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Abstract 

(Cellulose, Enzymes, Biofuels) 

The conversion of cellulose to glucose is one renewable energy strategy under consideration, for 

glucose can also serve as a feed stock for ethanol and other chemicals currently produced from 

petroleum. Within sugar production through enzymatic hydrolysis, many steps are believed to 

occur; this includes the initial adsorption of enzyme onto a cellulose chain, the binding of the 

enzyme to an accessible site on the chain, the reaction severing the chain, and the motion of the 

enzyme to another site. Measuring changes that occur during these steps is difficult, but one can 

separate the adsorption step from the chain removal steps using precise measurements of the 

mass of well-defined cellulose films. A device that can measure the nanogram amounts of 

enzyme adsorbed onto a cellulose surface and the change in mass of adsorbed material with time 

is invaluable in this study; a quartz crystal microbalance (QCM), used in this work, has this 

potential. 

Glucose has been found to act as an inhibitor to the overall reaction. Through the QCM, the 

effects of various glucose concentrations in the enzyme mixture were studied to determine the 

type of inhibition occurring. While our data seems to show some effects of glucose on the 

enzymatic process, a statistical analysis of all of the data shows no significant effect on either the 

enzyme adsorption step or the chain breaking. This gives us reason to believe that the real 

inhibitory effect of glucose is on the homogeneous reaction that produces glucose from 

cellobiose. 
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Chapter 1: Introduction 

In today’s modern society, the need for a constant source of energy has led to an extraordinary 

growth in the amount of carbon released to the atmosphere. As reported by the U.S. Energy 

Information Administration, in the year 2011 the United States alone contributed a total amount 

of carbon dioxide emissions equal to five and a half billion metric tons [“U.S. Energy,” 2012]. 

This value, when observing the data obtained from 1990 to 2011, has become the norm in the 

United States, ranging from five to six billion metric tons per year. As a result of this, it is of the 

utmost importance that a source of energy, other than fossil fuels, be created so that as a global 

community, we can alleviate the world of both the burdens of obtaining fossil fuels, as well as 

the harmful effects on the environment that result from the combustion of these fuels. 

One such alternative energy source lies in the production of biofuels. In order to produce these 

fuels, lignocellulosic materials (e.g., sugarcane bagasse and corn stover) are treated in such a 

way to reduce the cellulose content into glucose monomers; subsequently, the glucose is 

fermented into ethanol, which can then either be used immediately as a fuel source, or can be 

converted into other organic chains that exhibit a higher energy content, such as butanol, which 

can be produced from ethanol through a “family of ruthenium catalysts” [Ritter, 2013]. Thus, if 

these seemingly useless products could be converted to a fuel source in an efficient manner, then 

biofuels would be in a strong position to compete with fossil fuels.  

As well, these fuels also pose a significant advantage over fossil fuels as they are typically a 

carbon-neutral fuel source [Energy Future Coalition, 2007]. This is due to the fact that these 

fuels are derived from cellulosic sources, which are plant materials; as such, before these plants 

were converted into biofuels, they spent their lives absorbing CO2 from the surrounding 

environment. As a result, when they are burned as fuels they tend to emit CO2 in an amount 

similar to the amount they had absorbed. This process can be observed through the visual 

representation given below in Figure 1. 
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Figure 1.1-1: Visual representation of the carbon-neutral process found through biofuel 

consumption [Energy Future Coalition, 2007]. 

A key step in the Biochemical Platform of the Biomass to Fuels (or Chemicals) Process being 

developed by the Department of Energy is the hydrolysis of cellulose to glucose through fungal 

cellulases. This key step must occur prior to the fermentation of glucose to ethanol or other 

products by microbial biocatalysts. Currently, the cost of these enzymes far exceeds the value at 

which the process becomes economically feasible. For instance, Novozyme, a major cellulase 

(enzyme) producer, estimated the cost of fungal cellulases to be approximately $1.00 − $1.50 per 

gallon of cellulosic ethanol produced in 2008 [Creamer, 2008]. More recently, it was found by 

Daniel Klein-Marcuschamer et. al in 2011 that the enzyme cost was roughly $0.68 per gallon of 

cellulosic ethanol. However, this is based on the assumption that maximum theoretical 

conversions are achieved; thus, if the yields are based off the literature values for typical 

saccharification and fermentation yields, the cost greatly increases, to a value of $1.47 per gallon 

[Klein-Marcuschamer et. al, 2011]. These aforementioned enzyme costs are about 40 to 100 

times higher than the enzyme cost in the starch to ethanol process. Seeing that the price of 

enzymes is about 25% of the total cost of cellulosic ethanol production, new strategies for 

reducing enzyme loading are required before cellulosic ethanol can become cost-competitive 

with gasoline. 

Previous work by the Biofuels Research Group in the Department of Chemical and Biomedical 

Engineering has identified a novel solvent, N-methyl morpholine oxide (NMMO), for treatment 

of biomass. As seen by Dr. Subramanian Ramakrishnan et al., “Accellerase™ 1000 

[commercially available cellulase] is active in NMMO and […] the rates and yields of in situ 
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reaction[s] are comparable to existing values in literature” [Ramakrishnan et. al, 2009]. 

Consequently, employment of the solvent results in enhanced enzymatic hydrolysis rates and 

product yield. This is a very promising development that, when coupled with fermentation, will 

result in an economic process for biofuels production. The missing link in the work is to garner a 

fundamental understanding of how enzymes break down NMMO treated biomass, as this will aid 

in developing reactors aimed to produce biofuels. Therefore, the main focus of this project was 

to carry out experiments that will aid in developing this fundamental understanding. 
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Chapter 2: Theoretical Background 

2.1 Lignocellulose 

Naturally occurring cellulose is obtained from lignocellulosic materials, which are typically 

comprised of three major components: lignin, hemicellulose, and cellulose. It has been observed 

that the lignin and hemicelluloses surround the cellulose, ultimately reducing the effectiveness of 

enzymes in converting cellulose to glucose. In order to overcome this obstacle, pre-treatment 

steps are employed. Typically, weak acids and bases are used to remove the hemicelluloses, yet 

novel treatments using ionic solvents, such as N-Methylmorpholine N-oxide (NMMO), are also 

used. The effects of this pre-treatment solution on the lignocellulose can be observed in Figure 

2.1-1 below. 

 

Figure 2.1-1: Effects of pre-treatment on lignocellulosic material.  

As can be observed in Figure 2.1-1, the pre-treatment breaks up the ordered structure of each of 

the three lignocelluloses components, with the two most affected being the lignin and the 

hemicellulose. As a result, the lignin and hemicellulose break away from the cellulose, allowing 

for easier access by the enzymes during the hydrolysis reaction.  

In order to study the enzymatic hydrolysis of cellulose to glucose, a manufactured  crystalline 

cellulosic material, Avicel® PH-101 was used. According to the manufacturer, Sigma-Aldrich, 

the particle size of this cellulosic material is about 50 μm, while common lignocellulosic 

biomass sources, such as sugarcane bagasse, corn stover, and dissolving pulp, typically have 
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particle sizes that well surpass 100 μm [Sigma-Aldrich, 2012]. Yet, while not commercially 

feasible as a biomass source for large-scale biofuels production, Avicel® PH-101 serves as a 

useful tool through which the hydrolysis kinetics can be studied. 

 

2.2 Enzyme Mixture 

The blend of cellulase employed throughout the experimental trials was Accellerase® 1500, 

which contains a number of different enzymes, each with a different purpose. The four most 

prominent enzymes in this mixture are exoglucanase, endoglucanase, hemi-cellulase, and beta-

glucosidase [DuPont, 2013]. The operability of each of these enzymes, aside from hemi-

cellulase, can be observed in Figure 2.2-1 below. 

 

Figure 2.2-1: Depiction of the operability of the three primary enzymes employed in the 

enzymatic hydrolysis reaction [Brodeur, 2013]. 

