate for spin 

coating, and will likely produce a film of desired thickness.   

Finally, one last possible future experiment would be to explore options of coating 

sensors in lupamin. In my experiment, the sensors were dipped in lupamin solution for a total of 

45 minutes. However, although this successfully coated the top of the sensor, it also coated the 

bottom of the sensor, which the side that communicates with the QCM. It was considered that 

this was also a possible source of error in my experiments. Thus, a procedure in which only the 

top of the QCM sensors are coated in lupamin would help to minimize any possible source of 

data variance or error. 
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Appendix A: Raw Data of Dissolving Pulp Trials with hydrolysis with solution of enzyme concentration 0.1247 FPU/mL 

3rd Overtone 5th Overtone 7th Overtone 

Frequency 

Change upon 

Adsorption 

ѐfads/Hz 

Frequency 

Hydrolysis 

Rate 

ѐfrxn/Hz 

Mass Change 

upon 

Adsorption 

ѐmads/Hz 

Mass 

Hydrolysis 

Rate 

ѐmrxn/Hz 

Frequency 

Change upon 

Adsorption 

ѐfads/Hz 

Frequency 

Hydrolysis 

Rate 

ѐfrxn/Hz 

Mass Change 

upon 

Adsorption 

ѐmads/Hz 

Mass 

Hydrolysis 

Rate 

ѐmrxn/Hz 

Frequency 

Change upon 

Adsorption 

ѐfads/Hz 

Frequency 

Hydrolysis 

Rate 

ѐfrxn/Hz 

Mass Change 

upon 

Adsorption 

ѐmads/Hz 

Mass Hydrolysis 

Rate 

ѐmrxn/Hz 

-0.5982 0.1529 10.5884 2.707 -0.943 0.1805 16.6906 3.1951 -1.3697 0.2043 24.243 3.6163 

1.4189 -0.0675 -25.1151 -1.1951 -10.6008 0.1285 187.6345 2.2751 -7.6475 0.124 135.361 2.1942 

0.0549 0.2734 -0.9711 4.839 -10.7168 0.2825 189.688 5.0002 -10.3137 0.273 182.5523 4.8321 

-1.2164 0.422 21.5307 7.4694 -18.9616 0.4771 335.6203 8.4448 -12.8638 0.5191 227.6887 9.1885 

-0.554 0.288 9.8062 5.0978 -5.3182 0.3199 94.1316 5.6626 6.0727 0.3497 107.4872 6.1891 

0.3258 0.011 -5.7664 0.1953 -6.5982 0.005 116.7879 0.0888 -4.5528 0.0032 80.5848 0.0573 

-0.6556 -0.0184 11.6033 -0.3265 -13.3145 -0.0418 235.6673 -0.7394 -11.8623 0.0149 209.9634 0.2638 

1.2152 0.0045 -21.5082 0.0794 -14.1125 -0.0011 249.7907 -0.02 -13.8638 -0.0069 245.3899 -0.1222 

3.6369 -0.3849 -64.3728 -6.8123 -8.748 0.0015 154.8388 0.0273 -6.6758 -0.1341 118.1623 -2.3732 

3.0885 -0.0209 -54.6662 -0.3695 -14.2693 0.0067 252.5667 0.1183 -12.2414 0.012 216.6725 0.2123 

-6.8241 -0.0189 120.7863 -0.3339 -9.923 -0.0084 175.6376 -0.1484 -7.8958 -0.0545 139.7557 0.9653 

2.6762 0.0026 -47.3692 0.0459 -6.3139 0.0696 111.7567 1.2314 -9.5921 0.0684 169.7808 1.2103 

-0.0764 0.1439 1.353 2.5473 -10.4817 0.145 185.5267 2.5659 -8.5959 0.1499 152.1478 2.6525 

0.7346 0.1381 -13.0032 2.4452 -10.6747 0.145 188.9412 2.5664 -11.1705 0.1457 197.7181 2.5785 

0.0753 0.092 -1.3336 1.6286 -13.4772 0.1221 238.547 2.1612 -13.214 0.1356 233.8878 2.3993 