As seen above, exoglucanase operates by binding to and breaking the cellulose chain from the 

ends; conversely, the endoglucanase is free to operate anywhere on the cellulose chain, aside 

from the ends. Thus, these two enzymes are instrumental in working together to break down 

large cellulose chains into smaller chains of two to four glucan units; the latter is termed 

cellobiose. Further, once the cellobiose units are attained, the beta-glucosidase can then operate, 

as this enzyme works to break these units into the desired glucose product.  

It should be noted that the individual enzymes in the mixture can hinder one another based on 

their respective sizes. For instance, in Figure 2.2-1 above, the endoglucanase enzyme can be 

observed to cover a number of glucose monomers when it binds to the cellulose chain. Thus, this 

binding restricts other endoglucanase and exoglucanase molecules from binding to the cellulose 

chain, thereby limiting the rate of the overall reaction. 
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As a result, a second assumption for this model is made, in which the enzyme-substrate complex 

proceeds quickly to form the desired product, as seen further by Shuler and Kargi [Shuler and 

Kargi, 2002]. This manifests in a quasi-steady state-state assumption for the formation and 

depletion of the complex, indicating that the product is formed immediately following the 

production of the enzyme-substrate complex. This assumption is generally taken to be valid in 

systems where the initial substrate concentration is significantly greater than the initial enzyme 

concentration. 

However, in the system of interest here, there are multiple enzymes and substrates in the 

solution; as a result, they are not left to float free in solution, violating a number of the 

assumptions made in the MM model. Moreover, in our experiments the substrate (cellulose) is 

studied by coating a gold sensor with a thin-layer of cellulose; as such, only the surface of this 

layer is accessible for forming the required enzyme-substrate complex. Because of this, it was 

found that the MM model was not able to provide predicted conversion results that correlated 

well with obtained experimental data; thus, an alternative approach was required.   

In addition, previous experiments have indicated that, under conditions in which no inhibition 

occurs, the enzymatic hydrolysis reaction depends primarily on the structural features inherent in 

the biomass [Zhu et al., 2007]. These studies have concluded that the accessibility of the 

cellulose to the enzyme is crucial to the improvement of the enzymatic hydrolysis rate. 

Therefore, when conducting the hydrolysis reaction on lignocellulosic material, it becomes 

significantly important that the material is pre-treated to make the cellulose more accessible by 

removing the lignin and hemicellulose. In fact, through an acid pretreatment conducted by the 

aforementioned group, the production of glucose was increased by a factor of 1.29. 

As well, the results provided by Zhu et al. indicate that there is yet another layer of the kinetic 

modeling that must be understood and incorporated if an accurate model is to be achieved: the 

effect of the cellulose accessibility on the overall rate and yield of reaction. This was found to 

produce another complication in the modeling process, furthering the invalidity of the simple 

MM model. 

Regarding the enzymatic hydrolysis reaction, it has been determined that it follows a process 

involving six primary steps [Bansal, 2009]. The first step in this process involves the adsorption 

of the enzyme onto the cellulose substrate. Following this, the enzyme finds a location on the 

cellulose chain suitable for hydrolysis, with this location depending on the type of enzyme 

employed. Once the location is found, the enzyme-substrate complex is formed; as such, 

enzymatic hydrolysis and enzyme sliding could occur. Depending on how much accessible 

cellulose remains, the enzyme will either undergo desorption or repeat the previous hydrolysis 

step. Lastly, the β-glucosidase (if present) will then break apart the cellobiose chains into 

glucose. Through experimental efforts, the kinetics of each of these steps can be studied in detail, 

leading to a better overall understanding of the reaction mechanism and the resulting kinetics. 
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2.5 Glucose Inhibition 

As a result of previous studies, it has been determined that the “enzymatic hydrolysis of 

lignocellulosic biomass is known to be product inhibited by glucose” [Andric et al., 2009]. 

However, the type of inhibition that occurs still remains unknown, as there are three main types: 

competitive, non-competitive, and uncompetitive.  

In competitive inhibition, the inhibitor is usually similar in structure to the substrate of interest; 

as a result, the inhibitor competes with the substrate in trying to attach to the active site of the 

enzyme. A general reaction sequence for competitive inhibition is given below. In addition to the 

enzymatic reaction provided by equation (2.4-1), competitive inhibition adds a side reaction in 

which, 

� � � � �� 

Because of this added step, it can be observed that the net effect of competitive inhibition is a 

decrease in the reaction rate. If competitive inhibition was found to be the case, it would manifest 

in a decrease in the amount of mass adsorbed onto the sensor surface with an increase in glucose 

concentration at a given enzyme concentration. 

For non-competitive inhibition the inhibitor does not have to be similar to the substrate. As a 

result of this, rather than binding to the active site of the enzyme, it instead binds to another site 

on the enzyme. The result of this is that the affinity of the enzyme to the substrate is reduced. 

The additional reaction components for this type of inhibition to those found in equation (2.4-1) 

are given as, 

� � � � �� � � � ��� � �� � � 

The added steps above allow one to conclude that the effects of this type of inhibition on the 

reaction system are a decrease in the yield of desired product. 

Lastly, for uncompetitive inhibition, the inhibitor only has an affinity for the enzyme substrate 

complex and none for the enzyme itself. Thus, the added component for the reaction given in 

equation (2.4-1) for uncompetitive inhibition is a side reaction in which, 

�� � � � ��� 

The effect of this added reaction step is a decrease in the reaction rate of the reacting system. For 

the QCM, this type of inhibition in the cellulose to glucose system would result in an apparent 

decrease in the rate of the hydrolysis reaction as the glucose formed would bind to the enzyme-

cellulose complexes, increasing the mass on the sensor surface. This increase in mass, as seen 

below, would result in a lowering of the frequency value, and thus, a lowering of the slope in the 

hydrolysis region.  
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The above information regarding inhibition was explained using information found in 

BioProcess Engineering: Basic Concepts [Shuler and Kargi, 2002]. 

Through the observations in previous experiments, the exact type of inhibition that occurs has 

yet to be determined; however, the two models that have garnered primary attention are the 

competitive and non-competitive models. According to a study conducted by Hotlzapple et al., 

patterns of non-competitive inhibition were observed to occur in regards to the glucose inhibition 

of the cellulase enzyme [Holtzapple et al., 1984]. As such, they determined that the non-

competitive model was more likely than the competitive model; however, their results were 

inconclusive and the exact model remains unknown. 

 

2.6 Quartz Crystal Microbalance 

In order to employ the quartz crystal microbalance (QCM), a sensor is placed within each of the 

modules. Following this, the QCM is turned on and the flow of material, depending on what test 

is being performed, is started through the module and over the sensor surface. By activating the 

QCM, vibrations are sent through the sensor, resulting in a certain vibrational frequency to 

resonate from the sensor. The resulting frequency value has an inverse relationship with the 

amount of material that is on the surface of the sensor; as the mass increases, the frequency 

decreases, and as the mass decreases, the frequency increases. By recording the minute changes 

in electrical frequency, the QCM is able to detect changes in mass at the nanogram level.  

Another benefit of the QCM in regards to our project involved the continuous flow of the 

enzyme solution surface. As a result of this, the concentration of enzyme flowing over the sensor 

surface was kept a constant level. This allowed for information regarding the kinetics of the 

enzymatic hydrolysis reaction to be obtained in a manner analogous to data obtained in a 

differential continuous flow reactor.  

By conducting experimental trials with the QCM, a number of frequency, f/Hz, versus time, t/s, 

plots were obtained for each module. With the gold sensors, the QCM normally operates at a 

frequency of 5 MHz, with resonance overtones of 1, 3, 5, 7, 9, 11, and 13 [“QCM-D 

Technology”]. Further, with the frequency data, the change in mass upon enzyme adsorption and 

hydrolysis could be determined through the Sauerbrey equation, given below [Suchy et al., 

2008]. 

∆� � 	
·∆�
      (2.6-1) 

In equation (2.6-1), ∆m is the change in mass in nanograms; C is a crystal sensor constant 

determined through the metal and quartz employed (17.7 ng/(Hz∙cm2)); ∆f is the change in 

frequency in Hz; n is the resonance overtone number. It should be noted that when employing 

equation (2.6-1) to analyze the results, the data provided by the acquisition software already 
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accounted for the factor of n in the denominator; thus, when performing calculations this number 

was assumed to be equal to 1 in all cases. 