-2.0086 0.087 35.553 1.5407 -10.3699 0.0966 183.5477 1.7094 -9.7144 0.0958 171.9457 1.696 

1.3298 -0.1462 -23.5382 -2.5884 -9.8856 0.4398 174.975 7.7851 -4.1513 0.4746 73.4787 8.4004 

-0.011 0.2819 0.019 4.9896 -13.6613 0.2851 241.8048 5.0471 -11.3682 0.2859 201.2166 5.0598 

-1.118 0.4155 19.7892 7.3549 -15.9162 0.4329 281.7162 7.6628 -15.3127 0.4433 271.0356 7.8458 

2.3008 0.2767 -40.7244 4.8978 -7.4822 0.2818 132.4349 4.9884 -6.5828 0.289 116.5156 5.1145 

5.2373 0.2986 -92.6994 5.2855 -10.9981 0.2851 194.6657 5.0457 -8.0749 0.2909 142.9253 5.1496 

-8.4465 0.2007 149.5032 3.5523 -9.4577 0.2053 167.402 3.633 -7.6342 0.2077 135.1247 3.6766 

0.1882 0.2263 -3.3313 4.0049 -9.6041 0.2404 169.9929 4.2558 -9.3088 0.2499 164.7661 4.4233 

-0.4736 0.4681 8.3819 8.2848 -11.9109 0.5366 210.8228 9.4981 -11.2196 0.6131 198.5866 10.8521 

-0.8567 -0.1324 15.1632 -2.343 -15.4481 -0.0051 273.4316 -0.0903 -8.8861 -0.0001 157.2841 -0.0016 

-11.3158 0.0648 200.2902 1.1465 -12.8961 0.0676 228.2602 1.1958 -11.489 0.0654 203.3547 1.1575 

-85.9 0 1520.3 -3 -20.565 0.0058 364.0006 0.102 -18.2812 0.0218 323.5776 0.3866 

-46.8872 0.0463 829.904 0.8203 -9.5115 0.0564 168.3542 0.998 -8.2535 0.0562 146.0869 0.9943 
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 Appendix A: Raw Data of Dissolving Pulp Trials with hydrolysis with solution of enzyme concentration 0.1247 FPU/mL 

 