According to Suchy et al., the use of equation (2.6-1) was found to be reliable only if a number 

of assumptions were valid. These assumptions were that the layer on the sensor surface had to be 

evenly distributed, rigidly attached, fully elastic, and small compared to the mass of the crystal 

[Suchy et al., 2008]. Through an analysis of the experimental approach employed to coat the 

sensors with cellulose, these assumptions were found to be valid; as such, the Sauerbrey equation 

could be used to interpret acquired data from the QCM. 

As can be further observed by equation (2.6-1), the change in frequency should be the same for 

each frequency overtone measured; however, this is not typically the case. This observation can 

be explained using Figure 2.6-1 below.  

 

Figure 2.6-1: Plot of the frequency amplitude as a function of the radial distance from the center 

of the sensor [“The QCM-D Principle”]. 

In Figure 2.6-1, the two ovals in the bottom corners represent the o-ring that holds the sensor in 

place within the module. For the first overtone, represented by the 5 MHz, it can be observed that 

the o-rings interfere with a small portion of the amplitude of the frequency. As well, the 

amplitude of the first overtone (5 MHz) can be observed to spread out over the radius of the 

sensor, whereas the majority of the amplitudes of the higher overtones are found to lie close to 

the center of the sensor.  

Thus, due to the setup of the QCM, including both the presence of the o-rings and the sensor 

configuration itself, the first overtone was found to produce a large degree of noise, and was 

deemed unreliable. Therefore, the overtones analyzed to determine experimental results were the 

3rd, 5th, 7th, 9th, and 11th overtones. 
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In addition, the sets of sensors that had been used multiple times were found to produce results 

for the third overtone that were also noisy; when this found to occur, the data for this overtone 

was neglected and the overtones analyzed were the 5th, 7th, 9th, and 11th overtones. 

2.7 Experimental Data 

Through the attainment of experimental data, a number of frequency vs. time and dissipation vs. 

time plots will be obtained for each module, and, as stated before, those for the third through the 

eleventh overtones will be of primary focus in subsequent analyses. In producing these plots, a 

number of noticeable trends were observed for each trial, as seen in the figure below.  

 

Figure 2.7-1: Plot of frequency versus time for the enzymatic hydrolysis of cellulose using a 

Quartz Crystal Microbalance. 

In Figure 2.7-1, the plot was split into three main regions. Region I represents the point at which 

the solution flowing through the modules was switched from an acetate buffer solution to an 
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enzyme/buffer solution. The dip in this region indicates the initial period in which the enzymes 

are adsorbing onto the sensor surface by latching onto the thin-film of cellulose. This was 

determined as the dip in the frequency values portrays an increase in mass on the sensor surface. 

It should be noted that while enzymatic hydrolysis may be occurring in this time interval, the 

initial rate of adsorption is much greater than the rate of hydrolysis. 

Following this, Region II conveys the period at which rate of enzymatic hydrolysis begins to 

dominate, becoming much greater than the rate of enzyme adsorption. As can be observed, the 

rate of hydrolysis in this region is roughly a straight-line, indicating a relatively constant rate of 

hydrolysis. As this slope has been observed to change based on the concentration of enzymes in 

the enzyme/buffer solution, this will be a primary focus when determining the effect of the 

various factors on the rate of hydrolysis.  

Lastly, Region III illustrates the region in which the rate of enzymatic hydrolysis begins to 

decline, eventually reaching a value of zero. This was determined as the frequency values in this 

region begin to plateau, approaching a constant value. It is in this region that the experimental 

run is typically ended, as no more data can be obtained for the trials once this region is observed 

to occur. Thus, while not important for data analysis, this region serves as a primary indicator for 

a trial’s completion.  

Additionally, it should be observed that the data collected prior to the occurrence of Region I 

indicates the frequency baseline. This baseline was obtained by flowing acetate buffer at a pH of 

4.8 through the modules for a period of 30-45 minutes. The attainment of this baseline was 

crucial, as it allowed for the amount of enzyme adsorbed onto the sensor surface to be calculated.  

 

2.8 Formation of Glucose Product 

When considering the formation of the glucose product, it is believed that the product removed 

from the sensor surface is not entirely the desired glucose product; instead, it is thought to be 

considerably small chains of cellulose. The reason for this was found due to the nature of the 

spin-coating process. In this, the cellulose chains are thought to only adhere to the sensor surface 

in specific regions on the chain; thus, when the enzymes break down the chain length, some of 

the portions of the chain are disconnected from the regions that are adhered to the surface. 

Because of this, small chains of cellulose are washed away, rather than individual glucose 

monomers.  This suggests that the mass change seen should not represent the action of the 

glucosidase enzymes. 
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Chapter 3: Experimental Procedure 

Throughout experimentation, a spin-coater was employed to coat a cellulosic material (in this 

case Avicel pH 101) to a number of sensors. The sensors were first cleaned and then coated with 

lupomin, which was used to help with the binding of cellulose to the surface of the gold sensor. 

Subsequently, the sensors were coated with cellulose, and then analyzed in the QCM by flowing 

a buffer solution to establish a baseline in the data, followed by an enzyme solution to perform 

the enzymatic hydrolysis reaction. Once the reaction was complete, the sensors were removed 

and replaced with designated cleaning sensors. A 2% by volume solution of Hellmanex® II was 

then pumped through the QCM for 15-20 minutes, followed by DI water for 1-2 hours.  

In preparing the solutions required for the experimental trials, the information in Tables 3-1 and 

3-2 below was referenced.  

Table 3-1: Preparing the Enzyme/Buffer Solution. 

Enzyme Concentration, 
cE/(FPU/mL) 

Mass of Enzyme, mE/g Volume of Solution, VS/mL 

0.0613 0.1000 100 

0.1247 0.2000 100 

0.2475 0.4000 100 

 

Table 3-2: Information regarding the preparation of the various glucose concentrations studied. 

Concentration of Glucose 
cG/(mg/mL) 

Amount of Glucose 
mG/g 

Volume of Solution 
Vsoln/mL 

0.00 0.00 100 

1.50 0.15 100 

3.00 0.30 100 

7.50 0.75 100 

15.0 1.50 100 

30.0 3.00 100 
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3.1 Preparing the Acetate Buffer 

For the experimental trials, the acetate buffer solution, in which the Accellerase® 1500 was 

mixed, was chosen to be at a pH of 4.80. In order to produce this solution, the Henderson-

Hasselbalch equation was used, in which: 

�� � ��� � log ��A	�
�HA�� 

As acetic acid is used in the production of acetate buffer, the value of pKa was taken to be 4.76; 

thus, the ratio of the concentration of acetate ion to the concentration of acetic acid to obtain a 

buffer with a pH of 4.80 was determined to be 

�A	�
�HA� � 10�.� � 1.0965 

As this relation is in terms of moles, the appropriate molecular weights for each component had 

to be considered; upon doing so, and by assuming 0.1 moles of each component in 1 L of 

solution, the mass of each component required was determined as 8.995 g of sodium acetate and 

6.05 g of glacial acetic acid.  

Once these values were determined, a 1 L volumetric flask was partially filled with DI water. 

The required amounts of sodium acetate and glacial acetic acid were then obtained and 

transferred into the volumetric flask. Following this, the volumetric flask was then filled to the 1 

L mark, upon which the flask was capped and shaken so that the sodium acetate and acetic acid 

would be mixed into the solution.  

A pH meter was then used to test the pH of the solution inside the flask. If the reading was below 

4.80, an appropriate amount of sodium acetate was added to the contents of the volumetric flask. 

Similarly, if the reading was above 4.80, an appropriate amount of acetic acid was added to the 

volumetric flask. Once the contents of the volumetric flask were at a pH of 4.80, the flask was 

then capped and labeled. 

If at any time the prepared acetate buffer was not used for a period of time greater than one 

month, the solution was appropriately disposed of and a new buffer solution was prepared. 

 

3.2 Cleaning the Sensors 

Following the completion of the experiment, the sensors must be cleaned to remove any 

remaining material on the surface (e.g., leftover cellulose or enzyme). To do so, the sensors were 

first placed in a UV Ozone Cleaner – Procleaner™ for a time of ten to fifteen minutes. This 

allowed for the sensors to be cleaned at the microscopic level.  
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Following the UV treatment, a solution of 5 parts DI water, 1 part sodium hydroxide, and 1 part 

hydrogen peroxide was prepared and then heated to a temperature of roughly 65 °C to 70 °C. 

Once the desired temperature was met, the sensors were then placed in the solution, at which 

time bubbles from the sensor’s surface were observed to occur. Once the bubbling ceased 

(typically after one to two hours), the sensors were then removed from the solution.  

Once removed, the sensors were washed with DI water to ensure that none of the sodium 

hydroxide remained on the sensor surface. Lastly, the sensors were cleaned with the UV Ozone 

Cleaner – Procleaner™ once more for another ten to fifteen minutes before being placed in their 

respective holders. 

 

3.3 Preparation of Sensors 

As stated in the introduction of this chapter the cellulose alone does not bind sufficiently enough 

to the QCM sensors. As a result, the crystals had to be pretreated in order to allow for a more 

suitable surface on which the aforementioned cellulosic solution could readily coat. To do so, the 

crystals were soaked in a 1 ppm solution of lupomin in water. 

To make this solution 0.1 g of lupomin was added to a 20 mL screw-cap vial. Subsequently, DI 

water was added to the vial, and then the mixture was shaken vigorously as to ensure adequate 

mixing between the two liquids. This solution was then transferred to a 1 L volumetric flask. DI 

water was then added to the vial, shaken, and then poured into the flask a number of times to 

make certain that all of the lupomin was transferred from the vial. Following this, the volumetric 

flask was filled about halfway with DI water and then was capped and shaken moderately to 

guarantee adequate mixing of the two liquids. 

After making the lupomin/DI water solution, 200 mL were added to a 250 mL beaker, in which 

the sensors to be coated were placed. The sensors were then swirled gently in the solution to 

make certain that there was adequate interaction between the solution and the sensors. The 

sensors were left to soak for 15 minutes, after which the solution was poured out and replenished 

with 200 mL of fresh solution. The process was then repeated for a total soaking time of 45 

minutes.  

After 45 minutes had elapsed, the sensors were then dried using nitrogen gas and were then put 

into a vacuum oven set at 40 °C for a time of 20 minutes. The sensors were then removed from 

the oven and placed in a dry, empty beaker covered with PARAFILM® or aluminum foil until 

the cellulosic solution was ready for spin-coating. 
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3.4 Preparation of Cellulose Solution 

First and foremost, the cellulose solution had to be prepared. Initially, a solution of 2.5 g of a 50 

wt% solution of NMMO/water and 0.05 g of Avicel pH 101 was made in a 20 mL screw-cap 

vial. This solution was subsequently placed in a vegetable oil bath set at 120 °C for a time of 30-

45 minutes. During this timeframe, the solution was observed to undergo a color change from 

opaque to a clear amber color. 

Furthermore, due to the relatively high viscosity of the initial cellulosic solution, a total of 7.5 

mL of dimethlysulfoxide (DMSO) was placed into the solution in two aliquots at 5 minute 

intervals. The purpose of the addition of the DMSO was to lower the overall viscosity of the 

mixture to ease the process of transferring the solution to a pipette for spin-coating; as well, by 

controlling the amount of DMSO added and the solution temperature, the production of the thin-

film could be tailored such that it was fluid enough to coat the entire surface, but not too fluid to 

where the film was so thin that it could not be analyzed properly.  

Once the addition of DMSO was complete, the solution was left partially covered in the oil bath 

for at least 45 minutes. After this time period elapsed, the solution was ready to be used for spin-

coating. 

 

3.5 Spin Coating  

In the process of spin coating, a 150 mm spin coater provided by Laurell Technologies 

Corporation® was employed.  

In using this device the program was set so that for the first 10 seconds the device would spin the 

sensor at 1,000 rpm. The purpose of this initial ten seconds was to allow for the transfer of the 

previously made cellulose/NMMO solution to the sensor surface. To accomplish this, a variable 

volume pipette was adjusted to draw up 100 �L of solution. The pipette tip was then submerged 

in the Avicel/NMMO solution and flushed for 30 seconds to reduce the chances for a decrease in 

solution temperature when transferring to the spin coater. Once the pipette was thoroughly 

flushed, the cellulose solution was then drawn up the pipette tip, and then quickly moved above 

the sensor in the spin coater. The device was then started, and the solution was discharged onto 

the sensor surface dropwise during the initial ten second interval. 

Once the first ten seconds elapsed, the spin coater then increased in speed to 5,000 rpm. This 

allowed for the solution on the sensor to spread out evenly over the entire surface, producing the 

desired thin-film of cellulose. The sensor was then placed in its holder, and placed in a vacuum 

oven at 88 °C.  

Upon the completion of the spin coating of the entire set of sensors being coated, the sensors 

were then left in the vacuum oven for one hour to allow the solution to dry onto the sensor’s 
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surface. The sensors were then removed from the oven and rinsed with DI water. Following this, 

the sensors were then immersed in DI water for one hour, after which the sensors were removed, 

rinsed, and then immersed in fresh DI water for three additional hours. 

Once the three hours elapsed, the sensors were removed and dried with nitrogen. Completing 

this, they were then placed in a clean, dry beaker and sealed with PARAFILM® or aluminum 

foil, where they remained until ready for use in the QCM. 

 

3.6 Enzymatic Hydrolysis 

In order to analyze the effects of interest, a quartz crystal microbalance (QCM) was employed, in 

which the coated sensors were placed in the modules on the device. Then, an acetate buffer 

solution with a pH of 4.80 was flowed through the modules, and thus over the sensor surface, at 

a flow rate of 100 �L/min. This was done to attain a steady baseline for the frequencies being 

recorded by the QCM, which would be later used as the reference point of which the later 

calculations were based.  

Once the baseline had been established for a time period of at least 5 minutes, the enzyme/buffer 

solution was prepared. The exact solution to be made depended on the enzyme concentration 

being studied and this solution should be prepared soon before it is to be used for hydrolysis. 

Table 3-1 above summarizes how to prepare each of the solutions. These solutions were made in 

a 100 mL volumetric flask. Prior to adding the enzyme solution to the flask, a small amount of 

the acetate buffer solution was added to ensure that the enzymes did not dry out. Then, the 

appropriate amount of enzyme was added to the solution, with the remainder of the flask then 

filled to the mark with acetate buffer. 

After the buffer has been flowing through the modules, and a stable baseline has been observed, 

for a time of 30 to 45 minutes, the tubing should be switched from the acetate buffer solution to 

the enzyme/buffer solution, taking care to lift the tubing as little as possible to avoid introducing 

air bubbles into the system. The data was then observed carefully, as the trends illustrated in 

Figure 2.7-1 should be noted to occur. Once region three was found to occur, the trial was ended 

by stopping the collection of data by the QCM and by turning off the power to the pump.  

The data was then saved and appropriately named and then exported as an Excel® file for later 

analysis. 
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3.7 Glucose Trials 

In studying the effects of glucose on the hydrolysis kinetics, a number of extra steps had to be 

followed. Through observations of the results of previous experiments on bulk hydrolysis 

reactions, the maximum amount of glucose formed in these reactions was roughly 30 mg/mL. 

Thus, when considering the concentrations of glucose to be analyzed, it was determined that 

percentages of this maximum concentration should be used, with the maximum percentage 

studied being 100% (or 30 mg/mL). Thus, the glucose concentrations studied were 1.5 mg/mL, 

3.0 mg/mL, 7.5 mg/mL, 15 mg/mL, and 30 mg/mL, corresponding to 5%, 10%, 25%, 50%, and 

100% of the maximum conversion, respectively.  