9th Overtone 11th Overtone 

Frequency Change 

upon Adsorption 

ѐfads/Hz 

Frequency 

Hydrolysis Rate 

ѐfrxn/Hz 

Mass Change 

upon Adsorption 

ѐmads/Hz 

Mass Hydrolysis 

Rate 

ѐmrxn/Hz 

Frequency Change 

upon Adsorption 

ѐfads/Hz 

Frequency 

Hydrolysis Rate 

ѐfrxn/Hz 

Mass Change 

upon Adsorption 

ѐmads/Hz 

Mass Hydrolysis 

Rate 

ѐmrxn/Hz 

-2.9017 0.2195 51.3599 3.8858 -4.671 0.0969 82.6761 1.7143 

-6.4629 0.1232 114.3933 2.1812 -6.1318 0.1295 108.5327 2.2925 

-10.4976 0.2426 185.808 4.2934 -10.2498 0.2193 181.4216 3.8818 

-11.1928 0.5335 198.1122 9.4423 -9.997 0.5433 176.9472 9.6156 

-6.55 0.3769 115.935 6.6715 -7.3459 0.3984 130.0219 7.052 

-3.5816 0.002 63.359 0.0353 -2.9717 0.001 52.5989 0.0181 

-11.5646 0.013 204.6939 0.2304 -11.8212 0.0167 209.2358 0.2951 

-14.3079 0.0021 253.2506 0.0377 -14.5402 -0.0001 257.3613 -0.002 

  0.0005 136.1081 0.0085 -5.1644 0.0003 91.4095 0.0056 

 0.0044 203.2321 0.0777 -11.7186 0.0059 207.4189 0.1043 

-7.2872 0.0576 128.984 1.0198 -7.2221 0.0672 127.8307 1.1893 

-10.9053 0.0664 193.0232 1.1745 -11.6843 0.0649 206.8121 1.1488 

-8.52 0.1479 150.8031 2.6171 -8.4148 0.1519 148.9426 2.6894 

-11.3416 0.1469 200.7465 2.5997 -12.2862 0.1472 217.4649 2.6062 

-13.0881 0.1348 231.6599 2.386 -12.917 0.1391 228.6307 2.4624 

-9.5453 0.0934 168.9519 1.653 -9.803 0.091 173.5127 1.611 

-3.7711 0.5107 66.7484 9.04 -3.9954 0.5464 70.7187 9.6712 

-10.171 0.2888 180.0264 5.1116 -9.9192 0.2917 175.5697 5.1629 

-14.7148 0.4561 260.452 8.0732 -14.9416 0.4652 264.4669 8.2342 

-6.6493 0.294 117.6927 5.2033 -6.2503 0.2979 110.6296 5.273 

-7.3445 0.2945 129.9968 5.2133 -6.7618 0.2965 119.6846 5.2485 

-6.8491 0.2089 121.2294 3.6984 -6.814 0.2096 120.608 3.7107 

-8.8339 0.2576 156.3605 4.5602 -8.5799 0.2643 151.8639 4.6788 

-10.5197 0.6744 186.1984 11.9362 -9.4872 0.7248 167.9237 12.829 

-4.6071 -0.0114 81.5451 -0.2023 -3.075 -0.0052 54.4277 -0.0927 

-10.5362 0.0645 186.4912 1.1425 -9.9994 0.0629 176.9888 1.113 

-17.2964 0.0328 306.1457 0.5804 -17.0327 0.0367 301.4784 0.6501 

-8.796 0.0557 155.6892 0.9855 -11.4091 0.0514 201.9416 0.9094 
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Appendix B: Raw Data of Avicel Trials with hydrolysis with solution of enzyme concentration 0.1247 FPU/mL 

 

3rd Overtone 5th Overtone 7th Overtone 

Frequency 

Change 

upon 

Adsorption 

ѐfads/Hz 

Frequency 

Hydrolysis 

Rate 

ѐfrxn/Hz 

Mass 

Change 

upon 

Adsorption 

ѐmads/Hz 

Mass 

Hydrolysis 

Rate 

ѐmrxn/Hz 

Frequency 

Change 

upon 

Adsorption 

ѐfads/Hz 

Frequency 

Hydrolysis 

Rate 

ѐfrxn/Hz 

Mass 

Change 

upon 

Adsorption 

ѐmads/Hz 

Mass 

Hydrolysis 

Rate 

ѐmrxn/Hz 

Frequency 

Change 

upon 

Adsorption 

ѐfads/Hz 

Frequency 

Hydrolysis 

Rate 

ѐfrxn/Hz 

Mass Change 

upon 

Adsorption 

ѐmads/Hz 

Mass 

Hydrolysis 

Rate 

ѐmrxn/Hz 

24.0853 0.1191 -426.311 2.108 -24.4573 0.0924 432.8937 1.6357 -22.8231 0.0859 403.9696 1.5212 

-0.4211 0.2116 7.4543 3.7446 -12.0374 0.2127 213.0611 3.7656 -10.1198 0.2125 179.1209 3.762 

-2.515 0.1516 44.5147 2.683 -14.556 0.2255 257.6403 3.9905 -15.3313 0.2448 271.3645 4.3329 

 

9th Overtone 11th Overtone 

Frequency 

Change upon 

Adsorption 

ѐfads/Hz 

Frequency 

Hydrolysis Rate 

ѐfrxn/Hz 

Mass Change 

upon 

Adsorption 

ѐmads/Hz 

Mass Hydrolysis 

Rate 

ѐmrxn/Hz 

Frequency Change 

upon Adsorption 

ѐfads/Hz 

Frequency 

Hydrolysis Rate 

ѐfrxn/Hz 

Mass Change 

upon Adsorption 

ѐmads/Hz 

Mass 

Hydrolysis 

Rate 

ѐmrxn/Hz 

-22.4799 0.0857 397.8936 1.5169 -22.3987 0.083 396.4569 1.47 

-9.541 0.2159 168.8753 3.8206 -9.4104 0.2166 166.5647 3.8336 

-15.7106 0.2556 278.0771 4.5234 -15.8642 0.2654 280.7971 4.6974 

 