When performing these trials, both the buffer solution and the enzyme solution had glucose 

added to them. The amount of glucose added for each concentration is summarized above in 

Table 3-2.  

 

3.8 Cleaning the Modules 

Following the completion of a trial, the modules had to be cleaned in order to remove in any 

remaining residue from the enzymes and buffer solutions. To do so, a set of cleaning sensors 

(sensors that are old and not usable for experimentation) were placed in each of the modules. A 

2% by volume solution, with the remainder being DI water, of Hellmanex II was then flowed 

through the modules for a time of 15 to 20 minutes. Once this was complete, DI water was 

pumped through the modules for around one to two hours. The flow was then ceased, and the 

sensors removed from the modules. The tubing was removed from the DI water and the modules 

were dried with nitrogen. As well, the cleaning sensors were rinsed with DI water and then dried 

with nitrogen before being placed in their respective containers. 
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Chapter 4: Results and Discussion 

4.1 Data Analysis 

For each experimental trial that was conducted, four sets of data were obtained, one for each of 

the four coated sensors. The data obtained both frequency data and dissipation data for a number 

of overtones. In order to analyze each set of data, the primary interests were to determined the 

moving average of the entire data set, the baseline frequency value, the minimum frequency 

value, and the maximum dissipation value.  

In determining the moving average of the data set, the data was smoothed out for the duration of 

the experimental trials. This was an important step in the analysis as the data obtained from the 

QCM was observed to contain a high-degree of noise, resulting in moderate spikes in the data. 

Thus, a moving average was employed in order to avoid possibilities of determining minimum 

values in the frequency data that were well below what the minimum should be. This was done 

by taking the average of the 11 previous points prior to the point considered; therefore, 11 of the 

initial points of data were lost in this process. Due to the large amount of noise in the data, by 

taking a basis of 11 points in the moving average calculation, the points were ensured to be 

smoothed in an appropriate manner. 

Once the moving average of the data was complete, the baseline frequency was determined. This 

step was crucial as it set the reference point for the frequency data once the enzyme solution was 

run over the sensors; this baseline was especially important in regards to the determination of the 

amount of enzyme that was adsorbed onto the sensor surface. In order to determine the baseline 

frequency, the buffer solution was pumped through the QCM until the frequency readings were 

observed to be stable for a time period of 3-5 minutes; then, the running averaged frequency data 

comprising the baseline was averaged and recorded as the baseline frequency. 

Following this, the minimum frequency value in the data set was found. As seen in Figure 2.7-1 

this minimum occurred in Region 1, with the dip forming in a parabolic fashion. As a result, 2nd-

order polynomial was then fit to the 15 points of data to the left and to the right of the minimum 

frequency. The derivative of this equation was then solved to find the time at which the 

minimum frequency occurred, and this time was then employed to calculate the experimental 

minimum frequency value. This value, alongside the baseline frequency value, was then used to 

determine the frequency change upon enzyme adsorption by subtracting the minimum frequency 

by the baseline frequency, where: 

∆$%&'/Hz � $*+,/Hz - $.//Hz     (4.1-1) 

In order to determine the proper portion of the data set to be analyzed to determine the rate of the 

enzymatic hydrolysis for each experimental trial, the dissipation data was employed. A typical 

plot of the dissipation data versus time can be observed in Figure 4.1-1 below.  
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4.2 System Temperature 

While the majority of data was collected for the system operating at 50 °C, a small amount of 

data was also obtained at 30 °C. The trials at this lower temperature were conducted using an 

enzyme concentration of 0.1247 FPU/mL; thus, the data employed in the comparison for the 

trials at 50 °C were those at the same enzyme concentration. It should be noted that the 

equipment employed was serviced about halfway through the experimental trials and that these 

trials were conducted prior to the servicing; as such, the results for this analysis are slightly 

different than those obtained after the servicing. Figures 4.2-1 and 4.2-2 below summarizes the 

findings for this analysis.  

 

Table 4.2-1: Data regarding the effect of temperature on enzyme operability. 

Temperature 

T/°C 

Enzyme 

Concentration 

cE/(FPU/mL) 

Mass Adsorbed, ∆mads/(ng/cm2) Reaction Rate, ∆mrxn/(ng/(s∙cm2)) 

50 

0.0613 48.243 1.480 

0.1247 101.322 1.801 

0.2475 188.526 1.235 

30 0.1247 246.201 0.959 

 

As can be seen by the data above, the findings concluded that the enzymes provided a noticeable 

difference in the observed rate of hydrolysis. This was determined as the rate of enzymatic 

hydrolysis was 0.842 ng/(s�m2) greater at 50 °C than at 30 °C. Thus, these findings support 

previous findings that the optimal temperature for the activity of the employed enzymes is 50 °C.  

Also, as can be further gleaned from the results above, the amount of enzyme adsorbed onto the 

sensor surface was greater by 144.879 ng/cm2; however, this finding was determined to be a 

result of the faults found when employing the QCM prior to its servicing. This was because the 

results obtained demonstrated sharp dips in the frequency data as opposed to a relatively smooth 

dip in the data during the beginning of the adsorption process. Thus, no definitive conclusions 

were obtained regarding the adsorption ability of the enzymes at a temperature other than 50 °C. 
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4.3 Preparation of Buffer Solution with Glucose 

Prior to performing trials in which glucose was added to the enzyme mixtures, it was desired to 

determine whether the buffer solution used to establish the baseline values should be prepared 

with an equal concentration of glucose as in the enzyme solution, or if it should be left devoid of 

glucose. This was an important consideration as glucose solutions can have a significantly higher 

density compared to the acetate buffer solution; thus, if no glucose was present in the baseline 

buffer solution, the introduction of the glucose in the enzyme mixture may result in the skewing 

of data in which it would appear that more enzyme had adsorbed to the sensor than if the 

baseline buffer solution had glucose present. 

To determine this, two runs were conducted with glucose concentrations of 15 mg/mL at an 

enzyme concentration of 0.1247 FPU/mL. The first run was performed with a pure buffer 

solution for the initial baseline, after which an enzyme-glucose-buffer solution was switched to. 

The second run was similar to the first; however, the baseline solution had glucose present. The 

results of this analysis can be observed in Table 4.3-1 below. 

 

Table 4.3-1: Amount of enzyme adsorbed onto sensor surface with glucose in the enzyme 

mixture (cG = 15 mg/mL). 

Glucose Concentration in  

Buffer, cG,B/(mg/mL) 

Frequency Change upon Adsorption 

∆fads/Hz 

Mass Change upon Adsorption 

∆mads/(ng/cm2) 

0 -16.41 290.39 

15 -9.46 167.50 

 

As can be observed by the results above, there is a significant difference in the mass adsorbed 

when comparing the trial with no glucose in the buffer solution and the trial with a glucose 

concentration of 15 mg/mL. These results confirmed that there is a significant effect on the 

experimental results caused by the amount of glucose in the buffer solution; thus, for the trials in 

which glucose was added to the enzyme mixture, an equal concentration of glucose was added to 

the baseline buffer solution. 

In addition, the apparent mass of enzyme adsorbed when no glucose was present in the buffer 

was on average 122.89 ng/cm2 greater than when glucose was present in the buffer. This was 

thought to occur due to the density difference between the two solutions. From the CRC 

Handbook of Chemistry and Physics, the density of the acetate buffer solution was roughly equal 

to that of water (≈1.0 g/mL), while that of the buffer solution with glucose present was about 

1.058 g/mL.  
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Also, it was believed that there existed space within the cellulose matrix on the sensor surface, 

between the individual cellulose chains, in which liquid could reside when solution was flowing 

over the sensor surface. Therefore, in this space, the buffer solution with glucose would provide 

a larger mass when inside this space than the pure buffer solution.  

In order to determine the validity of the above assertion, an experiment was conducted in which 

a set of sensors coated with cellulose had pure acetate buffer run over them, and, once a baseline 

was achieved, the solution would be switched out for acetate buffer with glucose present. Once a 

new baseline was attained, the solution would then be switched out for the enzyme solution to 

conduct the hydrolysis reaction as normal. The results of this experiment can be observed in 

Table 4.3-2 below.  

Table 4.3-2: Results for the test of the mass change on the sensors due to changing the 

concentration of glucose in the buffer solution from 0 mg/mL to 15 mg/mL.  

 
∆mbuf/(ng/cm2) 

Module 3rd Overtone 5th Overtone 7th Overtone 9th Overtone 11th Overtone Average 

S1 148.6043 − − − − 148.6043 

S2 197.6075 127.455 89.3089 78.4246 65.228 111.6048 

S3 159.3412 154.8778 150.5178 145.45 138.5788 149.7531 

S4 609.5777 286.5563 169.847 116.0415 89.7409 254.3527 

     
Total Average 166.0787 

     
Total Std. Dev. 61.45888 

 

Through the results in Table 4.3-2, it was determined that the findings correlated well with the 

data provided in Table 4.3-1. Therefore, the aforementioned assertion that glucose should be 

present in the buffer solution when conducting hydrolysis trials in which glucose was present in 

the enzyme mixture. 

As well, through the above analysis, the volume present within the cellulose matrix was 

determined. In order to accomplish this, the average change in the mass denoted in Table 4.3-2 

was divided by the difference in the densities of the buffer solutions with 15 mg/mL of glucose 

and with no glucose. Through this, volume of space within the cellulose matrix was calculated to 

be: 

012 � ∆�%&'345 - 3� � 166.0787 · 10	8  gcm;
<1.058 - 1.0= gcm>

� 2.863 · 10	A  cm>
cm; 

This suggests that the accessible region of the cellulose film is about 29 nm thick; while not an 

exact result, this result was determined to lie within the expected order of magnitude of the 
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thickness. As a result, it was concluded that the effect of the 6% increase in density between the 

pure buffer solution and the buffer solution with glucose was significant, indicating that glucose 

should be added to the buffer solution at an equal concentration to that in the enzyme 

concentration when performing experimental trials with glucose present.  

 

4.4 Effect of Enzyme Concentration 

As stated previously, the effects of glucose on both the amount of enzyme adsorbed and the rate 

of the hydrolysis reaction were studied. The results of this analysis can be observed in Table 4.4-

1 and Figures 4.4-1 and 4.4-2 below. 
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Table 4.4-1: Effect of enzyme concentration on the adsorption of enzyme onto the sensor surface and the rate of the hydrolysis 

reaction. No glucose present. 

Enzyme Concentration 

CE/(mg/mL) 

Frequency Change upon Adsorption 

∆fads/Hz 

Frequency Hydrolysis Rate 

∆frxn/(Hz/s) 

Mass Change upon Adsorption 

∆mads/(ng/cm2) 

Mass Hydrolysis Rate 

∆mrxn/(ng/(cm2∙s)) 

  Average Std. Dev. Average Std. Dev. Average Std. Dev. Average Std. Dev. 

0.0613 -4.49 2.33 0.047 0.039 79.40 41.32 0.71 0.225 

0.1247 -8.78 1.05 0.112 0.011 155.36 18.65 1.99 0.197 

0.2475 -9.85 1.28 0.106 0.015 174.43 22.67 1.88 0.267 
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Figure 4.4-1: Effect of the enzyme concentration on the amount of enzyme adsorbed at a 

glucose concentration of 0 mg/mL. 

 

 

 

Figure 4.4-2: Plot of the rate of hydrolysis versus the enzyme concentration at a glucose 

concentration of 0 mg/mL. 
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As can be observed by the results provided in Figure 4.4-1, as the concentration of enzyme 

increased, the amount of enzyme adsorbed increased as well. This was found to make physical 

sense as with increasing enzyme concentration there is an increase in the amount of enzyme 

present to latch onto the cellulose coated on the sensor surface. Moreover, the trend in the plot 

was observed to have a sharp increase in the amount adsorbed at lower concentrations, while at 

higher concentrations the increase in the mass adsorbed was not as pronounced; this was 

observed to be caused by the existence of a maximum amount of enzyme that can be adsorbed 

due to the limited area of the sensor’s surface. 

Additionally, the data presented in Figure 4.4-1 was observed to portray a general increase in the 

rate of the hydrolysis reaction with an increase in the enzyme concentration. This was found to 

be the case due to there being a larger quantity of enzyme adsorbed present to react with the 

cellulose as the enzyme concentration was increased. In the plot, the highest enzyme 

concentration tested (0.2475 FPU/mL) had a lower rate of hydrolysis than that of the medium 

enzyme concentration (0.1247 FPU/mL); however, this was determined to be an experimental 

anomaly due to the standard error in the data, conveyed by the error bars in the plot.  

 

4.5 Low Enzyme Concentration 

In acquiring experimental data, trials were conducted to determine the effects of glucose on the 

mass of enzyme adsorbed and the rate of the hydrolysis reaction at the low level of the enzyme 

concentration (0.0613 FPU/mL). The results of this analysis can be observed in Table 4.5-1 and 

Figures 4.5-1 and 4.5-2 below. 
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Table 4.5-1: Results of the effect of glucose on adsorption of enzyme the onto sensor surface and the rate of the hydrolysis reaction 

(cE = 0.0613 FPU/mL). 

Glucose 

Concentration 

cG/(mg/mL) 

Frequency Change upon 

Adsorption 

∆fads/Hz 

Frequency Hydrolysis 

Rate 

∆frxn/(Hz/s) 

Mass Change upon 

Adsorption 

∆mads/(ng/cm2) 

Mass Hydrolysis 

Rate 

∆mrxn/(ng/(cm2∙s)) 

  Average Std. Dev. Average Std. Dev. Average Std. Dev. Average Std. Dev. 

0.0 -4.49 2.33 0.047 0.039 79.40 41.32 0.71 0.225 

15.0 -4.23 1.30 0.025 0.009 74.81 23.08 0.44 0.163 
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Figure 4.5-1: Plot of the mass adsorbed on the sensor surface versus the concentration of 

glucose at an enzyme concentration of 0.0613 FPU/mL. 

 

 

 

Figure 4.5-2: Plot of the rate of the enzymatic hydrolysis reaction versus the concentration of 

glucose at an enzyme concentration of 0.0613 FPU/mL. 
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By the results provided above, it can be observed that the glucose seemingly inhibited the 

enzymatic hydrolysis reaction in its ability to bind to and react with the cellulose on the sensor 

surface. These data show that the glucose concentration strongly influences the reaction versus 

the adsorption.  

 

4.6 Medium Enzyme Concentration 

For a constant enzyme concentration of 0.1247 FPU/mL, the effect of the glucose concentration 

on the mass of enzyme adsorbed and on the rate of the hydrolysis reaction was observed. The 

results of this analysis can be observed in Table 4.6-1 and Figures 4.6-1 and 4.6-2 below.  
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Table 4.6-1: Results of the effect of glucose on adsorption of enzyme onto the sensor surface and the rate of the hydrolysis reaction at 

a constant enzyme concentration of cE = 0.1247 FPU/mL. 

Glucose 

Concentration 

CG/(mg/mL) 

Frequency Change upon 

Adsorption 

∆fads/Hz 

Frequency Hydrolysis 

Rate 

∆frxn/(Hz/s) 

Mass Change upon 

Adsorption 

∆mads/(ng/cm2) 

Mass Hydrolysis 

Rate 

∆mrxn/(ng/(s∙cm2)) 

 
Average Std. Dev. Average Std. Dev. Average Std. Dev. Average Std. Dev. 

0.0 -8.78 1.05 0.112 0.011 155.36 18.65 1.99 0.197 

1.5 -9.22 1.78 0.105 0.031 163.24 31.43 1.85 0.545 

3.0 -9.32 3.09 0.134 0.017 165.01 54.60 2.37 0.297 

7.5 -9.04 1.49 0.131 0.065 160.23 25.56 2.11 0.696 

15.0 -9.46 3.72 0.205 0.096 167.50 65.82 3.63 1.708 

30.0 -10.27 2.37 0.059 0.017 181.84 41.97 1.04 0.305 
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Figure 4.6-1: Plot of the mass adsorbed on the sensor surface versus the concentration of 

glucose at an enzyme concentration of 0.1247 FPU/mL. 

 

 

 

Figure 4.6-2: Plot of the rate of the enzymatic hydrolysis reaction versus the concentration of 

glucose at an enzyme concentration of 0.1247 FPU/mL. 
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In regards to Figure 4.6-1, one observes that values of the mass of enzyme adsorbed onto the 

sensor surface as a function of the concentration of glucose in both the buffer and enzyme 

solution were obtained. At an initial glance, the data in this plot seem to indicate that as the 

glucose concentration was increased, the amount of enzyme adsorbed onto the sensor surface 

increased as well; however, observing that glucose has been determined to be an inhibitor to the 

enzymes, this was observed to be contradictory. 

Upon closer inspection, the error bars denoting the standard error of the data suggested that the 

range of values obtained for each trial possibly overlapped one another. As a result, the statistical 

significance of the data was called into question; in order to determine the significance of the 

effects of the concentration of glucose on the amount of enzyme adsorbed, an analysis of 

variance was conducted. The results of this analysis can be observed in Table 4.6-2 below. 

Table 4.6-2: Results of the analysis of variance on the effects of glucose concentration on the 

amount of enzyme adsorbed at an enzyme concentration of 0.1247 FPU/mL. 

SUMMARY 
      

Groups Count Sum Average Variance 
  

0 mg/mL 18 2796.4 155.4 347.8 
  

1.5 mg/mL 14 2285.4 163.2 987.6 
  

3.0 mg/mL 17 2805.2 165.0 2981.6 
  

7.5 mg/mL 33 5277.4 159.9 692.6 
  

15.0 mg/mL 19 3182.6 167.5 4332.4 
  

30.0 mg/mL 19 3455.0 181.8 1761.2 
  

       

       
ANOVA 

      
Source of Variation SS df MS F P-value Fcrit 

Between Groups 8076.1 5 1615.2 0.9285 0.4653 2.294 

Within Groups 198305.7 114 1739.5 
   

       
Total 206381.8 119         

 

In the results found above, each set of data, with the total amount of data obtained for each 

glucose concentration given by the value of Count above, was analyzed. The two primary 

variables of interest were F and Fcrit, whereby, through these values, the validity of the null 

hypothesis was determined. Through the analysis performed, the null hypothesis was such that, if 

proven to be valid, the two variables analyzed would not be related to one another statistically. 

By Table 4.6-2, the critical value, Fcrit, was determined to be 0.9285, while the actual value, F, 

was 2.294; consequently, the value of F was less than that of Fcrit, indicating that the null 

hypothesis relating the concentration of glucose and the mass of enzyme adsorbed could be used 
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to describe the data. As a result, the concentration of glucose was found to be statistically 

insignificant in its effect on the amount of enzyme adsorbed.  

Similarly, the rate of the enzymatic hydrolysis reaction was observed to decrease with increasing 

glucose concentration, as seen by the data in Figure 4.6-2. Unlike the data for the mass of 

enzyme adsorbed, this result supported the fact that glucose has been found to act as an inhibitor 

to the enzymes employed in the reaction. To help justify this conclusion, an analysis of variance 

was performed on the hydrolysis rate data. The results of this analysis can be observed in Table 

4.6-3 below. 

Table 4.6-3: Results of the analysis of variance on data relating glucose concentration and the 

hydrolysis rate at an enzyme concentration of 0.1247 FPU/mL. 

SUMMARY 
      

Groups Count Sum Average Variance 
  

0 mg/mL 19 37.74 1.986 0.0389 
  

1.5 mg/mL 19 35.16 1.851 0.2975 
  

3.0 mg/mL 19 45.12 2.375 0.0881 
  

7.5 mg/mL 35 73.91 2.112 0.4842 
  

15.0 mg/mL 20 72.67 3.633 2.9158 
  

30.0 mg/mL 20 20.79 1.039 0.0932 
  

       

       
ANOVA 

      
Source of Variation SS df MS F P-value Fcrit 

Between Groups 71.88 5 14.38 22.288 5.894E-16 2.286 

Within Groups 81.28 126 0.6450 
   

       
Total 153.16 131         

 

Through the above results, the value of F was determined to be 22.288, while the value of Fcrit 

was 2.286. Due to the value of F being greater than that of Fcrit, the null hypothesis relating the 

glucose concentration and the hydrolysis rate could be neglected; as such, the effect of the 

concentration of glucose on the rate of the enzymatic hydrolysis was deemed statistically 

significant. This effect, as observed in Figure 4.6-2, was observed to be given as a general 

decrease in the hydrolysis rate with increasing glucose concentration, aside from the data 

attained for a glucose concentration of 15 mg/mL, which seemed to be an outlier. 

Furthermore, in order to determine the reliability of the data, a plot of the rate of the hydrolysis 

reaction versus the mass adsorbed onto the sensor surface was produced. The reason for this is 

that, as stated previously, the hydrolysis rate should increase with increasing mass of enzyme 
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adsorbed; in fact, the two should follow a linear trend with one another. This graph can be 

observed in Figure 4.6-3 below. 

 

Figure 4.6-3: Plot of the rate of the hydrolysis reaction versus the mass of enzyme adsorbed.  

The results provided in Figure 4.6-3 were found to carry a large amount of scatter; however, one 

observes that, in general, there was a positive correlation between the two values. The point at 

roughly 182 ng/cm2 was found to be an outlier in regards to this phenomenon due to 

experimental error. 

As can be observed, the remaining points can be roughly related through a line; this was possible 

due to the range of the error bars representing the standard error for each data point. Due to the 

fact that this line can be drawn in a number of manners, the confidence in the data was 

augmented. 

The results of this analysis suggest that the glucose in the enzyme solution does not inhibit the 

enzymes from binding to the cellulose on the sensor surface; however, once the enzymes are on 

the sensor surface, they are inhibited by the presence of glucose. This was a strong indication 

that the effects of the glucose were not competitive, but rather non-competitive or uncompetitive. 

The results for the mass adsorbed also suggest two possibilities: the enzyme is not affected by 

the glucose until it is bound to the cellulose material (uncompetitive inhibition) or the glucose 

binds to the enzyme and both limits the rate of the hydrolysis reaction and makes the apparent 

amount of enzyme adsorbed higher than it actually is (noncompetitive). 
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4.7 High Enzyme Concentration 

Similar to the effects determined for the medium level of enzyme concentration, results were 

determined for the high level of enzyme concentration of 0.2475 FPU/mL. The results of this 

analysis can be observed in Table 4.7-1 and Figures 4.7-1 and 4.7-2 below. 



37 

Table 4.7-1: Results of the effect of glucose on adsorption of enzyme onto the sensor surface and the rate of the hydrolysis reaction at 

a constant enzyme concentration of cE = 0.2475 FPU/mL. 

Glucose 

Concentration 

cG/(mg/mL) 

Frequency Change upon 

Adsorption 

∆fads/Hz 

Frequency Hydrolysis 

Rate 

∆frxn/(Hz/s) 

Mass Change upon 

Adsorption 

∆mads/(ng/cm2) 

Mass Hydrolysis 

Rate 

∆mrxn/(ng/(s∙cm2)) 

  Average Std. Dev. Average Std. Dev. Average Std. Dev. Average Std. Dev. 

0.0 -9.85 1.28 0.106 0.015 174.43 22.67 1.88 0.267 

7.5 -10.20 2.46 0.234 0.026 180.45 43.53 4.13 0.458 

15.0 -16.44 3.27 0.335 0.162 276.69 64.93 5.93 2.863 

30.0 -13.22 2.76 0.050 0.012 234.04 48.77 0.88 0.218 
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Figure 4.7-1: Plot of the mass adsorbed on the sensor surface versus the concentration of 

glucose at an enzyme concentration of 0.2475 FPU/mL. 

 

 

 

Figure 4.7-2: Plot of the rate of the enzymatic hydrolysis reaction versus the concentration of 

glucose at an enzyme concentration of 0.1247 FPU/mL. 
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As can be observed by the results above, the trends found were similar to those obtained for the 

medium enzyme concentration. This was due to the general increase in the obtained data on the 

mass of enzyme adsorbed and a general decrease in the hydrolysis rate with increasing glucose 

concentration. As well, the data was tested through an analysis of variance to determine whether 

the results were statistically significant. The results of this analysis can be found in Tables 4.7-2 

and 4.7-3 below. 

Table 4.7-2: Results of the analysis of variance on the effects of glucose concentration on the 

amount of enzyme adsorbed at an enzyme concentration of 0.2475 FPU/mL. 

SUMMARY 
      

Groups Count Sum Average Variance 
  

0 mg/mL 19 3314.2 174.4 514.0 
  

7.5 mg/mL 19 3428.6 180.5 1894.5 
  

15.0 mg/mL 14 3873.6 276.7 4215.4 
  

30.0 mg/mL 18 4212.6 234.0 2378.1 
  

 
      

 
      

ANOVA 
      

Source of Variation SS df MS F P-value Fcrit 

Between Groups 113041.9 3 37680.6 17.95 1.265E-08 2.744 

Within Groups 138581.0 66 2099.7 
   

 
      

Total 251622.9 69         
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Table 4.7-3: Results of the analysis of variance on the effects of glucose concentration on the 

rate of enzymatic hydrolysis at an enzyme concentration of 0.2475 FPU/mL. 

SUMMARY 
      

Groups Count Sum Average Variance 
  

0 mg/mL 20 37.52 1.876 0.0710 
  

7.5 mg/mL 20 82.63 4.132 0.2101 
  

15.0 mg/mL 20 118.7 5.935 8.198 
  

30.0 mg/mL 20 17.60 0.8800 0.0475 
  

 
      

 
      

ANOVA 
      

Source of Variation SS df MS F P-value Fcrit 

Between Groups 309.7 3 103.2 48.4 1.322E-17 2.725 

Within Groups 162.0 76 2.132 
   

 
      

Total 471.7 79         

 

From the results in Table 4.7-2, it was determined that the concentration of glucose had a 

statistically significant impact on the amount of enzyme adsorbed onto the sensor surface, as the 

value of F was deemed to be larger than the value of Fcrit. This was found to contradict the 

results obtained for the medium concentration, a result explained by the lower amount of trials 

for this enzyme concentration, as well as the possible outlier point obtained for a glucose 

concentration of 15 mg/mL. 

When observing the results of the analysis of variance for the effects of the glucose 

concentration on the rate of the hydrolysis reaction, the results in Table 4.7-3 indicated that the 

effect was statistically significant. This result was found to correspond to the findings for the 

medium enzyme concentration, as it was observed that there was a general decrease in the 

hydrolysis rate with an increase in the glucose concentration. 

Therefore, the conclusions made for the high level of the enzyme concentration were determined 

to be similar to those arrived at for the medium level of the enzyme concentration. 
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4.8 Enzyme Effect with Glucose 

In order to make further observations into the effect of the glucose product on the experimental 

results, a plot of the mass of enzyme adsorbed versus enzyme concentration at the various 

concentrations of glucose was produced. The results of this plot can be observed in Figure 4.8-1 

below.  

 

Figure 4.8-1: Plot of the mass of enzyme adsorbed versus enzyme concentration at various 

glucose concentrations.  

As seen by the results above, for each level of the glucose concentration the mass adsorbed 

experienced a positive correlation with the enzyme concentration. As well, it can be observed 

that, in general, there was an increase in the mass adsorbed with increasing glucose concentration 

at each level of the enzyme concentration, as discussed in the previous sections. 

Furthermore, the effects of enzyme concentration on the rate of hydrolysis at various levels of 

glucose concentration were studied. The results of this analysis can be observed in Figure 4.8-2 

below. 
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Figure 4.8-2: Plot of the rate of the hydrolysis reaction versus enzyme concentration at various 

glucose concentrations.  

Through the results in Figure 4.8-2, a similar trend was found to occur as that obtained for the 

mass of enzyme adsorbed. This was determined to be due to the direct correlation between the 

amount of enzyme adsorbed and the rate of the hydrolysis, where an increase in the former 

results in an increase in the latter. The above observations provided support in the observation 

that the glucose does not operate as a competitive inhibitor to the enzyme mixture. 

Furthermore, due to the results obtained regarding the effects of glucose on the amount of 

enzyme adsorbed, another means of conveying the insignificance of this effect. To do so, two 

types of adsorption isotherms were produced, namely the Langmuir and Freundlich adsorption 

isotherms. 

In order to test whether the data followed a Langmuir isotherm, the inverse of both the enzyme 

concentrations and the mass of enzyme adsorbed were taken at each of the levels of glucose 

concentration; subsequently, a plot of the inverse of the mass adsorbed versus the inverse of 

enzyme concentration was made. If the data obtained followed a Langmuir isotherm adsorption 

model, the obtained plot would give linear relations for each glucose concentration. The results 

of this analysis can be observed in Figure 4.8-3 below.  

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.00 0.05 0.10 0.15 0.20 0.25 0.30

H
y

d
ro

ly
si

s 
R

a
te

, 
�

m
h

y
d
/(

n
g
/(

s·
cm

2
))

Enzyme Concentration, cE/(mg/mL)

C_G = 0.0

C_G = 7.5

C_G = 15.0

C_G = 30.0



43 

 

Figure 4.8-3: Plot of the inverse mass of enzyme adsorbed versus the inverse enzyme 

concentration at various levels of glucose concentration for the Langmuir isotherm model. 

Similarly, by taking the logarithm of the two experimental values, rather than the inverse, the 

Freundlich isotherm adsorption model could be observed. This was observed by producing a plot 

of the logarithm of the mass of enzyme adsorbed versus the logarithm of the enzyme 

concentration. If the data were to follow this adsorption model, the resultant plot would portray 

linear relationships between the data. 

 

Figure 4.8-4: Plot of the inverse mass of enzyme adsorbed versus the inverse enzyme 

concentration at various levels of glucose concentration for the Freundlich isotherm adsorption 

model. 
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Through observations of both of the above Figures, it was determined that the data point for each 

level of the glucose concentration could be fit appropriately by a single linear fit. Therefore, 

more confidence was gained regarding the assertion that the glucose concentration had no real 

impact on the amount of enzyme that adsorbed to the sensor surface. This was determined for if 

the effect were significant, each glucose concentration in the above plots would have their 

respective values fall on a unique line from the other concentrations. However, this was not the 

case, providing a conclusion regarding the enzyme adsorption as obtained through the analysis of 

variance. 

 



45 

Chapter 5: Conclusion and Future Experiments 

In final consideration, the experimental results indicated that the concentration of glucose did not 

affect the amount of mass adsorbed; however, it did result in a general decrease in the rate at 

which the hydrolysis reaction occurred. This was observed through general trends in the data, as 

well as through an analysis of variance on the experimental results. Further, the findings 

suggested that the glucose did not operate as a competitive inhibitor to the enzymes, but instead 

as either non-competitive or uncompetitive. 

Due to the limited amount of data obtained regarding the effects of enzyme concentration, future 

work should include the experimental trials conducted over a wider range of enzyme 

concentrations. Moreover, each of the trials was only conducted once, aside from one or two of 

them; as such, a higher degree of repeatability should be established as well.  

Also, due to the desire to focus solely on the effects of two variables on the enzyme operability, 

enzyme concentration, the work encompassed the use of an ideal, short-chain cellulose material, 

Avicel PH101. Yet, this material is very different from those obtained in the form of cellulosic 

waste; thus, tests should be conducted with varying sources of cellulose and lignocellulose. 

Primarily, dissolving pulp, sugarcane bagasse, and corn stover should be studied as to both 

determine how best to coat these lignocellulosic materials on the sensor surface and to determine 

the effects of enzyme and glucose concentration on the enzymatic hydrolysis of these materials.  
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